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ABSTRACT

Positron annihilation spectroscopy, Fourier transform-infrared absorption spectroscopy, and secondary ion mass spectrometry have
been used to study the behavior of gallium vacancy-related defects and hydrogen in deuterium (D) implanted and subsequently
annealed β-Ga2O3 single crystals. The data suggest the implantation generates a plethora of VGa-related species, including VGa1- and
VGa2-type defects. The latter’s contribution to the positron signal was enhanced after an anneal at 300 �C, which is driven by the passiv-
ation of V ib

Ga by hydrogen as seen from infrared measurements. Subsequent annealing near 600 �C returns the positron signal to levels
similar to those in the as-received samples, which suggests that split VGa-like defects are still present in the sample. The almost complete
removal of the V ib

Ga-2D vibrational line, the appearance of new weak O-D lines in the same spectral region, and the lack of D out-
diffusion from the samples suggest that the 600 �C anneal promotes the formation of either D-containing, IR-inactive complexes or
defect complexes between V ib

Ga-2D and other implantation-induced defects. The degree of electrical compensation is found to be
governed by the interactions between the Ga vacancies and hydrogen.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0042518

I. INTRODUCTION

β-Ga2O3 is an ultrawide bandgap (4.9 eV) semiconductor
with a high theoretical electric breakdown field (8 MV cm�1),
which gives it excellent potential as a successor for GaN and SiC
in UV and high power electronics applications.1 N-type doping
can be achieved with Sn or Si doping1,2 with typical carrier con-
centrations1 in the range of 1016–1019 cm�3, which has led to the
development of a number of unipolar devices.3 However, an
understanding of the mechanisms that lead to compensation of
the n-type conductivity is not very well established. In particular,
electrical measurements4 show that proton irradiation strongly
decreases the charge carrier concentration, presumably by the for-
mation of compensating acceptors. A compensating acceptor with
an optical threshold at �2 eV below the conduction band

minimum was reported by several authors.5–8 Recent investigations
using steady-state photocapacitance measurements9 tentatively
assigned this signature to a Ga-related primary intrinsic defect.
Indeed, theory4,10 finds that gallium vacancies (VGa) are deep
acceptors and therefore likely candidates for these species. These
observations are consistent with the results of early positron anni-
hilation spectroscopy (PAS) experiments,11 where a strong correla-
tion between VGa and the degree of compensation of n-type
conductivity12,13 was seen. Recent studies utilizing deep-level tran-
sient spectroscopy (DLTS) have shown that irradiation also gives
rise to two charge state transition levels labeled E2* and E4.4,14–16

Annealing the samples at 600 K removes the E4 level but also
increases the concentration of E2*.4 In fact, E2* has been shown to
limit the performance β-Ga2O3-based metal-semiconductor field
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effect (MESFET) transistors17,18 and suggested to originate from
VGa-VO divacancy defect complexes.16,19

One of the difficulties in studying intrinsic point defects in
β-Ga2O3 is the large number of VGa configurations. Theory finds
that monovacancies of both of the inequivalent Ga sites (VGa1 and
VGa2), are metastable, and exhibit rather low energy barriers
(,0:5 eV) to relax into “split vacancy” (or shifted) configurations
(V i

Ga) in n-type materials.4,10 Scanning transmission electron
microscopy20 has observed both these V i

Ga defects and their com-
plexes with Sn dopants in as-grown single crystals. Furthermore, a
higher Sn concentration appears to enhance the V i

Ga concentra-
tion, which was also suggested by theory.4,10 Electron paramag-
netic resonance (EPR) studies21–23 have found two defect signals
labeled as EPR1 and EPR2 from which EPR1 was recently sug-
gested to arise from V ib

Ga or VGa1. Recent positron annihilation
studies show that V i

Ga can be present in high concentrations
(*1� 1018 cm�3) in as-received β-Ga2O3 single crystals regard-
less of the growth method or doping concentration.24,25 Fourier
transform-infrared (FT-IR) spectroscopy is often used to study
hydrogen (H)-related defects via the absorption of localized O-H
vibrations. Although H and D generally exhibit similar physical
behaviors, D is often used as a probe in place of H due to its higher
sensitivity in certain techniques, e.g., FT-IR and secondary ion mass
spectrometry (SIMS). A number of OH-related defects have been
reported in β-Ga2O3

26–29 and the dominant defect has been identi-
fied from the polarization properties of the vibrational line to be
V ib
Ga-2H.26,27 The diffusion of D in ion-implanted β-Ga2O3 single

crystals was investigated using SIMS30,31 and shown to be highly
anisotropic and limited by intrinsic defects that serve as traps for
D.32 The traps could be present in as-received crystals, consistent
with the recent positron annihilation results.

