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Defect Analysis of the - to y—Ga,O; Phase Transition

Umutcan Bektas,* Maciej O. Liedke, Huan Liu, Fabian Ganss, Maik Butterling,
Nico Klingner, René Hiibner, llja Makkonen, Andreas Wagner, and Gregor Hlawacek*

This study investigates the ion irradiation induced phase transition

in gallium oxide (Ga,O;) from the g to the y phase, the role of defects

during the transformation, and the quality of the resulting crystal

structure. Using a multi-method analysis approach including X-ray diffraction
(XRD), transmission electron microscopy (TEM), Rutherford backscattering
spectrometry in channeling mode (RBS/c), Doppler broadening variable energy
positron annihilation spectroscopy (DB-VEPAS), and variable energy positron
annihilation lifetime spectroscopy (VEPALS) supported by density functional
theory (DFT) calculations, defects at all the relevant stages of the phase
transition are characterized. A reduction in backscattering yield is observed in
RBS/c spectra after the transition to the y phase. This goes hand in hand with
a significant decrease in the positron trapping center density due to generation
of embedded vacancies intrinsic for the y—-Ga,O, but too shallow in order to
trap positrons. A comparison of the observed positron lifetime of y—Ga, O, with
different theoretical models shows good agreement with the three-site y phase
approach. A characteristic increase in the effective positron diffusion length and
the positron lifetime at the transition point from f-Ga, O, to y—Ga,O; enables
visualization of the phase transition with positrons for the first time. Moreover,
a subsequent reduction of these quantities with increasing irradiation fluence is
observed, which attributes to further evolution of the y—Ga,O; and changes in
the gallium vacancy density as well as relative occupation in the crystal lattice.

1. Introduction

Throughout the history of science and en-
gineering, there has always been a drive
to find new and superior materials to ad-
vance technology. This is also true for
power electronics, which needs new mate-
rials and related research activities to en-
sure future developments. Gallium oxide
(Ga,05) is a promising candidate for fu-
ture ultrawide-bandgap (UWB) semicon-
ductor materials for power electronic de-
vices. It has two main advantages over
the traditional UWB semiconductor ma-
terials, such as silicon carbide and gal-
lium nitride. Ga,0; does not only have
a superior breakdown voltage, which al-
lows to increase the device performance,!!]
but cost-effective large wafer production by
melt growth methods is also possible with
Ga,0,.12] Furthermore, the existence of dif-
ferent polymorphs of Ga,0; makes it a
compelling material for crystal structure en-
gineering. This might be achieved via fab-
rication of different polymorphic layers on
a single wafer as well as engineering of
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nanostructures with different polymorphs.

However, most research has focused on
the B phase, which is the most chemically and thermally stable
polymorph of Ga,0,.I*!

Ion implantation is a well-established method for enhanc-
ing the properties of semiconductors, and several attempts have
been made to dope p-Ga,0,.1*°! Low-fluence rare-earth heavy
ion irradiation has been employed to enhance the lumines-
cence properties of f—Ga,0;; however, ion-induced damage and
the resulting structural disorder have negatively impacted lu-
minescence performance.” Recently, Azarov et al. demon-
strated the high radiation tolerance of double-polymorph y/p
Ga,0, structures.'”l Furthermore, Azarov et al. demonstrated
that the fabrication of multilayer y/g polymorph structures is
possible through controlled dynamic annealing.'!l This prop-
erty makes Ga,0; a good candidate for future electronic de-
vices in space and nuclear applications, where radiation tol-
erance is key to ensuring consistent performance of electri-
cal devices over decades.'?l Attempts were made to increase
the n-type conductivity of Ga,0;, and success was reported
for silicon,[®! tin,[3] and hydrogen doping.'*!5] However, the
desired high n-type conductivity has not yet been achieved
due to existing compensation centers in Ga,0;, i.e., gallium
mono-vacancies.!1617]

© 2025 The Author(s). Advanced Functional Materials published by Wiley-VCH GmbH
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Therefore, it is crucial to study and understand the forma-
tion of gallium-vacancy-related defects of the various Ga,O; poly-
morphs in their pristine state as well as during the phase tran-
sitions. The latter is relevant to the design of future radiation-
tolerant electronic devices in which the polymorphs of Ga,O,
would be exploited to create new functionality. It has been ob-
served that high-energy and high-fluence ion irradiation, beyond
a certain threshold, can induce a phase transition from the g
phase to the y phase of Ga,0; instead of amorphization.[') Ac-
cording to recent studies, the f-to-y phase transition may re-
strain the amorphization mechanism.[*8] This transition com-
petes with amorphization and is driven by increased struc-
tural disorder and accumulated strain, which promote favorable
atomic rearrangements.['%19201 A key driving factor for the transi-
tion from the monoclinic f phase to the defective spinel y phase is
the preservation of a stable and similar oxygen sublattice.[11821]
Huang et al. demonstrated the atomic-scale mechanism of this
transition and concluded that the relaxation of point defects
at high concentrations, driven by lattice strain, plays a critical
role.?%! Fernindez et al. also showed that the transition occurs
independently of the implanted ion species.[??]

Here, we present a multi-method analysis approach (X-ray
diffraction (XRD), transmission electron microscopy (TEM),
RBS/c, Doppler broadening variable energy positron annihilation
spectroscopy (DB-VEPAS), and variable energy positron annihi-
lation lifetime spectroscopy (VEPALS), both supported by den-
sity functional theory (DFT) calculations) to better understand
the role of atomic defects for the f—Ga, O, to y—Ga, O, phase tran-
sition. Defect formation and polymorph conversion are triggered
by ion beam irradiation with noble gas ions to exclude chemical
influences on the observed effects. Our results offer unique in-
sights into the defects in ion-beam-induced y-Ga,0, and con-
tribute to a deeper understanding of its radiation tolerance
mechanisms.

