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Abstract
Deep-level transient spectroscopy measurements are conducted on β-Ga2O3 thin-films
implanted with helium and hydrogen (H) to study the formation of the defect level
E∗
2 (EA = 0.71 eV) during heat treatments under an applied reverse-bias voltage (reverse-bias

annealing). The formation of E∗
2 during reverse-bias annealing is a thermally-activated process

exhibiting an activation energy of around 1.0 eV to 1.3 eV, and applying larger reverse-bias
voltages during the heat treatment results in a larger concentration of E∗

2 . In contrast, heat
treatments without an applied reverse-bias voltage (zero-bias annealing) can be used to decrease
the E∗

2 concentration. The removal of E∗
2 is more pronounced if zero-bias anneals are performed

in the presence of H. A scenario for the formation of E∗
2 is proposed, where the main effect of

reverse-bias annealing is an effective change in the Fermi-level position within the space-charge
region, and where E∗

2 is related to a defect complex involving intrinsic defects that exhibits
several different configurations whose relative formation energies depend on the Fermi-level
position. One of these configurations gives rise to E∗

2 , and is more likely to form if the
Fermi-level position is further away from the conduction band edge. The defect complex related
to E∗

2 can become hydrogenated, and the corresponding hydrogenated complex is likely to form
when the Fermi level is close to the conduction band edge. Di-vacancy defects formed by
oxygen and gallium vacancies (VO−VGa) fulfill several of these requirements, and are proposed
as potential candidates for E∗

2 .

Keywords: β-Ga2O3, deep-level transient spectroscopy, hydrogen, irradiation, implantation,
reverse-bias annealing, intrinsic defects
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1. Introduction

Monoclinic gallium sesquioxide (β-Ga2O3) has emerged in
recent years as a promising material for applications in
power electronics and UV photo-detectors due to its wide
band gap and exceptionally high break-down electrical field
[1–6]. There has been significant progress in improving the
quality of β-Ga2O3 bulk crystals and thin-films [4, 7–13].
However, point defects are still a limiting factor for device
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performance, and influence the operation of devices for
power electronics due to, for example, Fermi-level pinning
[14–16] or an increase in the on-resistance [17]. Indeed,
McGlone et al recently showed that a defect level commonly
labeled as E∗

2 is limiting the device performance of metal-
semiconductor field-effect transistors (MESFETs) based on
β-Ga2O3 [14].
E∗
2 is associated with a defect level at around 0.75 eV

below the conduction band edge (EC) as determined by
deep-level transient spectroscopy (DLTS) [14, 15, 18–20].
The defect level has been observed in as-grown β-Ga2O3

thin-films deposited by plasma-assisted molecular beam epi-
taxy [14, 15], and is suggested to be associated with intrinsic
defects due to its formation in β-Ga2O3 bulk crystals and thin-
films upon proton irradiation [18–20]. Furthermore, the con-
centration of E∗

2 in proton-irradiated β-Ga2O3 bulk crystals
and thin-films increases upon heat treatments in the range of
650 K, indicating the formation of E∗

2 through a thermally-
activated process [19]. However, no structural origin has so
far been attributed to E∗

2 .
The position of the Fermi level can have a pronounced

influence on defect formation processes via the contribution
of the electron chemical potential to defect formation energies
[21–23]. Particularly, it has been shown that several defect sig-
natures are introduced in the space-charge region of β-Ga2O3

Schottky barrier diodes (SBDs) when the diodes are exposed
to elevated temperatures in conjunction with an applied bias
voltage, causing a change in the Fermi-level position within
the space-charge region [24]. Moreover, hydrogen (H) can
play an important role in defect formation because H is expec-
ted to be mobile at or slightly above room temperature in β-
Ga2O3, and has been shown to form complexes with various
acceptor defects [23, 25–27].