In this work, we combined positron annihilation spectroscopy,
FT-IR spectroscopy, and SIMS to study the evolution of VGa and
H/D in β-Ga2O3 single crystals after D implantation and subse-
quent thermal annealing. We utilize state-of-the-art theoretical cal-
culations of positron annihilation signals for detailed analysis of
the experimental data. First, it is found that irradiation creates a
multitude of VGa-related defects, including those containing VGa1-
and VGa2-type defects. Annealing at 300 �C was found to increase
the irradiation-generated defect positron signal and also to strongly
enhance the intensity of the V ib

Ga-2D vibrational line. Interestingly,
the electrical conductivity lost in the irradiation is actually recov-
ered in the annealing at 300 �C. Annealing at near 600 �C returns
the positron signal to that seen in the as-received sample. The
anneal also results in the complete disappearance of the V ib

Ga-2D
line and the appearance of new O-D-related vibrational lines, sug-
gesting that H is released from V ib

Ga and forms IR-inactive species
while V ib

Ga are still present in the samples. The combination of data
from each technique implies that both hydrogen and (split) Ga
vacancies, together with their mutual passivation, have a strong
influence on the electrical conductivity in n-type β-Ga2O3.

II. METHODS

The β-Ga2O3 bulk single crystals studied in this work were
grown by the edge-defined film-fed growth method (Tamura
Corporation). All samples were single side polished and had the

(�201) surface orientation. N-type samples doped with Sn (carrier
concentration of 8� 1018 cm�3 ) were used for PAS and SIMS
measurements. However, the strong free-carrier absorption in
these samples prevented IR transmittance measurements of the
spectral region where O-D stretching vibrations occur. Therefore,
unintentionally doped (UID) samples (carrier concentration of
1� 1018 cm�3) with either the (�201) or (010) surface orientation
were used for FT-IR measurements. The different surface orien-
tations were used to ensure that all possible O-D dipole moments
could be detected.

To study irradiation-generated vacancies, Sn-doped samples
were implanted from the polished surface at room temperature
with 1.1 MeV Dþ ions with a fluence of 2� 1015 cm�2. The UID
samples used for FT-IR measurements were implanted with the
same fluence but at a lower energy (200 keV). The D implantation
peak in the 1.1 MeV Dþ-implanted samples is located approxi-
mately 8 μm below the sample surface, leading to a fairly homoge-
neous damage profile up to 4 μm. To investigate the effects of
annealing, the irradiated samples were annealed in air inside a tube
furnace at temperatures between 300 and 625 �C for 30 min.

Doppler broadening of positron-electron annihilation radia-
tion was measured similarly to Ref. 25 with a variable energy slow
positron beam. We note here that the resolution of the high-purity
Ge detector was 1.25 keV at 511 keV, the detector was mounted
perpendicular to the beamline and the detector–sample distance is
�3 cm. The S and W parameter integration windows were set as
0–0:45 and 1.5–4:1 a.u., respectively. A second W parameter was
defined as 2.0–4:1 a.u. and referred to as W2 throughout this work,
similarly to Ref. 25. We show data obtained at a positron implanta-
tion energy of 25 keV, where the effect of surface annihilations was
insignificant and the stopping depths are less than 3 μm, staying
within the homogeneous defect profile generated by the D implan-
tation. 5� 106 counts were accumulated in the 511 keV annihila-
tion peak in each spectrum and the statistical error estimates of the
acquired S, W, and W2 parameters are approximately 2� 10�4,
1� 10�4, and 5� 10�5, respectively.