2. Results and Discussion

In this study, commercial (2 0 1)-oriented f—Ga,O, substrates
were irradiated with different fluences of 140 keV Ne*. XRD and
TEM were performed to confirm the phase transition, as shown
in Figure 1. Based on the presented 0/26 scans in Figure 1a,b
and Note S1 (Supporting Information), we conclude that the y
phase formed with (1 1 1) orientation. The 111, 222, 333, and
444 y-Ga, O, reflections should usually be observable within a 26
range from 10° to 90°. However, only the y 222 and y 444 reflec-
tions are visible in our /26 scans. As discussed in Note S1 (Sup-
porting Information), this apparent inconsistency is attributed to
the presence of antiphase boundarys (APBs) in the y phase,[2*2]
which induce destructive interference, thereby suppressing the
y 111 and y 333 reflections. To focus on the y 444 reflection, only
a small section of the XRD patterns is presented here; the full
diffractogram can be found in Note S1 (Supporting Information).

For all samples, the 804 reflection of f-Ga,0, at about 82.2°
is expected due to diffraction from the unaffected substrate un-
derneath the irradiated layer, whose thickness is less than the
X-ray penetration depth. If a y layer is present on top of the f—
Ga,0,, an additional peak near 80.2° is visible, which is identi-
fied as the 444 reflection of y—Ga, O;. As shown in Figure 1a, after
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irradiation with a fluence of 3.5 x 10'* ion cm™

shoulder of the 804 reflection appears due to the lattice distortion
and defect formation in the f—Ga, O, crystal. Increasing the flu-
ence by one order of magnitude to 3.5 x 10" ion cm™ results in
a distinct peak at 80.5°, which is close to the characteristic 444
reflection of y—Ga,0;. The irradiation fluence corresponds to a
peak damage of 2.6 displacements per atom (dpa) (see Note S2,
Supporting Information), which is still one order of magnitude
less than the dpa required to induce the phase transition.!*’]
Therefore, we conclude that at a fluence of 3.5 x 10 ioncm™2,
the transition from the f to the y phase has already started locally
in small, highly damaged pockets but is not yet complete.

In Figure 1D, after a further increase of the fluence by a factor
of ten (3.5 x 10'® ion cm™2), corresponding to a peak damage of
26 dpa, the 444 reflection of the y phase appears clearly at the
expected position. The broadening of the y 444 peak suggests the
presence of inhomogeneous strain and lattice defects within the
y layer.

It is important to note that the f-to-y phase transition occurs
independently of the substrate’s surface orientation(??! and is,
to a large extent, also independent of the used ion species and
energy.!”) The former statement is confirmed by the observed
conversion to the y phase for (0 1 0)-oriented substrates follow-
ing 140 keV Ne™* irradiation with a fluence of 3.5 X 10'° ion cm ™
(see Note S1, Supporting Information).

Increasing the fluence further to 7.0 x 10'¢ ion cm™ (52 dpa)
broadens the 804 reflection asymmetrically towards a larger lat-
tice plane spacing most likely due to strain accumulation. After
applying 3.5 x 10" ion cm ™%, which corresponds to 260 dpa, the
y 444 reflection vanishes almost completely, likely due to signifi-
cant disorder within the y layer.

In the BF-STEM image shown in Figure 1c, the converted layer
is visible with a thickness of »~ 260 nm after 140 keV Ne* irra-
diation with a fluence of 3.5 x 10'¢ ioncm™. The FFT patterns
shown in Figure 1d,e correspond to the regions marked in blue
and red in Figure 1c, respectively. The FFTs obtained from the dif-
ferent regions confirm that the top layer has the defective spinel
cubic structure of y—Ga,0O,, while the unaffected substrate has
the original monoclinic crystal structure of f—-Ga,0;. As is ev-
ident from Figure 1c, the y layer shows severe damage in par-
ticular close to the f/y interface. As can easily be observed in
Figure 1d, several diffraction spots in the FFT pattern of the cu-
bic y phase, such as the {1 1 1} reflections (highlighted in blue
circles), are blurry and suspected of spot broadening compared to
the sharper FFT pattern of the monoclinic g phase in Figure le.
We attribute the spot broadening to crystal imperfections arising
from the ion beam irradiation and the intrinsic vacancies present
even in a perfect defective spinel structure as is the case here.

Different from the XRD results presented above, we do ob-
serve weak and broad {1 1 1} reflections in the FFT pattern of
the Ne*-irradiated layer. Careful analysis of the TEM samples us-
ing selected-area electron diffraction and convergent-beam elec-
tron diffraction confirms that due to the small number of APBs
present in the limited volume of the TEM sample, the extinction
of the {1 1 1} peaks is not perfect and they appear as broad and
weak spots in the FFT.

In Figure 2, RBS/c spectra are plotted for Ga,0; after Ne*
implantation of different fluencies to check the crystal quality

, an asymmetric
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Figure 1. Structure analysis of f/—~Ga, 05 irradiated with different fluences of 140 keV Ne™. a) XRD patterns of the virgin and irradiated samples with low
fluences, b) XRD patterns of the irradiated samples with high fluences. c) bright-field scanning transmission electron microscopy (BF-STEM) image of the
converted layer on top of pristine f—Ga, O3. d) high-resolution transmission electron microscopy (HRTEM) image (right) and fast Fourier transform (FFT)
(left) of the y layer close to the interface along [1 0 1] zone axis. The diffraction spots highlighted by the blue circles correspond to the y-Ga, 03 {11 1}
reflections. ) HRTEM image and FFT pattern of the f region close to the interface along [0 1 0] zone axis.

after the irradiation. Two sets of spectra are presented. While the
RBS/c spectra for f-Ga,0, and y-Ga, O, presented in Figure 2a
were obtained with the ion beam parallel to the -Ga,0,~[2 0 1]
direction, the ion beam is aligned with the y-Ga,0,—[1 1 1] di-
rection for the spectra in Figure 2b. The obtained mismatch be-
tween the two is 2.9 + 0.3° in y (tilt angle). This observation is
consistent with previous electron backscatter diffraction (EBSD)
results presented in ref. [10], which report a slight misalignment
between the otherwise fixed orientations of the f substrate and y
layer. The sample irradiated with 3.5 x 10'* ion cm™? (light green)
shows a slightly higher backscattering yield than the virgin (grey)
sample due to the implantation-induced damage, but it still has
good channeling properties and is far from the yield expected
for an amorphous sample represented by the spectra obtained
in a random orientation (black). There is a clear increase of the
backscattering yield upon irradiation with 3.5 x 10'° ion cm™,
shown in Figure 2a. At this fluence, the transformation is not