Here, we report on the formation of the defect level E∗
2

in β-Ga2O3 thin-films subjected to helium- (He) and H-
implantation using deep level transient spectroscopy (DLTS).
We observe that the introduction of E∗

2 is promoted by anneal-
ing samples subjected to H- or He-implantation under an
applied reverse-bias voltage. Annealing the corresponding
samples without an applied reverse-bias voltage leads to a
decrease in the E∗

2 concentration. Thus, annealing implanted
β-Ga2O3 thin-films with and without an applied reverse-bias
voltage can be used to control the concentration of E∗

2 . Not-
ably, a more pronounced decrease in the E∗

2 concentration
is seen for heat treatments without an applied reverse-bias
voltage in the presence of H. We propose that E∗

2 is associ-
ated with a defect complex forming more preferably when the
Fermi level is further away from EC. Importantly, at Fermi-
level positions closer to EC, a different defect complex or con-
figuration is more likely to form that does not give rise to a
charge-state transition level accessible for our DLTS measure-
ments. Moreover, for Fermi-level positions close to EC, H is
proposed to form a hydrogenated defect complex that com-
petes with the defect giving rise to E∗

2 . Finally, based on a dis-
cussion of the present results in light of first-principles defect
calculations available in the literature, di-vacancy complexes

formed by oxygen vacancies (VO) and gallium vacancies
(VGa) are proposed as a promising class of candidates for E∗

2 .

2. Experimental

β-Ga2O3 thin-films (thickness ≈10 µm) grown by halide
vapor-phase epitaxy (HVPE) [4] on conductive β-Ga2O3 sub-
strates were obtained from Novel Crystal Technology, Inc.
[28]. More information regarding the morphology and micro-
structure of the HVPE grown β-Ga2O3 thin-films can be found
in [4, 29, 30]. Samples measuring (5 × 5) mm2 were cut
with a laser cutter, and cleaned inside an ultrasonic bath using
acetone, isopropanol and de-ionized water prior to fabricating
SBDs by depositing suitable metals. The metals were depos-
ited using e-beam evaporation, with Ti/Al (thickness = 10
nm/120 nm) serving as the Ohmic area back contact, whereas
circular Ni pads (thickness = 150 nm) with diameters of 480
µm or 830 µm, respectively, were used as Schottky front con-
tacts [31]. Per sample, around 10–15 Ni pads were deposited,
i.e. 10–15 SBDs were obtained per sample.

Capacitance–voltage (CV), current–voltage (IV) and DLTS
measurements were performed using a setup described in
detail in [32, 33]. CV and IV measurements were performed
in the dark and at room temperature. Generally, all investig-
ated SBDs exhibited a rectification of several orders of mag-
nitude when comparing the current at reverse and forward bias
as well as very low conductance values. The depth distribution
of the charge-carrier concentration (n) was computed fromCV
measurements [34] and is denoted as n-profile. A relative static
dielectric constant (ϵs) of 10.2 was assumed for β-Ga2O3 [35].

DLTS measurements were performed in the temperature
range from 290 K to 450 K during heating of the sample
with 2 K min−1. DLTS spectra were constructed using a lock-
in (GS2) filter [34, 36]. All DLTS measurements were per-
formed at a reverse-bias voltage of –8 V or –4 V and util-
ized pulse voltages of 8 V or 4 V. Parameters describing the
traps present in the space-charge region, such as the trap con-
centration (Nt), the activation energy (EA) and the apparent
capture cross section (σna) were extracted by simulating the
recorded DLTS spectra with a python-based script. From res-
ults obtained on various SBDs comprising HVPE-grown β-
Ga2O3 thin-films, the uncertainty in EA is estimated to be
around 0.10 eV, whereas the uncertainty in σna can be expec-
ted to be within +/− an order of magnitude. Notably, using
DLTS measurements, it is possible to observe comparatively
low defect concentrations present in the space-charge region
of SBDs [34]. Thus, DLTSmeasurements are particularly suit-
able to study the introduction of defects upon ion implantation
and subsequent reverse-bias and zero-bias anneals performed
on SBDs.

