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Toughening f-Ga,O; via Mechanically Seeded Dislocations

Zanlin Cheng, Jiawen Zhang, Peng Gao, Guosong Zeng,* Xufei Fang,* and Wenjun Lu*

B-Ga,0; is a promising candidate for next-generation semiconductors, but is
limited by its intrinsic brittleness, which hinders its application in flexible
electronics and high-precision devices. This study explores a new approach to
improving the damage tolerance of (001)-oriented -Ga,O; by introducing
mechanically seeded dislocations via surface scratching. By applying a Brinell
indenter to scratch the surface along the [100] direction, Edge-type
dislocations belonging to the (011)[01-1] and/or (0-11)[011] slip systems are
effectively generated within a mesoscale wear track. Through a combination
of nanoindentation tests, surface morphology analysis, and microstructural
characterization using scanning electron microscopy (SEM) and transmission
electron microscopy (TEM), it is revealed that the introduction of dislocations
significantly mitigates the formation of cleavage cracks during indentation, in
contrast to that observed in as-received -Ga,O;. The mechanically seeded
dislocations in the subsurface layers play an important role in preventing

brittle fracture by facilitating stable plastic deformation.

1. Introduction

p-Ga, 0, is an emerging material for next-generation semicon-
ductor applications, owing to its exceptional physical properties
including an ultrawide bandgap of 4.6-4.9 eV,!l a high break-
down field strength of 8 MV cm™.2l and excellent thermal
stability.}] These characteristics make it an attractive candidate
for use in high-power electronics, optoelectronic devices, and gas
sensors.[*l Furthermore, large-size bulk #-Ga,O; crystals can be
grown using the economically viable melt-growth method, facil-
itating their potential for large-scale industrial applications.!>®!
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However, despite its promising electri-
cal properties, f-Ga,0, suffers from inher-
ent brittleness as is the case with most
functional oxides, which restricts its me-
chanical reliability and performance, partic-
ularly in flexible electronic devices.®! Like
many other inorganic materials, f-Ga,0,
exhibits almost no room-temperature plas-
tic deformation at the meso-or macroscale
due to the intrinsically strong ionic and
directional covalent bonds between con-
stituent atoms, making it susceptible to
cracking under mechanical loading.l” The
fracture occurs primarily along specific
crystallographic planes, such as the (100)
and (001) planes, which are known for
their weakness in the crystal structure.®!
This challenge becomes more pressing dur-
ing the fabrication of p-Ga,O;-based de-
vices, where local fragmentation and cleav-
age fracture often occur during mechani-
cal processes like grinding or polishing.[’!

To tackle the brittleness of functional oxides, various methods
have been developed to improve the mechanical properties, par-
ticularly their fracture toughness and plasticity. These methods
include surface treatment via dislocation engineering (mechani-
cally seeded dislocations),®'?! processing and fabrication, 3]
and other techniques!®! aimed at introducing dislocations into
crystals. Recent studies have shown that these mechanically
seeded dislocations in brittle materials can effectively enhance
their fracture toughness and plasticity at room temperature, es-
pecially in oxides.[1619]

In contrast to the conventional view that dislocations are detri-
mental to semiconductors, engineering dislocations has been
attracting new research attention for their capability of tun-
ing versatile physical properties such as thermal conductivity,2°!
photoconductivity,21??] as well as superconductivity.?l Another
major advantage of introducing dislocations into the material
through controlled mechanical processes is that it helps circum-
vent dislocation nucleation and facilitates dislocation multipli-
cation and motion, thereby achieving large plasticity at room
temperature.l'®l However, this concept of mechanically seeded
dislocations has so far only been validated on materials that were
found to exhibit good room-temperature dislocation plasticity,
such as MgO, SrTiO;, and KNbO,,[16-1924-26] while its general ap-
plicability for truly brittle functional oxides remains unexplored
at room temperature.

Here, we focus on #-Ga, O, owing to its great potential for func-
tional applications. f-Ga,0; has a monoclinic structure (space
group C2/m), consisting of tetrahedral GaO, units and octahe-
dral GaOg units. There is a set of close-packed planes, (-201),
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Figure 1. Surface morphology and microstructure of as-received -Ga, O3 without scratching: a) Representative optical microscopy image of the surface;
b) SPM topography image of the surface marked in (a); c) Cross-sectional ABF image extracted from the region marked in (a); d) Selected area diffraction
pattern generated from the red circle in (b) and the corresponding simulated diffraction pattern; €) and e;) HRTEM and FFT images of the amorphous
phase layer marked in (b); (f) and (f;) HRTEM and FFT images of the nanograin layer marked in (b).

(101), (310), and (3-10), leading to multiple candidates for the
slip planes and Burgers vectors under concentrated mechanical
loading.[?] Meanwhile, the existence of (100) and (001) cleavage
planes makes them prone to cracking. The pertinent question
arises: Can the room-temperature mechanical properties of g-
Ga,0; be enhanced by using the simple approach of mechani-
cally seeded dislocations?

To this end, here we investigate the impact of dislocations on
the fracture toughness and room-temperature plasticity of (001)
single-crystal f-Ga,0;. This particular crystal orientation is of
importance as it has been widely adopted in the fabrication of
Schottky barrier diodes (SBDs), a critical component in power
electronics.[2#2°] We adopt a surface cyclic scratching technique
along the [100] direction, which is perpendicular to the (100)
and (001) cleavage planes, to introduce a network of dislocations
beneath the surface. Nanoindentation tests were used to eval-
uate the effects of pre-engineered subsurface structure on me-
chanical properties. The morphology of imprints and cracks af-
ter nanoindentation was examined using scanning electron mi-
croscopy (SEM). Transmission electron microscopy (TEM) was
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used to analyze the dislocations generated by scratching. The
post-mortem analysis beneath nanoindentation imprints using
TEM underlines the role of pre-seeded dislocations on effective
strengthening and crack-suppression mechanisms in f-Ga,O;.