Adv. Funct. Mater. 2025, 09688 €09688 (3 of 11)

finished (see Figure 1a) and the highly damaged mixed §/y layer
has a high dechanneling rate. As will be further discussed in
the DB-VEPAS results, the high backscattering yield under this
irradiation condition is attributed to the high concentration of
defects. Note that the yield drops again beyond a depth of 200
nm which is deeper than the projected range of 140 keV Ne* (~
170 nm, calculated using SRIMI?]). The drop indicates the tran-
sition from the irradiated/disordered f/y layer to the underlying
ordered/unirradiated § substrate. Further increase of the fluence
t0 3.5 X 106 jon cm™ and beyond does not result in an increase
of the channeling yield in case the ion beam is aligned parallel to
the [2 0 1] direction of §-Ga,0;, as illustrated in Figure 2a. Note
that [2 0 1] direction is not the (2 0 1) plane normal in §-Ga, O, due
to the non-orthogonal structure of the monoclinic lattice. How-
ever, the previously observed drop in the yield shifts to greater
depth (~ 285 nm at 3.5 x 10'® ion cm %) with increasing fluence
and corresponds well with the measurements performed in TEM

© 2025 The Author(s). Advanced Functional Materials published by Wiley-VCH GmbH
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Figure 2. RBS/c spectra for f-Ga,Os irradiated with different fluences. The irradiated area is converted from -Ga, O; to y-Ga,O; for 3.5 x 10'® ioncm™

2

and higher fluences. a) RBS/c spectra obtained after aligning to the [2 0 1] f-Ga,O; channeling direction. b) RBS/c spectra obtained after the phase
transformation and realignment to the [1 1 1] y-Ga, O3 channeling direction. The dashed lines in the sample configuration inset are only a sketch of the
lattice planes and do not represent the actual misalignment. Of note, the depth scale is calculated for gallium atoms.

(260 nm). Additionally, if we realign the beam to the channel-
ing direction in y-Ga,0,, as illustrated in Figure 2b, the yield
decreases significantly in the converted layer. The RBS/c yield in-
creases toward the lower energy part of the spectra and stays close
to the random case after 285 nm. The latter fact is not surpris-
ing, as the beam is now misaligned with respect to the f-Ga,0,—
[2 0 1] direction in the $-Ga,0; bulk. Furthermore, the charac-
teristic shape and reasonable crystallinity are maintained for an
irradiation fluence of 7 x 10'° ion cm ™, corresponding to 52 dpa.
A significant increase of the RBS/c yield in the first 150 nm is ex-
pected, since the maximum of the energy loss profile is at ~ 115
nm for 140 keV Ne* ion implantation (see Note S2, Supporting
Information, for SRIM calculation results), where the majority
of the dpa is generated. Finally, after implantation of 3.5 x 10"
ion cm™2, corresponding to 260 dpa, the measurements result in
a very high RBS/c yield, close to but not fully reaching the amor-
phous case. Since the beam is aligned with the y layer, we assume
that it has a high number of defects and APBs in the existing y
phase, which consequently increases the RBS/c yield. This is also
evident from the XRD results presented in Figure 1b.

We performed DB-VEPAS and VEPALS measurements (see
Figure 3) to study the changes in defect type, structure, and con-
centration, for the f-to-y phase transition. The detailed descrip-
tions of these techniques are provided in the method section and
elsewhere.??] These methods utilize the effect that neutral and
negatively charged vacancies, vacancy clusters, dislocations, or
other open volume defects can trap positrons, where the rela-
tive contributions of valence and core electrons to the annihila-
tion process varies, thus providing information about the local
chemical environment (DB-VEPAS). In addition, the lifetime of
positrons in the material is affected by the local electron density
(VEPALS). While DB-VEPAS provides combined information on
both the identity and concentration of positron traps, the lifetime
results obtained from VEPALS offers complementary informa-
tion by additionally quantifying the size of the defects.

Adv. Funct. Mater. 2025, 09688 €09688 (4 of 11)

In Figure 3a,c, the S-parameter is plotted as a function of the
positron implantation energy and mean positron implantation
depth for the reference sample and various irradiation fluences
used in this study (see Supplementary Note 3 for S-W fractions).
After irradiation with 3.5 x 10'* ioncm ™2, a “plateau” in the S-
parameter values is observed, indicating an increase of the de-
fect density. The S-parameter scales with the number of free vol-
umes as long as positrons cannot easily diffuse due to a sufficient
number of traps. With a further increase to 3.5 x 10" ioncm™, a
similar trend is observed, however with even greater S-parameter
values in the plateau. When the defect concentration increases,
there are more sites where positrons can get trapped and an-
nihilate with low-momentum electrons, leading to an elevated
S-parameter. The observation gets supported by the calculation
of the defect concentrations using VEPfit code,*”) and the re-
sults are summarized in Table 1 (see Experimental Section for
details on the calculation). Note that the results obtained from
the trapping of the positron is dominated by negatively charged
defects and positively charged vacancies do not contribute to
the effective defect concentration as measured by DB-VEPAS.
These positively charged vacancies—specifically, oxygen vacan-
cies in our case—exhibit low positron trapping rates and small
positron binding energies due to Coulomb repulsion. Moreover,
their open volumes are too small to support a trapped state in
simulations, therefore, oxygen vacancies do not trap positrons ac-
cording to existing calculations.[’! Thus, by using the term “de-
fect concentration,” we in fact present the perspective observed
by positrons—an effective cation vacancy density.