To check how the formation of complexes with Sn may
affect the positron signals of Ga vacancy defects, we performed
first-principles calculations fully consistent with earlier work,
described in detail in Ref. 24. We considered the experimentally
observed 2VGa1-Snib and 2VGa1-Snic complexes in the �2 charge
state, and their hydrogenated counterparts (2VGa1-Snib-2H and
2VGa1-Snic-2H, respectively) at zero charge state, in monoclinic
160-atom supercells.4,20,24 Figure 1 shows the crystallographic
orientations along which the experimental and theoretically cal-
culated (S, W, W2) parameters are determined.

FT-IR measurements were performed at 5.0 K at a spectral res-
olution of 0.5 cm�1 and with the IR beam at normal incidence on
the polished sample surface. The samples were cooled in He
exchange gas in a Janis PTSHI-950-5 low vibration, pulse tube cryo-
stat equipped with ZnSe windows. The IR spectra were acquired
using a Bruker IFS 125HR spectrometer equipped with a globar
source, a KBr beam splitter, and a liquid nitrogen-cooled InSb
detector. The spectra were corrected to remove the sloping baseline
arising from absorption due to free carriers and from scattering
at the rough back surface. A calibration of the effective charge, q,
for the 2546-cm�1-V ib

Ga-2D line (at 5 K) is presented in Sec. III C,
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using the equation33

q2 ¼ 2:303mnc2

πNd

ð
A(�ν)d�ν, (1)

where m is the mass of the oscillating impurity (D), n is the refrac-
tive index at the wavenumber where the impurity oscillates, c is the
speed of light, N is the concentration of V ib

Ga-2D, and d is the thick-
ness of the implanted region.

Concentration vs depth profiles of D were measured using SIMS
after post-implantation heat treatments at temperatures between 300
and 625 �C. The detection limit of D in the SIMS measurements was
,5� 1015 cm�3, with a vacuum of ,1� 10�9 mTorr in the sample
chamber. Further details about the SIMS setup and the measure-
ments can be found in Ref. 32. In general, the electrical conductivity
at the surface of the as-implanted samples was too low to permit
SIMS measurements. Post-implantation annealing restored the con-
ductivity to a level such that SIMS measurements were possible on
the Sn-doped samples, but generally not on the UID samples.
However, one SIMS measurement was obtained for a D-implanted
(�201) UID sample after subsequent 30-min anneals at 300 and
400 �C. The integrated D concentration-depth profile from this
measurement gives the quantity Nd used in Eq. (1).

III. RESULTS

A. Positron annihilation spectroscopy

Figure 2 shows the (S, W) and (S, W2) parameters mea-
sured in the as-received, irradiated, and annealed β-Ga2O3

samples in the [010] and [102] lattice directions. Clearly, the
irradiation increases S and decreases the W and W2 parameters
irrespective of measurement direction, indicative of introduced
vacancy-type defects. Annealing at 300 �C effectively doubles the
original effect of the irradiation on the (S, W, W2) parameters.
After annealing at 625 �C, the (S, W, W2) parameters are very
close to those of the as-received samples, suggesting recovery of
the irradiation-induced vacancy defects.

Interestingly, the (S, W, W2) parameters evolve clearly more
in the [102] than in the [010] direction after irradiation and anneal-
ing, equivalent to a significant change in the degree of anisotropy in

the signals. In the as-received and 625 �C annealed samples, the
overall anisotropy in the S parameter is roughly 1.015, defined as
the highest (lowest) value divided by the lowest (highest) value of
the S (W, W2) parameter, as discussed in Ref. 24. In the W and
W2 parameters, the anisotropy is 0.95 and 0.96, respectively. After
irradiation, the anisotropy in S and W is reduced by roughly 30%,
followed by a reduction of a similar magnitude after the 300 �C
anneal. The anisotropy in the W2 parameter is reduced much more,
essentially vanishing after the 300 �C anneal. Analysis of the
Doppler broadening lineshapes and the (S, W, W2) parameters sug-
gests the data of the irradiated sample is a roughly 50/50 superposi-
tion of the data of the as-received and 300 �C annealed samples,
meaning that the vacancy signal introduced in the irradiated sample
is enhanced after the 300 �C anneal.