2. Results and Analyses

2.1. Microstructure Modification by Scratching

Figure 1a displays an overview surface morphology of the refer-
ence, as-received (001)-oriented f-Ga,O, substrate. It indicates
that the as-received (001)-oriented f-Ga,O, substrates have a
smooth surface without visible defects at the macro/meso-scale.
Detailed surface topographical analysis using scanning probe mi-
croscopy (SPM) with nanoscale spatial resolution reveals a mean
surface roughness of 0.1 nm (Figure 1b). The cross-sectional an-
nular bright-field (ABF) image in Figure 1c shows that no defects
such as dislocations or stacking faults (SFs) exist in the p-Ga, 0,
matrix. The selected-area diffraction pattern generated by the
matrix corresponds well with the simulated standard diffraction
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Figure 2. Surface morphology and microstructure of (001)-oriented f-Ga,O; after scratching: a) Representative optical microscopy image of the wear
track; b) 3D surface topography image of the wear track measured by white light interferometry; c) 2D cross-sectional depth profile corresponding to
the position marked by the inserted plane in (b); d) SPM topography image of the wear track in the region marked in (a); e) Cross-sectional ABF image
extracted from the region marked in (a) (the insert shows the corresponding selected area diffraction pattern); f) Magnified ABF image of the region
marked in (e); g) and g;) HRTEM and FFT images of the amorphous phase layer marked in (f); h) and h;) HRTEM and FFT images of the nanograin

layer marked in (f).

pattern along the [010] zone axis (Figure 1d). There is only one
set of diffraction spots, indicating the matrix is pure single-
phase $-Ga,O, and no second phase is introduced during the
preparation process of the substrates (Figure 1d). The diffrac-
tion spots are symmetrical and round circles with no stripe, split,
or other irregular features, indicating a perfect crystal structure
without lattice distortion, SFs, or impurities (Figure 1d). How-
ever, there are two damaged layers above the f-Ga,O; matrix
(Figure 1c). The topmost layer, with a thickness of ~20 nm,
is an amorphous phase, which can be confirmed by the ab-
sence of lattice fringes in high-resolution TEM (HRTEM) im-
age (Figure le) and the weak diffraction ring in the Fast Fourier
Transform (FFT) pattern (Figure le,). Beneath the amorphous
phase, the layer with a thickness of ~20 nm is composed of poly-
crystalline nanocrystals, as demonstrated by the locally ordered
lattice fringes in the HRTEM image (Figure 1f) and the mul-
tiple diffraction spots from these nanocrystals in the FFT pat-
tern (Figure 1f;). These damaged layers are likely introduced by
chemical mechanical polishing (CMP) during the manufactur-
ing process. Similar amorphous phases and nanocrystal layers
induced by grinding and polishing have also been reported in
f-Ga, 0.0
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Following the scratching process along the [100] direction
under a load of 5 N, which involved 2000 reciprocal sliding
cycles, a distinct wear track was introduced (Figure 2a). This
trace was characterized by parallel furrows oriented along the
[100] direction, reflecting the abrasive nature of the scratching
process. According to further analysis of the wear track, ob-
tained via white-light interferometry, no cleavage facets or brit-
tle fracture were observed within the scratched trace (Figure 2b),
suggesting that plastic deformation was the dominant mech-
anism during the scratching process. The depth profile of
the wear track shows a maximum depth of ~80 nm over a
width of 0.65 mm (Figure 2c), indicating a nominally flat sur-
face. The lack of pile-up shoulders, a sign of plastic plowing,
on both sides of the wear track indicates the limited extent
of plastic deformation in Ga,0O; under the applied scratching
conditions.

Surface topographical analysis performed by SPM revealed
significant differences between the scratched and reference sur-
face regions. The scratched surface exhibited an increase in sur-
face roughness. After scratching, the mean roughness and root
mean square (RMS) values were 0.8 and 1.2 nm, respectively
(Figure 2d). This increase in roughness is a direct consequence
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Figure 3. Load-displacement curves measured by nanoindentation on a) as-received sample and b) wear track with a max. load from 5 to 10 mN; The
insert | and Il in (a) display the first pop-in (in green circle) and the subsequent pop-in events (pointed by black arrows) when the load is over 4 mN,
while no pop-in events present in the insert | and Il in (b); c,d) Typical nanoindentation imprints on as-received surface and on wear track. The yellow

arrows represent the cracks induced by nanoindentation.