As shown in Table 1, samples irradiated with 3.5 x 10™
ioncm™ and 3.5 x 10" ion cm 2 have shorter positron diffusion
length and higher defect concentration than the reference sam-
ple. This is in line with the earlier described increased RBS/c
yield (see Figure 2a) for these irradiation conditions (3.5 x 10
ioncm™ and 3.5 x 10" ioncm™), which is an indication for
an increased defect concentration. Interestingly, the previously
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Figure 3. DB-VEPAS and VEPALS results for Ne * -irradiated samples with different fluences. Panels (a) and (c) show the S-parameter as a function
of the positron implantation energy, and panels (b) and (d) show the positron lifetime as a function of the positron implantation energy. The colored
transparent lines in (a) and (c) represent the fitted S-parameter curves generated from variable energy positron fitting (VEPfit) for each sample. The
dashed lines in (b) represent theoretically calculated lifetimes for various defect configurations in #-Ga,05,[2”] while the violet and pink bar correspond
to lifetimes of the different defect configurations as interpreted by Tuomisto for Fe-doped f-Ga,0;.[28] The dashed lines in (d) represent theoretically
calculated lifetimes for various defect configurations in y-Ga,O; (see Table 2).
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Table 1. VEPfit analysis results for 140 keV Ne T irradiations of f-Ga,O;. The defect concentration is calculated considering our f-Ga, 05 sample with

the longest available effective diffusion length of 52.4 + 0.5 nm.

Fluence S-Parameter W-Parameter Diffusion length Defective layer depth Defect Concentration
[Neon cm’z] (Layer) (Layer) L+ [nm] d [nm] C, [cm’3]

0 0.4653(2) 0.0490(1) 27.7+0.2 0 1.81x 10
3.5x 10™ 0.4765(2) 0.0446(1) 83+0.5 182+ 5 2.7 x 10"

3.5 x 10" 0.4801(1) 0.0449(1) 3.0+0.2 17143 2.1x 102
3.5% 106 0.4722(2) 0.0485(1) 39.4+04 325+ 14 4.24 x 10"

7 x 106 0.4694(2) 0.0500(1) 32.8+0.3 326 + 30 8.56 x 107

3.5 x 10V 0.4847(1) 0.0468(1) 9.6 +0.2 211+ 4 1.59 x 10™
observed plateau in the S-parameter disappears after further  the V g, and gallium split vacancies, respectively.”*! Upon care-

increase of the irradiation fluence to 3.5 X 10'® ioncm™ (see

Figure 3c). From this, we can again calculate the defect concen-
tration, which is 4.24 x 10cm~2—three orders of magnitude
lower as compared to the sample irradiated with only 1/10 of
the fluence. This value, as is evident from Table 1, is also lower
than that of the reference sample. However, from the above-
presented XRD, TEM, and RBS/c results we know that this mate-
rial is not #-Ga, O, anymore but y-Ga,O;. The decrease in defect
density also explains the reduction in backscattering yield in the
RBS/c signal within the first 200 nm for the sample irradiated
with 3.5 x 106 ion cm ™2, compared to the sample irradiated with
3.5 x 10" ion cm™?, as shown in Figure 2a. Increasing the irradi-
ation fluence by a factor of two to 7 x 106 ion cm™ increases also
the defect concentration by a factor of two (see Table 1). This is
also evidenced from the steeper slope of the S-parameter depth
profile, as plotted in Figure 3c. A further increase to 3.5 X 10"
ion cm™ (260 dpa) causes the plateau in the S-parameter data to
reappear in the sub—200 nm range, as can be seen in Figure 3c.
As mentioned above, we attribute this to the accumulation of de-
fects and an increase in their concentration. The position of the
plateau also matches reasonably well with the prediction from
SRIM for the maximum damage depth (see Note S2, Supporting
Information). The high defect concentration for this sample goes
hand in hand with the vanishing intensity of the y-Ga, O, related
peaks in the XRD data presented in Figure 1b and the high RBS/c
yield in Figure 2b.

Positron lifetime results for Ne *-irradiated samples are plot-
ted in Figure 3b,d. Since the relative intensity of the positron
signals are dominated by the short-lived positrons (z;) rather
than the long-lived positrons (r,)(see Note S3, Supporting Infor-
mation), we will mainly focus on 7, lifetimes indicating small-
sized defects such as monovacancies or other simple atomic-
scale defects.l*!l Theoretically calculated lifetimes for specific de-
fects in f-Ga,0;, such as a gallium monovacancy (V(g,) and
a gallium split vacancy (Ga-divacancy with an interstitial Ga
atom between two vicinal vacancies) are plotted as dashed lines
in Figure 3b and correspond to 189 ps and 160 ps to 171 ps,
respectively.?’] It should be noted that the approximations used
by Karjalainen et al.?’] could lead to an underestimation of the
lifetimes by not more than 10% due to the utilized Boronski-
Nieminen local-density approximation.32] Additionally, experi-
mental lifetime measurements obtained on Fe-doped g-Ga,O,
crystals are plotted in Figure 3b at 190-196 ps (violet bar) and
177-183 ps (pink bar).[**34] Tuomisto assigned these lifetimes to
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ful inspection of Figure 3b, we see that the lifetime of the refer-
ence sample at 5-8 keV positron implantation energy is slightly
higher than the theoretically expected 189 ps Vg, lifetime. On
the other hand, they do match nicely with the experimental val-
ues obtained for irradiated Fe-doped f-Ga,0;.33] These positron
annihilation studies in the literature suggest that split vacancies
are the dominant defect configuration in bulk §-Ga,0,.** The
presence of V¢, defects in our case is most likely an artifact of
the surface preparation and the resulting strain and damage (see
Note S3, Supporting Information), contributing only insignifi-
cantly to the lifetimes reported in ref. [33], which were measured
with fast positrons instead of VEPALS. However, also in our low-
energy near-surface analysis, we see that with increasing depth,
the observed lifetimes get closer to the expected split vacancy life-
time values from reference.*}] Additionally, the ratio curves gen-
erated from the coincidence Doppler broadening (cDB) spectra
confirm that the split-vacancy configuration is expected in the
deeper regions of the reference sample, while V g, defect con-
figuration is observed in the near-surface region (see Note S3,
Supporting Information), further validating our findings.