The setup utilized for DLTS measurements was also used
for heat treatments of SBDs up to 680 K. Specifically, the heat
treatments were conducted inside a metal cylinder which was
evacuated using a roughing pump and a turbo pump. Thus,
the anneals were performed in vacuum and in the dark. Inside
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the metal cylinder, the sample was placed on a ceramic sample
stage with a conductive wire in its center. For electrical con-
tact, the sample’s Ohmic area back contact was placed on top
of the conductive wire, whereas one of the sample’s circular
Schottky front contact pads was electrically connected by pla-
cing a needle on top of the contact to be annealed. A Boon-
ton 7200 capacitance meter was used to apply a bias voltage
during the heat treatments if desired. Typical annealing exper-
iments (annealing cycle) consisted of (i) heating the sample
with a specific heating ramp to the desired annealing temper-
ature, (ii) keeping the sample at the annealing temperature for
a specific time and (iii) a cool-down of the sample with a spe-
cific cooling ramp to room temperature. The duration of the
anneal refers to the time the sample was kept at the annealing
temperature, excluding the time it took for heating and cool-
ing. The heating was performed using a resistive heating ele-
ment thermally connected to the sample stage, whereby the
sample temperature was recorded with a calibrated thermistor
placed on top of the sample stage in the vicinity of the sample.
For cooling, the sample stage was brought in thermal con-
tact with liquid nitrogen (LN2) while the resistive heater was
used to obtain the desired cooling rate. Typically, heating and
cooling rates of approximately 6 K min−1 were utilized. Heat
treatments with an applied reverse-bias voltage are denoted
as reverse-bias anneals, whereas heat treatments without an
applied bias voltage are referred to as zero-bias anneals. For
reverse-bias anneals, a reverse bias voltage was applied during
the whole annealing cycle. Unless stated otherwise, reverse-
bias anneals were performed using an applied reverse-bias
voltage of –8 V.

All H- and He-implantations were performed at room tem-
perature through the Ni contacts, using kinetic energies (E) of
180 keV to 220 keV for H and 500 keV for He. The projected
range (Rp) for defect generation due to the ion implantation
was computed utilizing Monte-Carlo simulations as imple-
mented within the The Stopping and Range of Ions in Matter
package [37] using default displacement energies for Ga and
O of 25 eV and 28 eV, respectively. For H implantation, RH

p is
between 850 nm and 1050 nm, whereas for He implantation,
RHe
p is around 1150 nm. Typical ion fluences for implantation

(Φ) were in the range of 5× 1012cm−2 – 1× 1013cm−2 for H
and 1 × 1010cm−2 – 1 × 1011cm−2 for He.

3. Results and discussion

Figures 1 (a) and (b) display n-profiles recorded on a
HVPE-grown β-Ga2O3 thin-film after He implantation, and
subsequent reverse-bias and zero-bias anneals at 650 K.
In figure 1 (a), results are shown for a SBD immediately
after He implantation, and after reverse-bias and zero-bias
anneals. After He implantation, the region around RHe

p is
partly compensated, as evidenced by a reduction in the
charge-carrier concentration. The first heat treatment leads
to a restoration of the charge-carrier concentration, whereas
subsequent heat treatments result only in minor changes in the

n-profile, in accordance with previous reports [19, 38, 39]. In
figure 1 (b), n-profiles for a second SBD on the same HVPE-
grown β-Ga2O3 thin-film are shown. Here, results are dis-
played after an initial zero-bias anneal, and for subsequent
reverse-bias and zero-bias anneals. The n-profiles do not
change significantly after the heat treatments, which indic-
ates that the probing depth expected for DLTS measurements
(W) does not change significantly during subsequent DLTS
measurements.

Figures 1 (c) and (d) show DLTS spectra recorded on
the same SBDs whose n-profiles are shown in panels (a)
and (b), respectively. Immediately after He implantation (see
figure 1 (c)), a defect signature commonly labeled asE2 (EA =
0.74 eV, σna = 1× 10−16 cm2) can be seen which has previ-
ously been identified as Fe0/−GaII (charge-state transition from
neutral Fe3+ to an Fe2+ acceptor state substituting on an octa-
hedral Ga site) [18, 33]. E2 was also present in as-received
HVPE-grown β-Ga2O3 thin-films (not shown), and no change
is observed during the subsequent heat treatments, in accord-
ance with previous reports [19]. Additionally, in figure 1 (c), a
shoulder can be seen on the low temperature side of E2, indic-
ating the presence of another defect level where one would
expect E∗

2 to occur [18, 19]. After a subsequent reverse-bias
anneal at 650 K, E∗

2 (EA = 0.71 eV, σna = 1× 10−19 cm2)
is introduced with a significantly higher concentration, in
accordancewith the observations reported in [19]. Notably, the
simulations performed to extract EA, σna and Nt do not capture
the corresponding signature entirely, indicating the presence
of several overlapping defect signatures. The E∗