of the interplay between abrasive debris and the sample. After
scratching, a defect-rich subsurface region is created within the
wear track. The cross-sectional ABF image in Figure 2e demon-
strates that dislocations parallel to the (001) plane and small dislo-
cation loops with dark contrast (the initial of parallel dislocations)
have been induced by scratching. The scratching-induced dislo-
cations possess a dislocation density of 5 x 10 /m? (Section
S1, Supporting Information). Only one set of diffraction spots
in Figure 2e indicates the matrix is pure single-phase f-Ga,O,
without phase transition during scratching. Although phase tran-
sition from f-Ga,0; to @-Ga,0, in pure mechanical process
can be realized, it requires high pressure and thus usually oc-
curs in indentation tests in which high stress concentration is
provided.(3"32] No phase transition during scratching can be con-
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firmed by the Raman measurements on the wear track (Figure
S2, Supporting Information). In the magnified image shown in
Figure 2f, similar to the top layers of the as-received sample,
amorphous phase and nanocrystalline region can be observed be-
neath the wear track. The top amorphous layer shows no lattice
fringes in the HRTEM image (Figure 2g) and weak diffraction
circle in the FFT pattern (Figure 2g,). The second nanocrystal
layer shows locally ordered lattice fringes in the HRTEM image
(Figure 2h) and the multiple diffraction spots from nanocrys-
tals in the FFT pattern (Figure 2h;). The thickness of these
two layers is both 20 nm, analogous to that in the reference,
as-received sample, suggesting they are induced by the manu-
facturing process and preserved their original structure during
scratching.
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Table 1. Nano-mechanical properties of as-received and scratched (001)-oriented f-Ga,0Os5.

Hardness [GPa]

Youngs’ modulus [GPa] Max. shear stress [GPa] at first pop-in

Material Condition Surface roughness [nm]
(001)-oriented Ga, O, As-received 0.1+0.2
After scratching 08+12

129+ 0.1
16.5+ 1.0

204 + 1.0
219 +5.0

6.9+03
Not applicable

2.2. Hardness Increase and Crack Suppression After Scratching

Figure 3 displays representative load-displacement curves (P-h
curves) from nanoindentation tests as well as the morphology
of nanoindentation imprints in the reference and scratched re-
gions, with maximum loads ranging from 5 to 10 mN. Under the
same load, the displacement in the wear track is lower than that
in the reference region (Figure 3a,b), suggesting that the wear
track has a higher hardness value. The inset I in Figure 3a,b
displays the details of the curves at loads lower than 0.25 mN.
The curves of the as-received sample overlap, while the curves
obtained on wear track display scattering. It indicates that the
as-received sample has a uniform crystal structure and surface
quality while the surface quality as well as the subsurface struc-
ture beneath the wear track are not uniform. All nanoindenta-
tion curves of the as-received sample exhibit clear first pop-in
events, characterized by a sudden displacement burst at a load of
~0.1 mN (Figure 3a). The first pop-in events occurred at displace-
ment of 5-10 nm, signifying the transition from purely elastic
to elasto-plastic deformation. This is further confirmed to corre-
spond to dislocation nucleation in oxides,**! since no evidence
of phase transition was observed and the sharp Berkovich tip
(with an effective tip radius of ~200 nm) used here suppresses
crack formation.[**] The onset load of the first pop-in can then be
used to calculate the maximum shear stress required for disloca-
tion nucleation, as detailed in the Section S3 (Supproting Infor-
mation). The maximum shear stress of the as-received sample
was calculated to be ~6.9 GPa (Table 1), lower than the upper
bound of the theoretical shear strength of #10.3 GPa required
for homogeneous dislocation nucleation. The reason might be
that the theoretical shear strength in specific slip systems has
lower values because of the anisotropic mechanical properties of
ﬂ-GaZO3.[3“'35]

Subsequent pop-in events appeared in the curves of the as-
received sample when the load increased above 5 mN, as il-
lustrated in region II (Figure 3a). Similar phenomena have
been reported in the literature,3>3%) where continuous pop-in
events were present in P-h curves during nanoindentation. These
subsequent pop-in events are commonly related to the activa-
tion of multiple slip systems or crack initiation. The evidence
can be found in the microstructure analysis in the following
sections.

In contrast to the as-received sample, the P-h curves from the
wear track exhibit no pop-in events. Similar phenomena were re-
ported by Zhang et al., who found that P-h curves showed no
pop-in events at low indentation depths after dislocations were
induced in SrTiO, single crystals by scratching.['’] This sug-
gests that the materials with mechanically seeded dislocations
via cyclic scratching underwent more stable plastic deformation
without the abrupt initiation of dislocation movement or crack
formation. For f-Ga,0,, in addition to dislocations, plastic mech-

Adv. Funct. Mater. 2026, 36, €22091 €22091 (5 0‘F13)

anisms including stacking faults (SFs) and crystal twins can also
be activated due to their lower formation energy of 10-30 mJ m—2
(for (100) SFs and (100) TBs observed in this work).?”] This
will be further verified by microstructural characterization in
Section 2.3.

The topography images of the nanoindentation imprints with
a triangular shape (Figure 3c,d) show the residual impressions
of the Berkovich diamond tip. Imprints on both the as-received
surface and the wear track show an increase in size as a func-
tion of the indentation load from 5 to 10 mN. On the as-received
surface, microcracks along [010] and [100] appeared after nanoin-
dentation, in line with the previous reports on the easy cleavage
planes in this material.?73%38] With increasing maximum load,
the cracks became more pronounced and their length increased.
In contrast, within the wear track, no cracks were observed in the
nanoindentation imprints, which is direct evidence of effective
suppression of brittle fracture or cleavage, as in the case of the as-
received sample. Compared to the as-received sample, the maxi-
mum indentation depth on the wear track was tens of nanome-
ters smaller, with correspondingly smaller indentation imprints.
These features are direct evidence of the higher nanoindentation
hardness after scratching.

The nanoindentation hardness (H) and elastic modulus (E;) in
Table 1 for the as-received sample and wear track were obtained
from P-h curves using the Oliver-Pharr method.*! Compared to
the H value of 12.9 + 0.1 GPa for the as-received sample, the
value in the scratched region increased to 16.5 + 1.0 GPa, while E,
slightly increased from 204 + 1 GPa to 219 + 5 GPa after scratch-
ing. In what follows, we present evidence based on TEM analysis
to explain the increased hardness caused by subsurface disloca-
tions and microstructures induced by scratching, while the in-
crease in elastic modulus of the scratched sample is likely caused
by near-surface modification.