After irradiation with 3.5x 10" ioncm™ and 3.5 x 10"
ioncm™?, the samples show similar positron lifetimes, indicating
similar defect types. We therefore assume that in $-Ga, 0, after
irradiation with 3.5 x 10'* ioncm™ and 3.5 x 10" ioncm™, we
find alarge number of V g, similar to those of the reference sam-
ple, but at a significantly higher concentration as deduced from
the DB-VEPAS results above. The measured positron r, lifetimes
for these two samples are longer than the theoretically calculated
189 ps for Vg, It is plausible that the irradiated samples in the
depth range of 142 nm to 200 nm show, for example, a higher
concentration of gallium divacancies (2 - V/g,,) as they are easier
to stabilize within the crystal, or larger complexes of a gallium va-
cancy with oxygen vacancies (Vig, +n - Vo, where n > 1), which
increases the positron lifetime. Considering that theoretical mod-
els may underestimate positron lifetimes, it is possible that the
observed disagreement is due to such an underestimation, and
Vg, are indeed present in the irradiated samples. The cDB ra-
tio curves further confirm this, indicating that the sample irradi-
ated with 3.5 x 10" ion cm™ exhibits a Vg defect configuration
near the surface region (see Supplementary Note 3).

We also performed DFT calculations using the Vienna ab-
initio simulation package (VASP) in order to obtain optimized
bulk and defect configurations of the y—phase. In the first place,
we estimated the bulk positron lifetimes of the y—phase for 2,
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Table 2. Density functional calculations for the effect of different vacant
ions on the positron lifetime. lons at the tetrahedral (T(g,}) or octahedral
(O(ca}) positions in the three-site y-Ga, O3 model have been considered.

lon Nearest Neighbors (lon-Distance [A]) Lifetime
Oxygen Gallium [ps]
Bulk 172
T(Gal} 1.83, 1.83, 1.88, 1.89 3.31,3.33,3.37,3.40 186
Ticaz) 1.85, 1.85, 1.86, 1.86 3.07,3.09, 3.23, 3.27 196
Ocar) 1.93,1.94,1.98,1.98,2.06,2.07  2.84,2.94,2.95,3.16 176
Olcaz} 1.9, 1.92, 1.99, 2.04, 2.06, 2.07 2.87,2.89,2.94,3.02 173
Ojca3} 1.94, 1.95, 1.96, 1.96, 2.05, 2.05 2.88,2.89,2.89,2.89 165
O4Gas} 1.93, 1.94, 1.98, 1.98, 2.06, 2.07 2.84,2.89,2.89,2.94 196

3, and 4 site occupancy models (see Note S3, Supporting Infor-
mation). These different site occupancy models are constructed
using 1 X 1x 3 160-atom cells and are idealized models from
the literature.3°! The different y—phase models exhibit different
positron lifetimes because each model has a different localization
of the positrons in the open volume (see Note S3, Supporting In-
formation). In addition, for the 3-site y-Ga, O, model, which is
the most energetically favorable structure for y-Ga,0,,1**! we es-
timated the bulk positron lifetime to be 172 ps. Furthermore, we
removed a gallium atom from either an octahedral (06,1}, O(cazy»
O{casp Ofgasy) Or tetrahedral (Tig,}, Ticay) positions to simu-
late vacancy-induced positron trapping under non-equilibrium,
irradiation-like conditions. The resulting positron lifetimes for
these Vg, configurations are listed in Table 2. As already stated
above, it is important to note that the theoretical models used
here may underestimate the positron lifetimes. However, we will
focus on the values obtained from our theoretical calculations
and interpret the experimental results accordingly.

Even though the theoretical positron lifetime of the 3-site bulk
7-Ga,0; model (without added vacancies) is comparable to the
split vacancy lifetimes of f-Ga,O;, e.g. that of the split-i. config-
uration, the situation is different in the sense that the positron
energy band is slightly dispersed as in the case of a free positron
state (delocalized annihilation). We, therefore, interpret that the
y—phase can have a free positron state, but its lifetime can still
be consistent with vacancies in the f—phase, since the positron
mostly interacts with the vacant gallium sites in the y—phase (see
Note S3, Supporting Information).

In Figure 3d, we plotted the calculated positron lifetimes for
the 3-site y occupancy model with different gallium vacancy po-
sitions for the added vacancy. Assuming the same trapping co-
efficient in y-Ga, 0, and f-Ga,0;, the increased lifetime for the
irradiation with 3.5 x 106 ion cm™ (see Figure 3d) could be ex-
plained by the increased size of the positron traps in the y—phase
compare to the f—phase. The measured positron lifetime of the
sample irradiated with 3.5 x 10'® ion cm™ is in good agreement
with the calculated lifetime for the 3-site y occupancy model
when we create a Vg, on the T(g,,, position (see Table 2). This
suggests that after the ion-induced phase transition, the previ-
ously observed defect accumulation vanishes (compare Figure 3a
with Figure 3c), and the y—phase achieves its lowest energy con-
figuration with additional V¢, at the T(g,,, positions. If a neon
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atom occupies isolated point defects (e.g., monovacancies), the
positron lifetime would be strongly reduced, approaching values
between those characteristic of Vg, and the bulk. However, we
do not observe such lifetimes in our measurements.