2 concentra-
tion decreases after a subsequent zero-bias anneal at 650 K.
Notably, the E∗

2 concentration observed using DLTS measure-
ments is very low, i.e. we do not expect detectable changes in
the microstructure of our samples related to the formation and
removal of E∗

2 .
Importantly, reversing the order of the heat treatment

sequence by starting with a zero-bias anneal at 650 K (see
figure 1 (d)) results in a reduced introduction of E∗

2 upon the
initial heat treatment. The effect of reverse-bias annealing is
further demonstrated by the subsequent reverse-bias anneal at
650 K, where a considerable increase in the E∗

2 concentration
can be observed. Interestingly, the concentration of E∗

2 does
not increase further when the sample is subjected to an addi-
tional reverse-bias anneal at 650 K (not shown). Moreover,
the concentration associated with E∗

2 can be altered by addi-
tional heat treatments: subsequent zero-bias and reverse-bias
anneals at 650 K cause the concentration to decrease and
increase, respectively. However, the E∗

2 concentration after the
second reverse-bias anneal is lower than what was observed
after the first reverse-bias anneal, suggesting that the form-
ation and removal of E∗

2 is not entirely reversible. Import-
antly, it is not possible to decrease the E∗

2 concentration by
zero-bias annealing to the value which had been observed
prior to the first reverse-bias anneal. This strong depend-
ence on device history should be considered in the context
of understanding the formation of E∗

2 across the literature
[14, 15, 18–20].
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Figure 1. (a), (b) n-profiles and (c), (d) DLTS spectra recorded on a HVPE-grown β-Ga2O3 thin-film after He implantation (E = 500 keV,
Φ = 2.5 × 1010 cm−2). Data (filled circles and triangles) are shown for two different SBDs located on the same HVPE-grown β-Ga2O3

thin-film. The SBDs were subjected to a different order of heat treatments after He implantation as listed in (a) and (b), where the order is
indicated by roman letters. DLTS spectra were recorded using a reverse-bias voltage of –8 V and a pulse voltage of 8 V. RHe

p and the probing
depth W expected in DLTS measurements are marked in (a) and (b). In (c) and (d) simulated DLTS spectra are shown as solid lines and the
positions of the defect levels E∗

2 and E2 are indicated.

Next, we investigated the impact of H on the formation
of E∗

2 . Figure 2 shows DLTS spectra recorded on two dif-
ferent SBDs located on a HVPE-grown β-Ga2O3 thin-film
subjected to H implantation and subsequent heat treatments.
Figure 2 (a) shows DLTS spectra for one of the SBDs after H
implantation and subsequent heat treatments at 650 K in the
order: reverse-bias, zero-bias, and reverse-bias anneal. After
the first reverse-bias anneal, E∗

2 is seen in pronounced concen-
tration. Subsequently, the SBD was subjected to a zero-bias
anneal, and the concentration related to E∗

2 is significantly
lowered. Finally, the SBD was subjected to a reverse-bias
anneal, and the concentration associated with E∗

2 increases
yet again. Interestingly, the E∗

2 concentration after the second
reverse-bias anneal is not as large as after the first one, and
hence it seems like the introduction and removal of E∗

2 is
not entirely reversible regardless whether H is present or not
(see figure 1). Notably, the response of E∗

2 to reverse-bias
and zero-bias anneals is similar for He- and H-implantation,
i.e. the E∗

2 concentration increases upon reverse-bias anneal-
ing, whereas it decreases due to zero-bias annealing. How-
ever, the decrease of the E∗

2 concentration upon zero-bias
anneals is more pronounced for the case of H implantation
(see figure 2) compared to the case of He implantation (see
figure 1).

In contrast to what has been observed for He implanta-
tion (see figure 1), anneals affect the E2 concentration for
H-implanted HVPE-grown β-Ga2O3 thin-films. Particularly,
the E2 concentration decreases due to zero-bias anneals, and
increases during subsequent reverse-bias anneals. This beha-
vior could be related to the formation and dissociation of com-
plexes involving Fe and H [40].