2.3. Characterization of Subsurface Damage After
Nanoindentation

To reveal the microstructural evolution beneath the nanoinden-
tation imprints, TEM analysis was performed for both the as-
received sample and the wear track. As illustrated in Figure 4a,
after nanoindentation with a maximum load of 10 mN on the
as-received sample, multiple slip bands were observed beneath
the imprint. These slip bands extended to a depth of %730 nm.
The rotation of the diffraction spots away from the center spot
indicates that the crystal lattice was deformed after nanoinden-
tation (Figure 4b). The continuous streaks between diffraction
spots show bright stripes along (200) planes and suggest that
SFs align with the (200) crystal plane, which is consistent with
the previous observations.!***!] According to the stereographic
projection analysis in Figure 4c, the multiple slip bands were
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Figure 4. Cross-sectional TEM images of the as-received sample after nanoindentation with a max. load of 10 mN: a) ABF image showing the overview
beneath the nanoindentation imprint; b) Diffraction pattern of the matrix; c) Stereographic projection analysis representing the slip traces and pole of
planes; d) HRTEM image of the region marked in (a); €) GPA strain map corresponding to (d); f) Dark-field image taken by the diffraction streaks marked
by the circle in (b); g) Magnified annular dark field (ADF) image of a crack along (100) plane in (a).

identified to be along (100), (101), and (-201) slip planes. In the
region 150 nm away from the indent tip contact point, no ob-
vious SFs but a distorted lattice was observed (Figure 4d). Ge-
ometric Phase Analysis (GPA) analysis based on the HRTEM
image in Figure 4e shows an inhomogeneous strain distribu-
tion in the distorted region. On the left side 250 nm away from
the indent tip contact point, the DF image in Figure 4f acquired
from the continuous streaks between diffraction spots confirm
the existence of SFs along (200) crystal plane in this region. On
the right side of the indent, the deformation was dominated by
dislocation slip bands in the (-201) plane (Figure 4a). A cleav-
age microcrack along (200) plane was observed in Figure 4g
beneath the periphery of the imprint, where internal stress
built up during nanoindentation.*>] The asymmetric deforma-
tion patterns beneath the nanoindentation contact point were
attributed to the asymmetric crystal structure of f-Ga,0, and
the activation of multiple slip systems, in line with previous
reports.31:3542]

The microstructure after nanoindentation inside the wear
track is illustrated in Figure 5. Similar to the as-received sample,
after nanoindentation with a maximum load of 10 mN, slip bands
along (100), (101), and (-201) were activated in the scratched sam-
ple (Figure 5a), which were indexed by the stereographic projec-
tion analysis in Figure 5c. The streaking diffraction spots along
g of [100] (Figure 5b) indicate that the SFs along the (200) plane
were formed. The slip bands beneath the nanoindentation point

Adv. Funct. Mater. 2026, 36, e22091 €22091 (6 of 13)

also displayed asymmetric patterns (Figure 5d,e). However, the
dislocation penetration depth of ~#640 nm was lower than in the
as-received sample, indicative of extensive dislocation interac-
tion that contributes to the resistance against plastic deforma-
tion. On the right side of the indenter imprint, in contrast to the
as-received sample in which microcracks existed and dislocation
slip bands in the (—201) plane were the dominant feature, there
is no microcrack beneath the imprint on the wear track and mul-
tiple slip bands are activated on the (101), and the (—201) and SFs
along (200) plane in this region (Figure 5e). On the right side of
the region 150 nm away from the indent tip contact point, the SFs
in the DF image (Figure 5f) were more obvious and denser than
those in the as-received sample (Figure 4c). Twins were found in
the high-density SF region highlighted by the red solid square in
Figure 5g, possessing a symmetric (100) plane, as corroborated
by the mirror symmetry of lattice fringes and diffraction patterns
in the FFT and HRTEM images (Figure 5g). Instead of a well-
defined TBs, the TBs expanded into SFs on (100) plane, which
can be confirmed by the FFT image in Figure S3 (Supproting In-
formation), indicating severe plastic deformation during nanoin-
dentation (Figure 5g). For comparison, no twins were observed
in the as-received sample. Multiple slip bands on the (101), and
(—201) and SFs along the (200) plane interacted with each other
and formed kinks (Figure 5e,h), inducing more severe inhomo-
geneous strain distribution (Figure 5i) than that in the as-received
sample (Figure 4e).
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Figure 5. Cross-sectional TEM images of the nanoindentation imprint on the wear track with a max. load of 10 mN: a) ABF image showing the overview
beneath the nanoindentation imprint on wear track (the yellow arrows mark the pre-engineered dislocations induced by scratching); b) Diffraction pattern
of the deformed matrix; c) Stereographic projection analysis representing the slip traces and pole of slip planes; de) ADF images demonstrating multiple
slip systems in the deformed region marked in (a); f) Dark-field image taken by the diffraction reflection marked by the circle in (b); g,h) HRTEM images
of the region marked in (a) (the insert shows the corresponding FFT image); i) GPA strain map corresponding to (h).