Examining the positron lifetime results for the 7x 10
ion cm™ implantation in Figure 3d, a significant reduction to ~
190 ps is observed, which is in between the DFT-obtained life-
times for the Ty, and Tig,, atomic configurations. Our in-
terpretation of this fact is that the y—phase reaches a satura-
tion for gallium vacancies at T(g,, positions, and the creation
of gallium vacancies at Tyg,;, positions occurs by further in-
creasing the irradiation fluence from 3.5 x 10'¢ ioncm™ to 7
x 106 jon cm™2. Therefore, the sample irradiated with 7 x 10
ion cm ™2 likely contains defects in the form of gallium vacancies
at both T, and T(g,;; positions. An additional increase in flu-
ence to 3.5 x 10" ion cm™ leads to a further decrease in the life-
time, now matching well with the calculated lifetime for T(c,q),
as shown in Figure 3d. Consequently, 3.5 x 107 ion cm™ irra-
diation conditions on #-Ga,O;, corresponding 260 dpa, create a
y-Ga, 0, with a high concentration (see Table 1) of gallium vacan-
cies at the Tyg,;, position. The average threshold displacement
energy (TDE) for gallium vacancies at tetrahedral sites (22.9 eV)
is higher than for the gallium vacancies at octahedral sites (20
eV).3l However, TDE is highly direction dependent in y-Ga,0;,
resulting in a higher TDE along the [1 1 1] lattice direction for
gallium vacancies at octahedral sites than for tetrahedral sites.[¢]
Based on the results presented in Figure 3d, we can conclude
that the formation of Vg, on octahedral sites is unlikely in our
samples. The increased defect concentration (see Table 1), while
showing similar relative intensities for 7; and r, (see Note S3,
Supporting Information), suggests that even if these defects are
present, their detection is likely hindered by saturation trapping,
with V¢, on tetrahedral sites being dominant. It is worth not-
ing that the implantation fluence of 3.5 x 10Y ion cm™ cor-
responds to a peak neon concentration of ~20 at.% in the im-
planted region, therefore neon bubble formation is likely in this
sample. This is inline with the above observations that the y 444
peak disappears at this fluence (see Figure 1b) and the increased
dechanneling in the RBS measurements (see Figure 2b). In this
case, implanted neon atoms accumulate in the voids, leading
to the formation of bubbles, similar to the well known helium
bubble formation.[”38 positron annihilation spectroscopy (PAS)
can reliably resolve defect clusters up to about 15 vacancies; for
larger clusters, where the expected lifetimes are in the 350-450
ps range, precise identification becomes more challenging.*!
The size of the neon bubbles formed at this fluence (1-5 nm)
can be significantly larger and will not contribute the the ob-
served positron lifetimes. Smaller neon filled clusters are likely
responsible for the observed small reduction of the r, lifetime for
3.5x 10" ioncm™ (see Figure 3d).

Figure 4 summarizes the evolution of the positron lifetimes
and their relative intensities as a function of fluence. As ex-
pected, little or no change is observed for r; and 7, and their
relative intensities before the phase transition from p-Ga,0, to
7-Ga,0;. Once the phase transition from g-Ga, O, to y-Ga,O; oc-
curs between 3.5 x 10" ion cm™ and 3.5 x 10'® ioncm ™, a dis-
tinct change is observed in all four monitored VEPALS values,
as shown in Figure 4a,b. The change in lifetimes is expected, as

© 2025 The Author(s). Advanced Functional Materials published by Wiley-VCH GmbH

51801 SUOWILLIOD) BAIIES.D) 3]e ! dde 81 A PoLAOD 82 A1 YO ‘98N JO AN 10} AT UIIUO A3 ]I UO (SUO1 PUOD-PUE-SWLBYWI00™ /B M ATR1q 1[BU1[U0//Sd 1Y) SUOTIPUOD PUE S | 84} 05 *[5202/2T/80] U0 ARIqIT8UIIUO AS1IM HRA ASBAIIN BO1UYOR L Ad 889605202 WIPR/Z00T OT/10p /00" 5] 1M ARG 1[BU1[UO'PeoURAe//SANY LU0} PAPEOIUMOQ ‘0 ‘8Z0E9TIT


http://www.advancedsciencenews.com
http://www.afm-journal.de

ADVANCED
SCIENCE NEWS

ADVANCED
FUNCTIONAL
MATERIALS

www.advancedsciencenews.com

405 -
(@) 400 1

T H

B-Ga,0,

——T,
22007 _g T,

| VGa (exp)
1M = — == = = = == == =

185 &
180 -{ Split (exp) o q
Ga1l

175 T T T T

3 Sa 2
2 25420,
*701s 707

Fluence (ions/cm?)

3
-8
+7074

3
-8
7075 +707>

www.afm-journal.de

20 T T T T

3 3 EN 3
5 5 5 0. 5
*707 *701s o707 701

Fluence (ions/cm?)

Figure 4. VEPALS lifetimes and relative intensities as a function of irradiation fluence obtained at a positron energy of 6 keV or in depth of 110 nm.
a) Positron lifetimes of 7, (fast annihilation pathway) and 7, (slow annihilation pathway) as a function of irradiation fluence. b) Relative intensities of
the short positron lifetime z; (I;) and long positron lifetime 7, (l,) as a function of irradiation fluence.

the newly formed y-Ga,O; has a defective spinel structure with
more open volume as compared to the monoclinic crystal struc-
ture of f-Ga, O;. As shown above, the new 7, lifetime corresponds
to the calculated lifetimes of the T(¢,,; defects obtained from our
DFT calculations. However, also the relative intensities of ; and
7, change, as shown in Figure 4b, indicating a relative increase
of small-volume defects and a relative decrease of large-volume
defects after the phase transition. Increasing the irradiation flu-
ence further leads to a decrease in both 7, and r, lifetimes, with 7,
eventually approaching the DFT-calculated T, lifetime value.
The observed changes in the relative intensities of the lifetime
components suggest an increase in the proportion of vacancy
clusters relative to single vacancies. This is expected, as higher
irradiation fluences promote the aggregation of single vacancies
into larger defect structures.

In conclusion, we performed a multi-method analysis ap-
proach to investigate the defect structure of the f-Ga,0; to y-
Ga, 0, phase transition. XRD analysis of (201)-oriented f-Ga,O,
following 140 keV Ne* irradiation indicates a phase transition
occuring above a certain fluence threshold. TEM imaging con-
firms the transition from the monoclinic to a defective spinel
cubic crystal structure and reveals a transformed layer approx-
imately 260 nm thick. Enhanced crystal quality was observed in
the RBS/c spectra following the completion of the y-Ga, O, phase
transition. DB-VEPAS and VEPALS were employed to utilize the
sensitivity of positrons as atomic-scale probes for non-destructive
measurement and characterization of defects, such as single va-
cancies and their agglomerates. VEPfit results show a reduced de-
fect concentration and an increased positron diffusion length af-
ter irradiation with a fluence of 3.5 x 10'° ion cm™2, which serve
as a clear signature of the ion-induced phase transition. This re-
duced defect concentration is also in accordance with the en-
hanced crystal quality observed by RBS/c, after the phase transfor-
mation. Positron lifetimes calculated for the three-site y-Ga, O,
phase model show an excellent agreement with the experimental
results. Notably, the reduction in positron lifetime with increas-
ing irradiation fluence in y-Ga, O, is an unexpected behavior for
many other semiconductor materials and is a unique character-
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istic of y-Ga,O,. We attribute this to the increased formation of
different gallium vacancy positions in the 3-site y-Ga,0; model
at high damage levels, which have a shorter positron lifetime.
Our results show that the relatively good crystalline quality as ob-
served by XRD and RBS/c in heavily irradiated Ga,O; is related
to a) the change in polymorph at around 3.5 x 10'° ioncm™ (in
the case of 140 keV Ne™" irradiation) and b) the dominant for-
mation of further defects in the already defective spinel struc-
ture of y-Ga, 0, at specific tetrahedral sites in the cubic lattice.
At high irradiation fluences, saturation of gallium vacancies at
Ticaz sites and their aggregation into larger defect clusters are
observed. Continued irradiation leads to the formation of single
vacancies at Tg,, sites. This shift in vacancy formation within
the y phase may explain and contribute to the high radiation tol-
erance of the f/y dual-phase polymorphic structure.