Figure 2 (b) shows DLTS spectra for the H-implanted
sample recorded on a second SBD subjected to a reversed
order of heat treatments: zero-bias, reverse-bias, and zero-
bias anneal. E∗

2 is not observed when the first heat treatment
is performed without an applied reverse-bias voltage. Sub-
sequent reverse- and zero-bias anneals at 650 K cause the
concentration associated with E∗

2 to increase and decrease,
respectively.

Further investigations were conducted by He- and sub-
sequent H-implantation to further study the role of H, and the
corresponding results are displayed in figure 3. Figure 3 (a)
shows DLTS spectra recorded on a HVPE-grown β-Ga2O3

thin-film subjected to He- and H-implantation, and subsequent
heat treatments at temperatures between 625 K and 680 K.
Although E∗

2 was not observed after the ion implantations
or the subsequent zero-bias anneal, its concentration can be
enhanced considerably by reverse-bias annealing at 625 K.
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Figure 2. DLTS spectra recorded on a HVPE-grown β-Ga2O3 thin-film after H implantation (E = 180 keV, Φ = 1 × 1013 cm−2). Data
(filled circles) are shown for two different SBDs located on the same HVPE-grown β-Ga2O3 thin-film. The SBDs were subjected to a
different order of heat treatments after the H implantation and the order is indicated by roman letters. Simulated DLTS spectra are shown as
solid lines and the positions of the defect levels E∗

2 and E2 are indicated. DLTS spectra were recorded using a reverse-bias voltage of –8 V
and a pulse voltage of 8 V. The probing depth expected for the DLTS measurements did not change significantly for the different heat
treatments.

Figure 3. (a) DLTS spectra recorded on a HVPE-grown β-Ga2O3 thin-film after He- (E = 500 keV, Φ = 1.25 × 1010 cm−2) and
H-implantation (E = 220 keV, Φ = 5 × 1012 cm−2). Data (filled circles) are shown for a SBD subjected to different heat treatments after
the ion impl,antations and their order is indicated by roman letters. Notably, the annealing duration stated for step III is the accumulated
annealing duration, i.e. no zero-bias anneal was performed in-between step II and III. Simulated DLTS spectra are shown as solid lines and
the positions of the defect levels E∗

2 and E2 are indicated. DLTS spectra were recorded using a reverse-bias voltage of –8 V and a pulse
voltage of 8 V. The probing depth expected for the DLTS measurements did not change significantly for the different heat treatments. (b)
Arrhenius plot constructed using the steady-state concentrations related to E∗

2 ([E∗
2 ]ss) obtained by heat-treating a HVPE-grown β-Ga2O3

thin-film subjected to He- and H-implantation at different temperatures Tann under an applied reverse-bias voltage of –8 V. From linear fits
to the data (solid lines), the corresponding activation energy is estimated to be around 1.0 eV to 1.3 eV.

Subsequent reverse-bias and zero-bias anneals for the He- and
H-implanted sample cause changes in the concentration of E∗

2
similar to the changes observed in the H- or He-implanted
samples, i.e. the concentration related to E∗

2 can be increased
by reverse-bias annealing and decreased by zero-bias anneal-
ing. Furthermore, the introduction of E∗

2 exhibits a pronounced
dependence on the duration of the reverse-bias anneal, as evid-
enced by the increased E∗

2 concentration for the 40 min - long
reverse-bias anneal as compared to the 20 min long reverse-
bias anneal. When the sample receives a subsequent zero-
bias anneal at 650 K, the concentration associated with E∗

2
decreases. Similar to what has been observed for H implant-
ation (see figure 2), the zero-bias anneal decreases the con-
centration of E∗

2 to the same value that was observed prior
to the initial reverse-bias anneal. Notably, no changes in the

E2 concentration are observed during zero-bias or reverse-bias
anneals.