3. Discussion

3.1. Dislocations Induced by Scratching

According to the subsurface microstructure in Section 2.1, the
scratching process appears to have little effect on the amorphous
phase and nanocrystalline on the top surface. As displayed in
Figures 1 and 2, the thickness of the amorphous phase and the
nanocrystalline layer before and after scratching is the same. Dur-
ing the scratching process in the present work, no wear debris
is generated. It means wear debris acting as abrasives to gen-
erate amorphous phase and nanocrystalline on the top surface,
as observed in other works, did not occur.*}l The only variation
of the samples after scratching is the seeded dislocations. The
scratching-seeded dislocations play a key role in the crack sup-
pression and will be discussed in detail.

Adv. Funct. Mater. 2026, 36, e22091 €22091 (7 of 13)

As demonstrated in Section 2.1, upon scratching (001)-
oriented f-Ga, 0, dislocations parallel to the (001) plane are me-
chanically generated beneath the scratched surface (Figure 2).
To understand the role of the scratching-indued dislocations in
crack suppression, it is essential to determine the dislocation
types and slip systems. Since f-Ga,0; has a monoclinic crystal
structure that belongs to space group C2/m, the low space sym-
metry of C2/m gives rise to a large number of possible Burg-
ers vectors which are not crystallographically equivalent.[* Its
slip systems are more complex than other semiconductors that
have high space symmetry. Hitherto, there are 7 slip planes and
11 possible Burgers vectors having been theoretically predicted
and experimentally observed by using X-ray topography (XRT)
and TEM in literature.[?7:30404245-49] Byt most of them focused on
the dislocations induced during crystal growth and post-growth
cooling, in which the dislocation-generation mechanisms and
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Figure 6. TEM analysis of dislocation types induced by scratching: a) TEM-ADF images of dislocations under various zone axis (z=0-10 and z = 1-92)
and g vectors (g = —204, g=—201, g=001, g= 201, g =200, g = —801, and g = 512); b) Schematic illustration of stress condition applied by spherical
indenter during scratching, scratching-induced dislocations, and slip systems; c) Stereographic projection analysis representing the slip traces and pole

of slip planes.

dislocation types®*>3] are different from mechanically induced
dislocations.

In order to identify the types and slip systems of these
scratching-induced dislocations, TEM-ADF images under two
beam conditions were conducted. Under the seven g vectors dis-
played in Figure 6a, only one g vector made the parallel disloca-
tions invisible, making it impossible to identify Burgers vectors
using the conventional g - b=0 invisibility criterion, by which
at least two inequivalent g vectors where the dislocation is out
of contrast are required. However, the Burgers vector and slip
plane can be determined by detailed analysis based on the vis-
ibility conditions as listed in Table S2 (Supporting Information)
and the Schmid factors of possible slip systems in Table 2. As dis-
played in Figure 6a, the parallel dislocations were only invisible at
g vector of [200] while visible at the others. According to the visi-
bility criterion of dislocations with all possible Burgers vectors in
Table S2 (Supporting Information), only three of them, which are
b =[001], [011], and [01-1], comply with the visibility under two
beam conditions, and the others inconsistent with the visibility
in Figure 6a can be excluded.

The schematic illustration of the stress condition during
scratching is shown in Figure 6b. During cyclic scratching, the
stress distribution beneath the spherical indenter is complex. In
addition, some wear debris randomly falling on the wear track
can create non-uniform and random stress distribution.[}] To
simplify the case for better understanding the relationship be-
tween the stress direction and the possible slip systems during
scratching, the spherical indenter applied to the sample is equiv-
alent to be normal force (F,) and tangential force (F,) on the af-
fected region.[**] The normal force is perpendicular to the (001)-
oriented surface with a value of 5 N. Tangential force is parallel
to the surface and along the scratching direction [100] or [-100],
given that reciprocating sliding motion was applied. The tangen-
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tial force equals to the frictional stress (f) with a value of 0.5 N,
provided by the tribometer. Thus, the vector of the equivalent
force can be determined. By calculating Schmid factors for the
possible slip systems, the slip systems with a high possibility to
be activated can be identified.

The Schmid factors under the equivalent force during scratch-
ing and the corresponding slip systems are listed in Table 2.
When the Schmid factor is (or close to) 0, the theoretical shear
stress on the slip plane is (or close to) 0, which means that the
angle between the external force and the slip direction or the nor-
mal of the slip plane is (or close to) 90°.3% In this case, the shear
stress caused by external force on the slip system is insufficient
to provide enough driving force for dislocation glide in the lat-
tice to overcome the lattice resistance.>*! As displayed in Table 2,
the slip systems with the Burgers vector of [010] or those on the
slip planes of (010), (-310), and (-3-10) have very low Schmid fac-
tors of (or close to) 0, indictive of the smaller likelihood of dis-
locations movement in these slip systems during scratching. It
agrees with the TEM results that the Burgers vector of [010] can
be safely excluded, considering its visibility criterion under two-
beam conditions. No dislocation lines in TEM images align with
the slip traces of (-310) and (-3-10) plane, no matter for the sam-
ple after scratching or after nanoindentation. In contrast, the slip
systems in {011}<011>, {-201}<112>, (101)[10-1], and (001)[100]
have relatively larger Schmid factors and some of them close to
0.5—the maximum value when the angle between the external
force, the slip plane, and the direction was 45°. It indicates that
the dislocations in these slip systems are more likely to glide dur-
ing scratching. Given that the parallel dislocations in Figure 6a
have line vector of [100] which is consistent with the slip traces
of (011) and (0-11) slip planes as illustrated in Figure 6¢, the par-
allel dislocations induced by scratching should be in (011)[01-1]
and/or (0-11)[011] slip system. These dislocations should be edge
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Table 2. A summary of slip systems and dislocation types reported in literaturel?7,30:40:4245-49] and the Schmid factors under the equivalent force during
scratching (since the relationship between the applied force and some slip systems is not equivalent during the reciprocating motion, the Schmid factors

with larger values are listed).