3. Experimental Section

Commercial (2 0 1)-oriented f-Ga,05 wafers from Novel Crystal Tech-
nology Inc. were irradiated with Ne™ ions at an energy of 140 keV. The
applied fluence ranged from 3.5 x 10'* ion cm~2 to 3.5 x 10" ion cm™2
(see Table 1). The irradiations were performed at the lon Beam Center of
the Helmholtz-Zentrum Dresden-Rossendorf using a 500 keV implanter
(High Voltage Engineering Europa B.V., Model B8385). Irradiations were
performed using a 7° sample tilt to avoid channeling effects, and the max-
imum sample temperature during implantation was ~ 60 °C. All sam-
ples, measuring 10 X5 mm, were clamped at one corner and mounted
on an aluminum plate for irradiation. Samples irradiated with fluences of
3.5% 10™ ioncm™2 and 3.5 x 10" jon cm ™2 were exposed to an ion flux
of 1.41x 102 ion cm™2 5=, For higher fluences, a water-cooled mounting
plate was used, and the ion flux was increased to ~5.82 x 10'2 joncm™2
s7T.

X-ray diffraction (XRD) measurements were carried out as 6/26 scans
on a Rigaku SmartLab 3kW diffractometer with a Cu X-ray tube operated
at 40 kV and 50 mA. A Ge (2 2 0) channel-cut monochromator limited the
spectrum of the parallel beam to the K, line at 0.15406 nm. The sample
was aligned in w (incident angle) and  (tilt angle) by its 201 reflection of
the p-Ga, O3 with the [1 0 2] direction parallel to the incident X-ray beam
(atw =0).
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Cross-sectional TEM lamella preparation was carried out by in situ lift-
out using a Thermo Fisher Helios 5 CX focused ion beam (FIB)-SEM
device. To protect the sample surface, a carbon cap layer was deposited
beginning with electron-beam-induced and subsequently followed by Ga-
FIB-induced precursor decomposition. Afterward, the TEM lamella was
prepared using a 30 keV Ga-FIB with adapted currents. Its transfer to
a 3-post copper lift-out grid (Omniprobe) was done with an EasyLift EX
nanomanipulator (Thermo Fisher). To minimize sidewall damage, Ga ions
with 5 keV energy were used for final thinning of the TEM lamella to elec-
tron transparency. For comparison, a classical TEM cross-section, glued
together in face-to-face geometry using G2 epoxy glue (Gatan), was pre-
pared by sawing (Wire Saw WS 22, IBS GmbH), grinding (MetaServ 250,
Buihler), polishing (Minimet 1000, Bihler), dimpling (Dimple Grinder 656,
Gatan), and final Argon ion milling (Precision lon Polishing System PIPS ||
695, Gatan). BF-STEM imaging and convergent beam electron diffraction
(CBED) (CBED beam diameter about 3 nm) were performed with a Ta-
los F200X microscope (FEI) operated at an accelerating voltage of 200kV.
HRTEM images were acquired with an image-C,-corrected Titan 80-300
microscope (FEI) operated at 300 kV. FFT analysis was done based on
the recorded HR-TEM micrographs. Prior to (S)TEM analysis, the speci-
men mounted in a double-tilt low-background holder was placed for 8 sec-
onds into a Model 1020 Plasma Cleaner (Fischione) to remove potential
contamination.

The used Rutherford backscattering spectrometry (RBS) setup was con-
nected to a 2 MV Van de Graaff accelerator, and a 1.7 MeV *He* beam was
used for all measurements. The RBS/c measurements were performed
along (2 0 1) p-Ga,0O; and (1 1 1) y-Ga,O; directions using a 170°
backscattering geometry. Notably, Ga parts of the RBS/c data were used in
the analysis because of the significantly higher sensitivity of this method
for the heavier Ga sublattice compared to the O sublattice. Alignments
for RBS/c to the f-Ga,0O; and y-Ga,O; were performed using a +4° rect-
angular frame scan. For determining the channeling dips in f-Ga,0; and
y-Ga, 03, the energy ranges of 0.99 Mev to 1.15 MeV and 1.24 MeV to
1.32 MeV were integrated, respectively. The minima obtained were used
to find the planar channeling conditions, and the axial channeling condi-
tions were subsequently calculated based on geometrical considerations.

DB-VEPAS measurements were conducted at the apparatus for in situ
defect analysis (AIDA)!40] of the slow positron beamline (SPONSOR).[4]
The kinetic energies of the positrons were adjusted to a discrete, monoen-
ergetic values in the range of £,= 0.05-35 keV enabling their implantation
into defined depths. The mean positron implantation depth < z > was ap-
proximated using a simple-material-density (p) dependent formula:[4]

36 162

<Z>[ﬂm] mp

[keV] (M

< z > provides only a qualitative definition of the depth, while it does ac-
count for positron diffusion, however, is more accurate for materials with
larger defect density. In general, during implantation, positrons lose their
kinetic energy due to thermalization and, after short diffusion, annihilate
in delocalized lattice sites or localize in point defects and their agglomer-
ations, emitting at least two anti-collinear 511 keV gamma photons once
they collide with electrons. The thermalized positrons have negligible mo-
mentum compared to the electrons, hence a broadening of the 511 keV
line is the consequence of the electron momentum. All the signals were
measured with one or two high-purity Ge detectors (energy resolution
of 1.09 +0.01 keV or 0.78 + 0.02 keV at 511 keV for single- and double-
detector configuration, respectively). The broadening of the 511 keV line
is typically characterized by the two distinct parameters S and W defined as
a fraction of the annihilation distribution in the middle (511 + 0.84 keV)
and outer regions (503.4 keV-508.12 keV and 513.88 keV-518.61 keV),
respectively. The total area below the curve, which is utilized for the nor-
malization of both parameters, is 511.00 keV + 16.24 keV.