Reverse-bias anneals similar to the ones shown in
figure 3 (a) were performed for annealing temperatures (Tann)
of 580 K, 600 K and 625 K using an applied reverse-bias
voltage of –8 V. The reverse-bias anneals were conduc-
ted using different accumulated annealing durations (tann)
without performing zero-bias anneals in-between the reverse-
bias anneals performed at the same Tann. However, zero-
bias anneals were performed when switching to a different
Tann, i.e. the initial E∗

2 concentration is nearly the same for
each Tann. The corresponding results were used to study the
thermally-activated introduction of E∗

2 assuming first order
kinetics: [E∗

2 ] = [E∗
2 ]ss [1− exp(−ktann)], where [E∗

2 ]ss denotes
the E∗

2 concentration ([E∗
2 ]) in steady-state and k denotes the

5
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Figure 4. DLTS spectra recorded on a HVPE-grown β-Ga2O3 thin-film after He implantation (E = 500 keV, Φ = 1.25× 1010 cm−2) and
H implantation (E = 220 keV, Φ = 5 × 1012 cm−2) and subsequent reverse-bias anneals at 600 K for 90 min. The reverse-bias anneals
were performed at –4 V (filled blue circles) and –8 V (filled black circles). Different parts of the space-charge region were probed by
performing DLTS measurements using different combinations of reverse bias (Vbias) and pulse voltages (Vpulse). The respective pairs of Vbias
and Vpulse are stated in the subplots. Simulated DLTS spectra are shown as solid lines and the positions of the defect levels E∗

2 and E2 are
indicated.

introduction rate. Interestingly, k was found to be similar for
all Tann and exhibited values of around 1/3000 s−1. The res-
ulting Arrhenius plot for [E∗

2 ]ss is shown in figure 3 (b), and an
activation energy of 1.0 eV to 1.3 eV was derived from linear
fits to the data for the introduction of E∗

2 under an applied
reverse-bias voltage of –8 V. No change in the E∗

2 concentra-
tion was observed for heat treatments below 500 K regardless
of the kind of ion implantation or whether an external bias
voltage was applied or not.

Further experiments were conducted to investigate the
influence of the magnitude of the reverse-bias voltage applied
during reverse-bias anneals. Figure 4 shows DLTS spectra
recorded on a HVPE-grown β-Ga2O3 thin-film after implant-
ation with He and H, and subsequent reverse-bias anneals at
600 K for 90 min using an applied reverse-bias voltage of
either –4 V or –8 V. The reverse-bias anneal at –4 V was
performed prior to the one at –8 V, and the SBD was sub-
jected to a zero-bias anneal before performing the reverse-bias
anneal at –8 V. Thus, the concentration associated with E∗

2 was
low prior to both reverse-bias anneals. When performing the
heat treatment under a reverse-bias voltage of –8 V, the Fermi
level is shifted further away from EC inside the correspond-
ing space-charge region, and hence in-between the surface
of the HVPE-grown β-Ga2O3 thin-film and W(−8 V). Con-
sequently, the Fermi level is affected up to a depth ofW(−4 V)
for a heat treatment under an applied reverse-bias voltage of
–4 V. In figure 4 (a), DLTS measurements were performed
that probe mainly the region fromW(−8 V) toW(−4 V), and
E∗
2 is only detected in significantly increased concentration

for the heat treatment performed under an applied reverse-bias
voltage of –8 V. This suggests that E∗

2 is only introduced inside
the space-charge region established during the heat treat-
ment. Figure 4 (b) shows DLTS spectra recorded for a prob-
ing depth between W(−4 V) and the surface of the HVPE-
grown β-Ga2O3 thin-film. An increased concentration of E∗

2
can be seen for the reverse-bias anneals performed at –8 V and
–4 V. Importantly, the concentration related to E∗

2 is signific-
antly higher for the reverse-bias anneal performed at –8 V. In

figure 4 (c), DLTS spectra are shown for a probing depth of
W(−8V) to the surface. Although both reverse-bias anneals
increase the concentration of E∗

2 , the reverse-bias anneal at
–8 V produces a larger concentration than the anneal at –4 V.
The results presented in figure 4 show that E∗

2 is introduced
inside the space-charge region of SBDs subjected to reverse-
bias anneals, and that applying a larger reverse-bias voltage
during the heat treatments leads to the introduction of a larger
amount of E∗

2 , suggesting that the defect associated with E∗
2

forms more preferably the further away the Fermi-level pos-
ition is from EC. The E2 concentration is not influenced by
the reverse-bias anneals. Its concentration depends, however,
on the probing depth of the DLTS measurement which is most
likely related to theλ-correction [34] and/or a slightly inhomo-
geneous depth distribution of Fe.