Slip plane Burgers vector Dislocation-induced process Schmid factors
0171) [01-1] Mechanical process: scratching on (001) plane 0.41
01-1) [017] Mechanical process: scratching on (007) plane 0.38
(100) [007] Edge-defined film-fed growth (010)-oriented substrates;[*’] 0.23
Mechanical process: chemical mechanical polishing on (010)-oriented substrates;/*°]
Mechanical process: Nanopillar compression on (-201) -oriented single crystall4C]
[010] Edge-defined film-fed growth (010) and (-201)-oriented substrates;**] 0
(-201) [010] Edge-defined film-fed growth of (001)[#84°] and (-201)-oriented substrates!*247:4%] 0
1/2[112] Edge-defined film-fed growth of (001)[#°] and (-201)-oriented substrates!4247] 0.48
1/2 [1-12] Edge-defined film-fed growth of (-201)-oriented substrates!*247] 0.48
(101) [010] Edge-defined film-fed growth of (-201)-oriented substrates!247] 0
[10-1] 0.49
(007) [100] Edge-defined film-fed growth (010),[**] (001),[#8#°] and (-201)-oriented substrates!*3] 0.37
[010] Edge-defined film-fed growth;4] 0
Mechanical process: Vickers indentation on the (001) surfaces!?’]
(010) [001] Hydride-vapor-phase epitaxy growth (010)-oriented substrates!“¢] 0
(10-2) [207] Edge-defined film-fed growth (010)-oriented substrates[*] 0.23
(-310) [0071] Edge-defined film-fed growth of (-201)-oriented substrates;[*>*’] Hydride-vapor-phase-epitaxy 0.14
1/2[130] growth (010)-oriented substrates!*6] 0.03
1/2[132] 0.04
(-3-10) [001] Edge-defined film-fed growth of (-201)-oriented substrates!*247] 0.14
1/2[130] 0.03
1/2[132] 0.04

type because the line vector of [100] is perpendicular to the Burg-
ers vector. The spatial relationship between the dislocations and
slip systems is demonstrated in the diagram in Figure 6b.

3.2. Crack Suppression and Hardness Increase

Nanoindentation testing was employed to assess the material’s
resistance to crack formation and its overall hardness after
scratching. The as-received f-Ga,O;, which retained its pristine
crystal structure, exhibited typical brittle fracture behavior. Upon
application of a maximum load from 5 to 10 mN during nanoin-
dentation, microcracks along the [010] and [100] directions were
readily observed (Figure 3). These cracks formed due to the inher-
ent brittleness of f-Ga, O, which was particularly prone to cleav-
age fracture along (100) planes. In stark contrast, the nanoin-
dentation imprints on the scratched f-Ga,O, surfaces revealed
a remarkable suppression of crack formation under maximum
loads ranging from 5 to 10 mN (Figure 3), indicating that the
scratching-induced dislocations can effectively inhibit the initia-
tion of cracks. According to the microstructure beneath the im-
prints, cleavage microcracks along the (200) plane can be found
in the as-received sample (Figure 4), while there is no crack in
the scratched sample with pre-seeded dislocations (Figure 5).
Instead, higher density SFs along (100) plane, nanotwins, and
slip bands in multiple slip systems are the dominating feature
in the scratched sample (Figure 5). Thus, the crack suppression
in the scratched sample should be attributed to the higher den-
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sity (100)-oriented SFs, nanotwins, and multiple slip bands, all
of which contribute to consuming the mechanical work during
the nanoindentation tests. A similar phenomenon has been re-
ported by Liu et al. 3!l They performed nanoindentation on (100)-
oriented f-Ga, O, at both room temperature (RT) and high tem-
perature (HT, 600 °C). Higher density of SFs and nanotwins
along the (100) plane existed and the cracks were suppressed
when the nanoindentation was conducted at HT, while obvi-
ous cleavage cracks, low density SFs and no nanotwins at RT.3!]
These findings imply that the SFs and twins play a significant
role next to dislocations in accommodating plastic deformation
and allow for more ductile behavior instead of brittle failure in
p-Ga,0;. The formation of (100) twins in f-Ga,0O; induced by
nanoindentation at ambient temperature remains quite rarely
reported.[353635:56] At elevated temperature, the presence of twins
and high-density SFs along the (100) plane can be attributed to
the reduced barrier for the formation of twins and SFs.

In the scratched sample with pre-seeded dislocations, dislo-
cations with density of ~9 x 10 /m? can be activated after
nanoindentation, while in the as-received sample without pre-
existing dislocations, the dislocation density after nanoindenta-
tion is ~4 X 10* /m? (S1, Supproting Information). It is rea-
sonable to extrapolate that pre-seeding dislocations can promote
dislocation multiplication and motion following heterogeneous
nucleation/dislocation multiplication mechanisms,>”*%! as has
been proven in MgO, SrTiO;, and KNbO,.[1819.243359] \When dis-
locations are pre-seeded in ceramics, the pre-seeded dislocations
can act as sources for dislocation multiplication following the
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Figure 7. Schematic illustration of nanoindentation on a) as-received sample and b) wear track with pre-seeded dislocations.

well-known Frank-Read mechanism and cross slip. Compared
with homogeneous dislocation nucleation, the threshold stress
for activating dislocation multiplication can be readily reached,
leading to significant dislocation multiplication.’”%8! In MgO,
it has been proven that the dislocation multiplication is gov-
erned primarily by cross-slip and the formation of jogs on the
screw-type dislocations. The formation of dislocation loops at
the site of pre-seeded dislocations was observed in in situ TEM
experiments.[>]