The evolution of the experimental (S, W, W2) parameters can
be compared to the theoretically predicted parameters of various
types of defects. Figure 3 shows the calculated (S, W) and (S, W2)
parameters projected in the [010] and [102] lattice directions for
V ib
Ga with 0-2 hydrogen atoms and both unrelaxed VGa defects,

according to Ref. 24. The differences in the typical behavior of the
anisotropy visible in the (S, W, W2) between the split Ga vacancies
and unrelaxed Ga vacancies are notably similar to the experimen-
tally observed difference between as-received (and 625 �C annealed)
and the irradiated and 300 �C samples. This suggests that unrelaxed
Ga vacancies are introduced in the irradiation. Note that the posi-
tron signals of the as-received samples are dominated by the split
Ga vacancies, as shown in Ref. 25.

FIG. 1. The notation of the measurement directions for the (S, W , W2) param-
eters. The markers represent the given lattice directions and the full, dashed,
and dotted lines scans along the three “geodesics” which connect [100], [010],
and [001] lattice directions.24

FIG. 2. (a) (S, W ) parameters and (b) (S, W2) parameters measured in the
as-received, irradiated, and annealed samples in the [010] (triangles) and [102]
lattice directions (diamonds). Blue scale bars are drawn to guide the eye. The
error estimates are smaller than the markers and are not drawn.
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To check the possible effect of Sn replacing Ga as the center
interstitial atom in the split Ga vacancies20 on the positron anni-
hilation signals, we calculated the full anisotropy in the ib and ic
split Sn-Ga vacancies with and without hydrogen. The results are
shown in Fig. 4 and compared to their Sn-free counterparts calcu-
lated in Ref. 24. It is clear that the effect of Sn on the (S, W)
parameters is minimal, slightly increasing the overall anisotropy,
but not changing its nature in any way. Hence, the evolution of
the experimental positron annihilation signals in irradiation and
annealing should not be related to interactions between Sn and
Ga vacancies. Note that the effect of Sn on the calculated positron
lifetimes (not shown) is also minimal, resulting in at most 2 ps
increase compared to the values in Ref. 24.

B. FT-IR spectroscopy

Figure 5 shows IR absorbance spectra for a (�201)-oriented
β-Ga2O3 sample in the spectral region where O-D stretching
vibrations occur after D implantation and subsequent heat treat-
ments. No O-D or O-H-related vibrational lines were detected in
the as-received samples. The as-implanted sample exhibits several
absorption lines that are positioned at 2518, 2546, 2567, 2578,
2591, and 2632 cm�1. The dominant line at 2546 cm�1 originates
from V ib

Ga-2D.
26,27 The 300 �C annealing increases the intensity of

the 2546 cm�1 line at the expense of the intensities of the other
O-D lines. Subsequent anneals at higher temperatures up to
700 �C cause the intensity of the 2546 cm�1 line to decrease

considerably and also result in the appearance of absorption lines
at 2476, 2532, 2542, and 2639 cm�1. The assignment of these new
absorption lines to O-D stretching modes was recently reported
by Portoff et al.29 Importantly, the spectra in Fig. 5 show how the
dominant O-D species in the implanted region is controlled by
the post-implantation annealing temperature. Similar results are
obtained for the (010)-oriented sample, i.e., none of the vibra-
tional lines have a dipole moment oriented along [010].

The integrated absorbance of the 2546-cm�1 V ib
Ga-2D line for

probing light along the [102] axis after the 300 �C anneal is
0.023 cm�1. The dipole moment of this defect is at an angle of 15�

from the [102] axis, which results in a correction to the integrated
absorbance, to 0.025 cm�1. The D concentration-depth profile (not
shown) for this sample yields NDd ¼ 4:07� 1015 cm�2. This value
should be divided by two because the defect in question contains
two D atoms. Assuming an isotropic medium for the refractive

FIG. 3. (a) (S, W ) parameters and (b) (S, W2) parameters calculated for the
V ib
Ga and VGa defects in the [010] (triangles) and [102] lattice directions (dia-

monds). The data in the [102] lattice direction are averaged in the plane
spanned by the [100] and [001] lattice directions to take into account the aspect
ratio of the positron beam and the effect of the unit cell, described in detail in
Ref. 24.