To summarize our findings, the formation of E∗
2 after ion

implantation due to a thermally-activated process suggests a
relation of E∗

2 to a defect complex comprising at least one
intrinsic defect. This is in accordance with a previous study on
proton-irradiated β-Ga2O3 single crystals and thin-films [19].
The formation of E∗

2 is considerably enhanced by reverse-bias
anneals at temperatures of around 600 K, and its formation is
seen to occur inside the space-charge region of SBDs. Not-
ably, E∗

2 is introduced to a larger extent when applying larger
reverse-bias voltages during reverse-bias anneals. Zero-bias
anneals can be used to decrease the concentration of E∗

2 . The
presence of H does not significantly affect the observed intro-
duction of E∗

2 , but seems to aid the removal of E∗
2 when per-

forming zero-bias anneals.
The formation and removal behavior of E∗

2 upon reverse-
bias and zero-bias anneals can be explained by at least two
scenarios: (i) the defect complex giving rise to E∗

2 consists
of constituent defects, which have a barrier for migration
that depends strongly on their charge states, and hence the
Fermi-level position, or (ii) the defect complex associated
with E∗

2 has several configurations, where only one (or a few)
have a charge-state transition level giving rise to E∗

2 . The
configuration associated with E∗

2 is more likely to form when
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the Fermi level is far away from EC, whereas configurations
that do not exhibit a charge-state transition level accessible for
our DLTS measurements are more favorable for Fermi-level
positions close to EC.

Scenario (i) is supported by computational studies
reporting a strong dependence of the migration barrier of
intrinsic defects in β-Ga2O3 on their respective charge state
[19, 41, 42]. For example, VO exhibits a lower migration bar-
rier in the +2 charge state compared to the one found for
the neutral charge state [42]. However, the observation of a
reversible formation and removal of the defect giving rise to
E∗
2 is challenging to reconcile with scenario (i). Rather, one

would expect that the mobile defect either leaves or enters the
space-charge region during the heat treatment, and thus either
the removal or formation of a defect will be observed within
the space-charge region. Additionally, the dependence of the
introduction of E∗

2 on the magnitude of the applied reverse-
bias voltage is inconsistent with scenario (i). For example,
for the situation displayed in figure 4 (b), one would expect
a similar E∗

2 concentration to be introduced regardless of the
reverse-bias voltage applied during the reverse-bias anneal.
In contrast, we observed a dependence of the introduced con-
centration of E∗

2 on the magnitude of the applied reverse-bias
voltage.

Scenario (ii), however, seems to be in better agreement with
the experimental observations.Within scenario (ii), it is expec-
ted that the formation and removal of E∗

2 will be reversible.
The degree of reversibility will, however, be influenced by
other factors, e.g. the presence of other defects and the trans-
formation dynamics between different defect configurations.
The observation of a thermally-activated steady-state concen-
tration of E∗

2 also agrees with scenario (ii) where the forma-
tion and removal of E∗

2 is related to a Fermi-level-dependent
difference in formation energy, i.e. the equilibrium concen-
tration of E∗

2 will depend on the Fermi-level position. Thus,
we also expect the formation of E∗

2 to gradually depend on
the magnitude of the applied reverse-bias voltage, in accord-
ance with our observations. We derived an activation energy
on the order of around 1.0 eV–1.3 eV for the thermally-
activated formation of E∗

2 (see figure 3 (b)). Within scenario
(ii), this activation energy can be interpreted as the differ-
ence in relative formation energy between the defect config-
uration giving rise to E∗

2 and competing defect configurations
without a charge-state transition level accessible for our DLTS
measurements.

The introduction of E∗
2 does not seem to be influenced by

the presence of H. In contrast, the removal of E∗
2 due to zero-

bias anneals is promoted in the presence of H. Within scenario
(ii), H is proposed to form a hydrogenated version of the defect
complex being connected to E∗

2 , and this hydrogenated defect
complex is more likely to form than the non-hydrogenated ver-
sion for Fermi-level positions close to EC. Thus, H promotes
the removal of E∗

2 during zero-bias annealing. For Fermi-level
positions further away from EC, the hydrogenated defect com-
plex is not as likely to form, and thus plays only a minor or no
role in the actual formation of E∗

2 . Notably, for scenario (ii) to
be able to explain the experimental results, the transformation
between different defect configurations needs to be possible

at the temperatures used for the heat treatments, whereby the
kinetics of transformation may depend on the charge states of
the involved defects.