In materials with low SFs and TBs energy like f-Ga,0O;, dis-
locations can act as potential nucleation sites for planar crystal-
lographic defects.[%-6] Tt can be confirmed by the experimental
evidence that high-density SFs and twins can be generated in a
region closer to the indenter tip contacting point in the scratched
sample (Figures 4d and 5g). It means high-density SFs and twins
can be activated with lower shear stress when dislocations are
pre-seeded. Although up to now, the pre-existing dislocations
induced planar defects and mechanisms are scarcely reported
for p-Ga,0;, it has been widely investigated in other semicon-
ductors such as 4H-SiC and its mechanism relates to disloca-
tion dissociation,!®2-%¢] but only for SFs. However, the promotion
mechanisms for twins by pre-existing dislocation in semiconduc-
tors are still unclear although some evidence can be found in Al
alloys, in which the substantial Shockley partial dislocations and
stacking faults act as effective heterogeneous nucleation sites for
nanotwins.[67:8]

The toughening by mechanically seeded dislocations in ce-
ramics such as MgO, SrTiO;, and KNO; has been reported
recently.1719246] In contrast to MgO, SrTiO;, and KNO;, the
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effect of pre-seeded dislocations in f-Ga,O; also relates to the
promotion of SFs and twinning during nanoindentation, own-
ing to its low SF and twining energy (10-30 m] m=2).3] The
dislocations, SFs, and twins are effective in consuming the
energy, releasing stress concentration, and suppressing crack
propagation!®! during the subsequent deformation such as
nanoindentation tests. Meanwhile, the hardness values obtained
from the load-displacement curves revealed that the scratched g-
Ga, 0, exhibited significantly higher hardness compared to the
as-received material. The hardness (H) of the scratched material
was found to be 16.5 + 0.97 GPa, compared to 12.9 + 0.11 GPa
for the as-received sample (Table 1). It is worth noting that even
though the amorphous phase and nanocrystalline layer induced
by CMP can affect the hardness value,”?! since their thickness
and microstructure are unchanged before and after scratching,
the crack suppression and hardening are irrelevant to these two
layers.

The schematic illustration of crack suppression and harden-
ing effects by pre-seeded dislocations is displayed in Figure 7.
In the as-received sample, no or few dislocations exist. When
highly concentrated stress is applied by Berkovich indenter tip
during nanoindentation, the sample is prone to fracture in a brit-
tle manner, even though low-density SFs and dislocations can be
activated (Figure 7al,a2). In contrast, the abundant pre-existing
dislocations in the scratched samples can serve as sources for dis-
location multiplication and motion. Moreover, high-density SFs
and twinning are easier to be activated (Figure 7b1,b2), although
the synergistic effect between mechanically seeded dislocations,
SFs, and twins for the sustainable generation of more such
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defects remains unclear at this stage. Furthermore, the disloca-
tions in the deeper layers of the scratched f-Ga,0O, contribute
to hardening by impeding the movement of other dislocations.
When dislocations encounter dislocations and other obstacles
such as twins and SFs, they can be “pinned” to increase resistance
for further plastic deformation (Figure 7b2), hence resulting in
increased hardness as observed.”! The higher dislocation den-
sity in the scratched material creates a more complex network of
dislocations that resists the motion of dislocations under applied
stress, thereby enhancing the material’s strength.l>73] However,
the anisotropic mechanical properties and asymmetric crystalline
structure emphasize the complexity between mechanical loading
and microstructure evolution in nanoindentation experiments.
To provide the direct experimental evidence and understand the
exact contribution of pre-seeded dislocations to the deformation
behavior in Ga,0;, in situ TEM as well as simulations such as
density functional theory and molecular dynamics are needed in
the future.

3.3. Mechanistic Insights and Implications for Materials Design

The mechanistic insight gained from this study provides a deeper
understanding of the role that pre-engineered dislocations can
play in enhancing the damage suppression of brittle functional
oxides such as §-Ga,0,. The scratching-induced dislocations
serve not only to increase the material’s hardness but also alter
its deformation mechanisms from brittle to ductile, although the
length scale is still confined to the micrometer. The mechanically
induced pre-existing dislocations in the subsurface layers effec-
tively facilitate the subsequent plastic deformation by suppress-
ing cleavage fracture and promoting movements of plastic car-
riers including dislocations, SFs, and twins. This approach has
significant implications for the design of next-generation semi-
conductor materials, particularly for applications in flexible elec-
tronics and high-power devices, where brittleness and crack for-
mation are the key limitations. The findings of this study con-
tribute to the broader field of material processing by providing
a novel strategy for enhancing the damage tolerance and frac-
ture toughness of intrinsically brittle oxides. The ability to engi-
neer dislocations at the surface and subsurface regions offers a
promising avenue for improving the machinability and reliabil-
ity of materials used in various high-performance applications.
Nevertheless, we note that since crystal defects such as disloca-
tions, SFs, and TBs may increase reverse leakage current and de-
crease reverse breakdown voltage, they are usually removed in
the fabrication process. But the sensitivity of band gap and elec-
trical properties to defects largely depend on the orientation.l!
By elaborately designing the dislocation structure, it is possible
to decrease the negative effects of intentionally seeded disloca-
tions on functional properties. Achieving a combination of both
improved mechanical and functional properties by seeded dislo-
cations can be explored in the future.