The S-parameter is the fraction of positrons annihilating with low-
momentum valence electrons and represents vacancy-type defects and
their concentration. The W-parameter approximates overlap of positron
wavefunction with high-momentum core electrons. Plotting the calculated
S as a function of positron implantation energy, S(E,), provides depth-
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dependent information, whereas S-W plots are used to examine the atomic
surrounding of the annihilation site and defect types.[*3]

The cDB measurements of the annihilation peak, where both annihila-
tion photons are simultaneously recorded have been employed to inves-
tigate the atomic surrounding of the defect site. Typically, every chemi-
cal element has an unique shape of the cDB spectrum. Since thermalized
positrons have negligible momentum compared to electrons, the effective
momentum of annihilating electron-positron pair consist mostly of the
electron momentum. As the consequence, measured Doppler shift in the
energy of the annihilation-photons yields the momentum distribution of
electrons that have annihilated positrons. In addition such a coincidence
measurement suppresses the accidental events from the background by
recording only events of the simultaneous detection of both annihilation-
photons. The difference in energies of the two annihilation photons is E,
-E, =2- AE=c-p,, where ¢ is the speed of light and p, is the longitu-
dinal component of the electron momentum to the direction of emitted
annihilation photon.[*4] cDB analysis has been conducted for the refer-
ence sample as well as for a characteristic ion fluence in order to discuss
qualitative difference between the split and monovacancy defect configura-
tions. The experimental findings have been compared with the theoretical
considerations (see Supplementary Note 3).

Variable energy positron annihilation lifetime spectroscopy (VEPALS)
measurements were conducted at the Mono-energetic Positron Source
(MePS) beamline at HZDR, Germany.[?°] A CeBr; scintillator detector cou-
pled to the Hamamatsu R13089-100 photomultiplier tube (PMT) was uti-
lized for gamma photons detection. The signals were processed by the
SPDevices ADQ14DC-2X digitizer (14 bit vertical resolution and 2 GS/s
horizontal resolution).[**] The overall time resolution of the measurement
system was better than 0.250ns and all spectra contained at least 1 x 107
counts. A typical lifetime spectrum N(t), the absolute value of the time
derivative of the positron decay spectrum, is described by

k+1 -t
N() = R(t) = Y —e’ + “Background” (2)

where k is the number of different defect types contributing to the positron
trapping, which are related to k + 1 components in the spectra with the
individual lifetimes 7; and intensities I; (3 I; = 1).37] The instrument res-
olution function R(t) is a sum of two Gaussian functions with distinct in-
tensities and relative shifts, both depending on the positron implantation
energy, E,. It was determined by the measurement and analysis of a ref-
erence sample, i.e. single crystal yttria-stabilized zirconia, which exhibited
a single well-known lifetime component. The background was negligible,
hence fixed to zero. All the spectra were deconvoluted using a non-linear
least-squares fitting method, minimized by the Levenberg-Marquardt al-
gorithm, employed within the fitting software package PALSfit[4¢l into 2
major lifetime components, which directly evidence localized annihilation
at 2 different defect types (sizes; 7; and ;). Their relative intensities scale
typically with the concentration of each defect type. In general, positron
lifetime increases with defects size and open volume size. The positron
lifetime and its intensity were probed as a function of positron implan-
tation energy E, which was recalculated to the mean implantation depth
< z >. The average positron lifetime 7, is defined as z,, = Y 7;l,.

Defect concentrations mentioned in the text and Table T were calculated
with the formula:

N (L
+B

o= £ - )
2 L+

where N is the theoretical atomic density, v, = 1 x 10°s~ " is the positron
trapping coefficient, 75 is the measured positron lifetime, L2 =52.4+0.5
nm is the bulk positron diffusion length obtained from our best -quality ref-
erence sample, and L2 is the effective positron diffusion length calculated
from VEPfit. The atomic densities of f-Ga, O3 and y-Ga, O; were estimated
as Ny = 9.45 x 10%2atcm™3 and N, = 9.54 x 10%2atcm™3, respectively.
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g5 = 135 ps and 75, = 173 ps for f-Ga,0; and y-Ga, O3 were adopted
from[27] and our DFT calculations.

The positron states and annihilations in the f— and y—phases of Ga, 05
were modeled using electronic structure methods and two-component
theory for electron—positron systems.[32] The results for the f—phase are
obtained by projecting the 3D momentum density data calculated in an
earlier work,!?’l and the y—phase calculations were performed in this
study. Here, the VASP code,[#743] the projector augmented-wave (PAW)
method,[*>%0] and the generalized gradient approximation for electron-
electron exchange and correlation effects.[!] were used. For the electron—
positron correlation effects, the Bororiski-Nieminen local-density approxi-
mation was used.[32] We assume that the localized positron does not influ-
ence the average electron density and take zero-positron-density limits of
the correlation potential and enhancement factor. The momentum density
of annihilating pairs is calculated using the state-dependent model,[32 re-
constructed PAW wave functions for valence electrons,[°3%4] and atomic
orbitals for core electrons. Orientational averaging of the Doppler spec-
tra was performed considering all possible orientations of the cubic y su-
percells. Finally, before comparing with experiments, the Doppler spectra
were convoluted with the experimental resolution function. The DFT calcu-
lations were based on the structural models reported by Ratcliff et al.,[**]
which represent the most energetically stable configurations for each occu-
pancy model in y-Ga, Oj3. Given the intrinsic disorder of the Ga-sublattice,
three distinct models were considered—2-site, 3-site, and 4-site—each
corresponding to structures with two, three, and four occupied Ga sites, re-
spectively.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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