Further work is necessary to identify the specific defect(s)
giving rise to E∗

2 . However, the formation and removal beha-
vior of E∗

2 after ion implantation and proton irradiation and
the similarity in behavior seen for a wide range of differ-
ent β-Ga2O3 samples implies the association with a defect
complex either involving only intrinsic defects or compris-
ing an intrinsic defect and an ubiquitous impurity [19]. Based
on these observations, one may speculate about the origin of
E∗
2 . For example, di-vacancy complexes formed by VGa and

VO (VGa–VO) possess many of the proposed features; they
are intrinsic defect complexes that are expected to exhibit one
or more charge-state transition levels in the proposed energy
range, and they have a multitude of different configurations
[19, 23]. Notably, the formation energies of various VGa–VO

complexes have been found to be comparatively low in β-
Ga2O3, and can be expected to strongly depend on the Fermi-
level position [19]. Moreover, VGa–VO complexes display
acceptor behavior for Fermi-level positions close to EC [19],
and thus hydrogenation is likely [23]. Importantly, the migra-
tion barriers computed for isolated VGa and VO suggest that
defect transformation involving vacancies will be possible at
temperatures around 600 K [23, 42]. However, first-principles
calculations are only reported for a few VGa–VO configur-
ations so far, and are not sufficient to explain the exper-
imental observations entirely [19], which warrants further
investigations.

4. Summary and conclusion

The formation and removal of E∗
2 (EA = 0.71 eV,

σna = 1× 10−19 cm2) in HVPE-grown β-Ga2O3 thin-films
subjected to ion implantation and subsequent heat treatments
was studied using DLTS. The introduction of E∗

2 is promoted
by reverse-bias anneals at temperatures in the range of 600
K within the space-charge region of SBDs comprising the
β-Ga2O3 thin-films subjected to He- and/or H-implantation.
Subsequent zero-bias anneals at temperatures in the range of
600 K cause the concentration of E∗

2 to decrease, whereby
the removal of E∗

2 is more pronounced if H is present in
the space-charge region of the SBD. The formation of E∗

2
by reverse-bias annealing is a thermally-activated process
with an activation energy of 1.0 eV–1.3 eV. In summary,
our results show how reverse-bias and zero-bias anneals can
be used to control the concentration of E∗

2 in SBDs com-
prising He- and/or H-implanted β-Ga2O3 thin-films. Import-
antly, it is shown that H can aid the removal of E∗

2 . The
results presented here strongly suggest that E∗

2 is likely to
form in the space-charge region of β-Ga2O3-based devices
for power electronics if the constituent defects of E∗

2 are
present. Moreover, it can be expected that the E∗

2 concentra-
tion will change during device operation, which suggests the
importance of device preparation and measurement history in
the growing number of reports about E∗

2 in β-Ga2O3. These
points are particularly relevant taking into account that E∗

2 has
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been shown to influence the performance of β-Ga2O3-based
MESFETs [14, 15].

The observed formation behavior of E∗
2 is explained by

a change in the Fermi-level position inside the space-charge
region when applying a reverse-bias voltage. Thus, we pro-
pose that E∗

2 is related to a defect complex involving intrinsic
defects that exhibits different configurations whose relative
formation energies depend strongly on the Fermi-level pos-
ition. Configurations giving rise to E∗

2 are more likely to
form for Fermi-level positions further away from EC (reverse-
bias annealing), whereas configurations that are preferred
for Fermi-level positions close to EC (zero-bias annealing)
do not exhibit defect levels accessible for our DLTS meas-
urements. Furthermore, E∗

2 can be passivated by H, and
the hydrogenated defect complex is proposed to be more
likely to form for Fermi-level positions close to EC. Di-
vacancy complexes of the form VGa–VO are proposed as
potential candidates for E∗

2 , but further experimental and
computational investigations are required for an unambigu-
ous identification of the specific structural defect associated
with E∗

2 .
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