4, Conclusion

We demonstrate a novel approach to enhance the damage tol-
erance and mechanical properties of (001)-oriented B-Ga,O,
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through the introduction of mechanically seeded dislocations via
surface scratching with a Brinell indenter. Detailed TEM char-
acterization reveals that the scratching-seeded dislocations are
edge-type dislocations in the (011)[01-1] and/or (0-11)[011] slip
systems. These dislocations effectively suppressed microcrack
formation during subsequent nanoindentation testing. Simul-
taneously, nanoindentation also revealed that the scratched g-
Ga, 0, exhibited much higher nanohardness compared to the as-
received material. The absence of typical “pop-in” events in the
load-displacement curves of the scratched samples further cor-
roborates the stabilization of plastic deformation, facilitated by
the seeded dislocations. These findings underline the critical role
of dislocation engineering in mitigating brittle fracture and en-
hancing the overall mechanical performance of f-Ga,0;.

5. Experimental Section

Material Selection and Sample Preparation: (007)-oriented f-Ga,04
single crystals (provided by the 46th Research Institute of China Elec-
tronics Technology Group Corporation, China) were grown via the edge-
defined film-fed growth method.[”4] The as-grown ingots were sliced into
thin substrates and cutting, grinding, lapping, and chemical mechanical
polishing (CMP) was sequentially performed by the company. No fur-
ther polishing treatment was performed for the as-received sample before
scratching. The as-received samples have a dimension of 5 x 5 x 1 mm3
and have been polished on one side, by which surface roughness lower
than 1 nm is obtained and machining-induced defects such as disloca-
tions and SFs have been successfully removed. The polished surface was
subjected to surface scratching to induce a defined wear track. This was ac-
complished using a wear testing machine (Rtec, MFT2000, UK), equipped
with a spherical Al,O5 ruby indenter (5 mm in diameter). The scratch-
ing procedure was performed under a normal load of 5 N to introduce
mechanically seeded dislocations in the near-surface region. A cyclic re-
ciprocating sliding motion was applied, following the experimental proto-
col established in the previous studies.!'%3] The experimental conditions
were optimized to use 2000-cycle scratching to produce a wear track with
dislocations engineered by plastic deformation without brittle fracture.

Mechanical Testing: The mechanical properties of the -Ga,0; sam-
ples were characterized using nanoindentation[3%731 (Hysitron TI Premier,
BRUKER, USA). To minimize variables, nanoindentation tests with a dia-
mond Berkovich indenter tip were conducted on the same sample in the
undeformed region (reference) and on the wear track (with mechanically
seeded dislocations) for direct comparison. The maximum loads vary from
5 to 10 mN, leading to a maximum depth of 110-210 nm. Loading and
unloading time was 5 s, and the peak hold time was 2 s. For each inden-
tation, the load-displacement data were collected and analyzed using the
Oliver-Pharr method to extract the nanoindentation hardness and Young's
modulus.3°! In order to ensure the accuracy and reproducibility of the re-
sults, over 20 repetitive indentation tests were performed for each test
condition. To avoid the overlap of the plastic zones, the spacing of the in-
dentation was set to be 10 um, over 50 times of the indentation depth. By
comparing the surface topographies of imprints as well as the mechan-
ical properties of the reference region and on the wear track, the effect
of mechanically seeded dislocations on the material’s resistance to crack
propagation and nanohardness can be assessed. This approach is partic-
ularly relevant for materials subjected to micro-/nanoscale deformation,
such as #-Ga, O3, where crack suppression is a critical factor in enhancing
performance.

Microstructure Characterization: To investigate the microstructural
evolution of the treated f-Ga, 05 surfaces, a suite of characterization tech-
niques was employed. The surface topography was first assessed using
white light interferometry (Contour GT-K, Bruker, USA), providing high-
resolution 3D images of the surface roughness and depth profile. Addi-
tionally, SPM equipped with nanoindentation was utilized to further ex-
plore surface morphology with a scan rate of 1 Hz and a contact force of
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2 uN. The topographies of nanoindentation imprints on both the scratched
and as-received samples were then analyzed using SEM (Apreo2 S Lo-
vac) with secondary electron immersion mode at 5 keV and 0.1 nA. For
detailed microstructural investigation, cross-sectional TEM foils on the
(010) plane were extracted at nanoindentation imprints in both reference
and scratched regions. The reason for choosing this plane is that the slip
bands and cleavage cracks in (100), (-201), (101), (011), and (100) planes
are perpendicular to (010) plane and can be easily distinguished along the
zone axis of [0+10].138] A dual-beam focused ion beam (FIB) equipped in
an SEM (Helios Nanolab 600i, FEI, Hillsboro, USA) was used for TEM foil
preparation. The TEM foils were milled under beam voltage of 30 keV and
current of 0.79, 0.43, 0.23, 80, and 40 pA, sequentially. Then TEM images
including ADF-STEM images, ABF-STEM images, selected area electron
diffraction (SAED) patterns, and HRTEM were captured by using a TEM
instrument (FEI Talos F200X G2, Thermo Fisher Scientific, USA) at an op-
erating voltage of 200 keV. A probe semi-convergence angle of 10.5 mrad
and inner and outer semi-collection angles of 23-55 mrad were used for
ADF-STEM images, while 12-20 mrad were used for ABF-STEM images.
The elaborated TEM characterization allows for direct observation of the
defects induced during scratching and the subsequent nanoindentation,
providing insight into dislocation densities, stacking faults, and crack for-
mation mechanisms. FFT images based on HRTEM images are produced
by using Velox software. The simulated diffraction pattern is generated by
Single Crystal software. GPA was performed by using Strain++ software.
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