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ABSTRACT: Chromium-doped Ga,O;, with intense Cr’*-related red-
infrared light emission, is a promising semiconductor material for optical
sensors. This work constitutes a comprehensive study of the
thermoluminescence properties of Cr-, Mg-codoped f-Ga,O; single
crystals, both prior to and after proton irradiation. The thermolumi-
nescence investigation includes a thorough analysis of measurements
with different ~ irradiation doses used to populate the trap levels, with
preheating steps to disentangle overlapping peaks (Ty-Tsrop and initial
rise methods) and finally by computationally fitting to a theoretical
expression. At least three traps with activation energies of 0.84, 1.0, and
1.1 eV were detected. By comparison with literature reports, they can be
assigned to different defect complexes involving oxygen vacancies and/or
common contaminants/dopants. Interestingly, the thermoluminescence
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signal is enhanced by the proton irradiation while the type of traps is maintained. Finally, the pristine glow curve was recovered on
the irradiated samples after an annealing step at 923 K for 10 s. These results contribute to a better understanding of the defect levels
in Cr-, Mg-codoped f-Ga,0; and show that electrons released from these traps lead to Cr’'-related light emission that can be
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exploited in dosimetry applications.

1. INTRODUCTION

Ga,0; is a wide bandgap semiconductor that has recently
attracted renewed attention of academia and industry alike due
to its interesting properties. In particular, the high thermal and
chemical stability of the monoclinic 3 phase, combined with its
bandgap of ~4.9 €V at room temperature (RT) and its large
breakdown electric field of ~8 MV/cm,' ™ make f-Ga,Os
interesting for applications such as optoelectronic devices,"
high-power electronics,” solar-blind ultraviolet (UV) photo-
detectors,’ and gas sensors.” Moreover, due to its high
transparency down to 260 nm," -Ga,O; is an excellent host
material for optically active centers emitting in the spectral
region from the UV to the infrared (IR). In this context, Cr’*" is
one of the most promising optically active ions in $-Ga,0s,
with potential applications including ionizing radiation
detection for active and passive optical dosimetry. In particular,
the latter is especially promising in the context of in vivo
dosimetry, given that the Cr’* emission lies within the spectral
region where biological tissue absorbs the least, known as the
first biological window, spanning from 700 to 950 nm.®

For the previously mentioned reasons, there are several
recent studies regarding the optical properties of Cr-doped f-
Ga,0;. In particular, at RT, the characteristic luminescence
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associated with Cr’" extends at least from 650 to 850 nm,
comprising two sharp R-lines (namely, R, centered at ~690
nm and R; at ~697 nm) superimposed on a broad band with a
maximum at ~720 nm.”"? This emission has been previously
explored in different applications, ranging from tunable optical
microcavities' "
detectors.' '

Despite the several potential applications associated with the
incorporation of the Cr’" ions into the Ga,O; matrix, its
complex excitation mechanisms are not fully understood yet. In
fact, recent works suggest that the conditions under which the
Cr** ions become optically active may be related with the
sensitization of the emission by processes such as energy or
charge transfer between defect levels in f-Ga,O; and Cr’*
ions."””"7 In this context, previous ion-beam-induced-
luminescence (IBIL) measurements show a strong enhance-
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ment of the Cr’* emission intensity as a function of the
irradiation fluence as well as a reduction in electrical
conductivity, thus suggesting that irradiation-induced defects
play a major role in the activation of this luminescence.'”"*
These results are in line with several works showing a clear
positive correlation between the Cr** luminescence yield and
the electrical conductivity of the sample. Notably, semi-
insulating samples have been found to exhibit higher
luminescence yields compared to conductive ones.'>"*"®™ 1t
has been previously suggested that this dependence is related
with different Cr**/Cr®* concentrations due to different Fermi-
level positions inside the bandgap.'®'” While the Fermi-level
position can be pinned lower in the bandgap by deep
acceptors, such as Mg, recent works comparing the Cr
charge state in Mg-doped semi-insulating samples and
conductive samples show that the charge state is 3+ in both
cases.'> Moreover, these works also show an enhancement in
the Cr** luminescence yield with ion irradiation in the case of
an electrically conductive sample.'® It is, however, clear that
the optical activation is intrinsically associated with the
presence of defect levels that can sensitize the Cr’*
emission.'>'*!7*!

Given its wide bandgap and its monoclinic lattice with
several different inequivalent positions, the number of different
possible defect states in }-Ga,Oj; is quite high, as reported in
several theoretical and/or experimental works resorting to
techniques such as deep-level transient/optical spectroscopy
(DLTS/DLOS) or thermoluminescence (TL).'*~'®*'7%7
Although it is notoriously difficult to unambiguously assign
the observed levels with the corresponding defects, some of the
experimentally measured trap levels have been attributed to
intentional or unintentional dopants, such as Fe, Cr, and Mg,
to intrinsic defects, such as O vacancies, or complex defects
involving them (see Supporting Information). An energy level
lying 0.7 eV below the conduction band has been reported and
attributed to a complex involving Fe and intrinsic defects in
multiple works.”'~>® Notably, a correlation between the
density of these defects and the Cr’* luminescence was
observed."® Moreover, the charge transfer level Fe?*/Fe*, lying
0.78 eV below the conduction band minimum,” has been
proposed as a charge transfer channel to ionized Cr ions in the
4+ charge state.”’ Therefore, complexes involving Fe dopants
(which is a common contaminant in Ga20328) are promising
candidates to explain the activation of the elusive Cr’*
luminesce in $-Ga,0;.