FIG. 4. Calculated (S, W ) parameters of V ib
Ga, V

ib
Ga-2H, V

ic
Ga, and V ic

Ga-2H with
and without Sn. The β-Ga2O3 lattice signal is shown for comparison24 in (a)
with white symbols and in (b) as a gray shadow. The full, dashed, and dotted
lines follow the notation introduced in Fig. 1. Complexing with Sn has a negligi-
ble effect on the (S, W ) parameters of split Ga vacancies.
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index (n ¼ 1:88) and that all of the D is trapped at V ib
Ga after the

300 �C anneal, the effective charge (for probing light along
[102]) is determined to be (0:47+ 0:05) e. The corresponding
concentration of V ib

Ga-2D (in the implantation peak) after the
300 �C anneal is 1:3� 1019 cm�3, which is in excellent agreement
with the value estimated from the implantation conditions
(fluence of 2� 1015 cm�2 and an implanted region with thickness
of 1.5 μm). The detection limit is estimated to be �1� 1017 cm�3

in a 1:5 μm thick layer (the detection limit scales inversely propor-
tional to the layer thickness).

C. Secondary ion mass spectrometry

Figure 6 shows D concentration vs depth profiles in
D-implanted, Sn-doped β-Ga2O3 samples after post-implantation
heat treatments at 300, 525, and 600 �C. The 300 �C anneal shows a
well-defined implantation peak located approximately 8 μm below
the surface with a maximum D concentration of 4� 1019 cm�3.
Diffusion of D into the bulk β-Ga2O3 is observed after the 525 �C
anneal, whereas noticeable diffusion toward the surface is also seen
after the 600 �C anneal. Reinertsen et al.32 showed recently that the
D concentration-depth profiles can be modeled by trap-limited diffu-
sion, where the diffusion of D is controlled by its capture and release
from traps present either in the as-received samples or after ion
implantation. The height of the diffusion front on either side of the
implantation peak can be used to estimate the concentration of
trap(s) present in the sample. A trap concentration (between the
surface and the implantation peak) in the order of 1018 cm�3 is esti-
mated from the 600 �C profile shown in Fig. 6. Notably, the SIMS

profiles imply that the positron measurements do not probe the region
with implanted D even after the highest-temperature annealing.

IV. DISCUSSION

The positron results show that as-received samples show the
strongest Doppler broadening signal anisotropy and, upon irradiation,
a larger change in (S, W) parameters in [102] than in the [010]
lattice direction, which are both in agreement with the theoretical24

and experimental25 positron work where a high concentration of split
Ga vacancies of type V ib

Ga or V ic
Ga were identified in as-received

β-Ga2O3 single crystals. The D implantation introduces vacancy
defects with a higher S parameter (lower W and W2) and a signifi-
cantly smaller Doppler signal anisotropy than those in the as-received
sample, in agreement with the annihilation parameters predicted for
VGa1 and VGa2. However, first-principles calculations

10,34 predict that
unrelaxed VGa, i.e., VGa1 and VGa2, are metastable configurations, and
should already be able to overcome the relatively low barriers
(,0:5 eV) to relax into the split configurations at room temperature.
Furthermore, the calculated O-D stretch modes of D-containing
unshifted VGa1 and VGa2 defects should be polarized along the [010]
lattice vector,26,27,35 but the O-D vibrational lines observed in
implanted samples (ours and Ref. 29) are not polarized along [010].
Recent first-principles calculations by Fowler et al. showed that H
trapping and relaxation processes in β-Ga2O3 make it highly unlikely

FIG. 5. Baseline-corrected IR absorbance spectra at 5 K of a (�201)-oriented
β-Ga2O3 sample in the as-received state and after implantation and subsequent
isochronal anneals (30 min) at temperatures between 300 and 700 �C.

FIG. 6. D concentration-depth profiles for a (�201)-oriented β-Ga2O3 single
crystal after D implantation and subsequent isochronal anneals (30 min) at 300,
525, and 600 �C.
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that any of the hydrogenated unshifted VGa will occur.
35 Interestingly,

recent experimental16 and theoretical work19 have suggested that
VGa-VO divacancy complexes could give rise to the so-called E2*
level observed using DLTS in β-Ga2O3 single crystals after H- and
He-irradiation. Importantly, the positron annihilation signature of a
cation vacancy is expected to remain relatively unchanged compared
to its complex with a small anion vacancy.25,36 Therefore, the changes
to the positron signals after irradiation could originate from creation
of VGa-VO complexes containing VGa1 and VGa2.

Samples annealed at 300 �C can be probed by SIMS, PAS, and
FT-IR. The SIMS profile (black curve) shown in Fig. 6 shows a well-
defined D implantation peak centered approximately 8 μm below
the sample surface, which is consistent with SRIM simulations.37 For
positrons, the 300 �C annealing further increases S parameter
(decreases W and W2) and reduces the Doppler signal anisotropy.
A thorough analysis of the Doppler spectral shape suggests that this
change is due increased positron trapping at the irradiation-
generated VGa1- and VGa2-like defects, rather than a change in their
structure or creation of new VGa defects. The observed anisotropy in
the 300 �C-annealed sample is also comparable to the anisotropy
predicted for VGa1- and VGa2-like defects, which suggests that the
positron trapping to these vacancies could be near saturation
(.1� 1018 cm�3). One plausible explanation for the increased trap-
ping at the irradiation-induced VGa1- and VGa2-like defects is that
other positron traps, e.g., split VGa, become less efficient due to H
passivation. Indeed, theoretical work11,38 suggests that twofold H/D
passivation reduces the positron trapping coefficient of cation vacan-
cies (V ib

Ga-2H) by a factor of �10 due to the reduced remaining open
volume and the more positive charge. Therefore, the higher fraction
of positrons that are trapped at VGa1- or VGa2-like defects enhances
their contribution to the positron signal. Ingebritsen et al.4 proposed
passivation of VGa acceptors by H as a potential explanation for the
charge carrier recovery observed in Hþ-implanted and annealed
β-Ga2O3 single crystals. Indeed, passivation of split VGa by hydrogen
(H/D) is qualitatively consistent with the FT-IR data in Fig. 5, which
shows an increase in the intensity of the 2546.4-cm�1 V ib

Ga-2D line
by almost a factor of 3. This increase is accompanied by the disap-
pearance of other O-D vibrational lines seen after implantation.
Evidently, the charge carrier recovery does not require the removal
of unrelaxed VGa defects, but rather the passivation of V i

Ga-type
defects, and suggests that H plays a significant role in determining
the degree of compensation, as proposed in Refs. 12, 13, and 24.

The above-mentioned interpretation of the positron data after
the 300 �C anneal requires a concentration of H or D in the order
of �1018 cm�3 in the region probed by positrons. The SIMS data in
Fig. 6 show that the concentration of D in the damage track is
nearly two orders of magnitude lower than this, which implies that
the �1018 cm�3 is determined by H present in the as-grown mate-
rial. Hydrogen and silicon were proposed to be the two main impu-
rities responsible for the unintentional n-type conductivity in
β-Ga2O3.

2,39–44 Indeed, Czochralski-grown β-Ga2O3 single crystals
were shown to contain substantial contributions to the free electron
concentration arising from H incorporated during growth and at
concentrations (1017–1018 cm�3) that are consistent with the PAS
results.40 As stated above, the strong free-carrier absorption pre-
vents investigation of the 3437 cm�1 V ib

Ga-2H line in the Sn-doped
samples, but it is completely absent in the UID samples even after

post-implantation annealings. If one assumes that the residual H
concentration is similar in both Sn-doped and UID samples, then
the FT-IR data suggest a residual H concentration well below that
needed to explain the PAS results. However, we cannot exclude the
possibility that there is a difference in the residual H concentration
between the UID and Sn-doped samples, or that H is present as an
IR-inactive species, e.g., H2. Further investigations are needed to
clarify this discrepancy.

The positron data after the 625 �C anneal are similar to the
data for the as-received samples. The disappearance of the
irradiation-generated VGa signals implies that these defects are
either partially or entirely removed by the anneal, which could
occur either by diffusing out of the probing region or by relaxing to
the energetically-favorable split VGa configurations.4,10 We analyze
the thermal annealing kinetics similarly as Kyrtsos et al.34 by
assuming a typical phonon frequency of 1� 1013 Hz as an approxi-
mation for the attempt frequency and 1 Hz as the estimate reaction
rate where recovery is visible. We observe the recovery of regular
vacancies at a temperature between 300 and 625 �C. These temper-
atures correspond to 1.5 and 2.3 eV, respectively, hence the migra-
tion barrier for the irradiation-generated vacancy defects can be
estimated as (1:9+ 0:4) eV. The 2546 cm�1 line disappears from
the spectrum, and weak O-D lines appear in its vicinity, which
have been speculated to arise from complexes between V ib

Ga-2D and
other defects created by implantation.29 The SIMS results in Fig. 6
show that the majority of the implanted D is still present in the
sample, and, therefore, the out-diffusion of D cannot explain the
disappearance of the 2546 cm�1 line. The positron results indicate
that defects with signatures matching those of split VGa are still
present after the 625 �C annealing, which is in agreement with the
suggestion by Ref. 29. Therefore, the combination of positron anni-
hilation, SIMS, and FT-IR data suggest that D (or whole V ib

Ga-2D
defects) are present in a different, IR-inactive configuration after
the 625 �C anneal. These configurations are either not able to trap
positrons efficiently, and therefore do not affect the positron signal,
or have positron signals that closely resemble those of split VGa.

Last, we note that the observed evolution of split and unrelaxed
Ga vacancies and their interactions with hydrogen provide strong
evidence for these point defects determining the degree of compen-
sation in n-type β-Ga2O3. Importantly, as observed already earlier,
the originally n-type conductive β-Ga2O3 samples become highly
resistive or even semi-insulating after the irradiation, which renders
electrical measurements (e.g., DLTS) impossible4 and causes charg-
ing problems in SIMS. Annealing at 300 �C restores the conductiv-
ity, but as seen in our present results, the irradiation-induced Ga
vacancies have not recovered. This means that the compensation
caused by the introduction of unrelaxed Ga vacancies is canceled
out by the motion of hydrogen into vacancy defects. Further investi-
gations are required to identify the detailed mechanisms behind the
compensation, but it is clear that the interplay of (split) Ga vacan-
cies and hydrogen plays a decisive role.

V. SUMMARY

In summary, positron annihilation, FT-IR, and SIMS have
been combined to study the evolution of VGa and hydrogen in
β-Ga2O3 single crystals after D-implantation and subsequent
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thermal annealing. The positron annihilation data suggest that the
D-implantation creates defects that contain unrelaxed VGa, and
experimental and theoretical results in the literature point toward
VGa-VO divacancies as the possible candidates for these species.
The presence of several types of VGa-related defects is also con-
firmed by FT-IR from the presence of multiple O-D-related vibra-
tional lines present in the as-implanted sample. The 300 �C anneal
enhances the intensity of the 2546-cm�1 V ib

Ga-2D vibrational line by
a factor of 3, which suggests that the other O-D-related defects
provide a source of D that can passivate V ib

Ga created during
implantation or present in the as-received sample. The passivation
of V ib

Ga by hydrogen (H/D) suppresses its ability to capture positrons,
thereby allowing their capture by VGa1- and VGa2-related defects.
Although these techniques are in qualitative agreement for this
explanation, additional investigations are needed to clarify the appar-
ent quantitative discrepancy. The anneal at 625 �C returns the posi-
tron signals back to the levels in the as-received samples and also
results in relatively small but visible diffusion of D. The lack of D
out-diffusion, the still remaining strong split Ga vacancy-associated
positron signal, the almost complete removal of the 2546-cm�1 line,
and the appearance of several new O-D-related vibrational lines is
consistent with the release of D from V ib

Ga to form different,
IR-inactive species; the formation of larger defect complexes between
V ib
Ga-D and other implantation-induced point defects; or a combina-

tion of the two. This study provides new insights and considerations
for future studies of VGa-type defects and their interaction with
hydrogen. In particular, their interplay in determining the degree of
compensation of n-type β-Ga2O3 appears key to understanding the
electrical characteristics of this material.
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