In this context, this paper presents a detailed TL study
performed on Cr-, Mg-codoped f-Ga,O; on both pristine and
1-2 MeV proton-irradiated samples in order to assess both
intrinsic and irradiation-induced defect levels in the optical
activation and luminescence yield of the Cr ion.

2. RESULTS AND DISCUSSION

For this study, a single-crystal, Cr-, Mg-codoped f-Ga,O,
ribbon with a (100) surface orientation was grown by a
modified edge-defined film-fed growth (EFG) method at the
State Key Laboratory of Crystal Materials. Particle-induced X-
ray emission (PIXE) and X-ray fluorescence (XRF) measure-
ments confirmed the incorporation of Cr (0.028 atom %) and
Mg (1.2 atom %) in the sample, as well as the presence of trace
amounts of Fe (0.008 atom %), as previously reported (see
Supporting Information)."> Further details on the sample
growth, IBIL, X-ray diffraction, and Raman spectroscopy

results confirming its high crystalline quality can be found
elsewhere,'>'*%®

This crystal was cleaved into two different samples, one of
which was kept pristine while the other one underwent proton
irradiation using three different energies (1000, 1500, and
2000 keV), up to an irradiation fluence of 10" protons/cm? for
each energy (corresponding to 0.0029, 0.0024, and 0.0019
displacements per atom, respectively, as calculated at the
vacancy profile maxima using Stopping and Ranges of Ions in
Matter (SRIM) Monte Carlo simulations®). Under these
conditions, SRIM simulations predict that the first ~25 ym of
the sample were damaged, with projected ion ranges of 8.74,
15.6, and 24.1 pum for each of the three ion energies,
respectively, as shown in the Supporting Information. These
irradiation conditions have been previously employed in
similar samples."* Considering that the penetration depth of
the electrons employed in this study is ~500 pm, both the
irradiated and the pristine regions are probed. Hence, by
employing three energies, a large irradiated volume is achieved,
which increases the TL signal coming from the implanted
region and allows it to be discernible from the signal from the
pristine region.

2.1. Preliminary TL Measurements. A preliminary TL
measurement of the pristine and irradiated samples was
performed, as shown in Figure 1, in order to assess whether the

—— Before irradiation
After irradiation (15t measurement)

—— After irradiation (2"¢ measurement)
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Figure 1. Preliminary TL glow curves for the pristine (before

irradiation) and irradiated samples, in logarithmic scale. For the latter,
two consecutive measurements are shown (Ist and 2nd).

Cr ions were optically active before and after the irradiation. A
typical TL measurement consists of two steps: an excitation
step and a heating step. During the first, the sample is
irradiated with ionizing radiation for a given time (f~ radiation
for 400 s, in the present case, corresponding to a dose of 29.2
Gy in quartz coarse grains on stainless steel discs) in order to
generate electron—hole pairs. Some of these electrons will then
be trapped in defect levels. In the second step, the sample is
heated with a constant heating rate up to a given temperature
(up to 620 K, with a heating rate of 2 K/s, in the present case).
The increased temperature promotes the release of the trapped
electrons from the traps back to the conduction band. These
released electrons then have a probability to recombine
radiatively with holes at optically active centers, and the
intensity of this emission is measured as a function of the
temperature (in this case, this corresponds to the Cr’*
emission, which was monitored at ~630 nm). Hence, apart
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from assessing the presence of trap levels and their activation
energy, this technique also provides valuable information
regarding the complex trapping/detrapping probabilities via
the so-called kinetics order parameter b: for b = 1, the
probability of retrapping a thermally released electron is
negligible, whereas for b = 2, the retrapping and radiative
recombination probabilities are similar.

These results show that the Cr** ions are optically active in
the pristine sample, in agreement with photoluminescence
(PL) and IBIL spectra obtained in previous works, but in
contrast to samples without Mg-codoping that did not show
significant Cr-luminescence in their pristine state.” This result
is also consistent with a recent report observing the Cr**
luminescence in electrically resistive Mg-codoped samples, in
contrast with conductive Cr-doped $-Ga,O; samples, which
displayed lower Cr** luminescence yields."® This difference
was attributed to the different Fermi-level locations: in the case
of the conductive samples, the Fermi level lies closer to the
conduction band minimum, whereas in the case of semi-
insulating Mg-codoped samples, the Fermi level lies lower
within the bandgap, as Mg is known to be a deep acceptor.”

In particular, prior to proton irradiation, the TL glow curve
consists of at least an intense peak centered at ~380 K, with a
broadening at ~430 K (which might indicate the presence of a
satellite peak) and two smaller peaks at ~485 and ~540 K. It
should be noted that the small increase observed for
temperatures above ~600 K is not a TL signal but rather
due to the blackbody radiation.

It is possible to observe a few differences in the TL glow
curve obtained for the irradiated sample. Note that the
registered TL intensity was higher overall, which is likely
related to the larger sample area. Considering the first
measurement after proton irradiation, the most intense peak
is observed to shift toward higher temperatures (~400 K),
keeping the shoulder at ~430 K, while the region between
~450 and 600 K is enhanced with respect to the most intense
peak. The shape of this region is quite complex, corresponding
to the superposition of several peaks. Moreover, the curve
obtained during a second measurement, performed consec-
utively and in the same conditions, shows a global intensity
decrease, mostly noticeable in the region between 450 and 600
K, which is likely related with the unintentional annealing of
the sample and the removal of some defects during the first
measurement, where it was heated to temperatures of about
620 K.

These preliminary results show that there are defect levels
induced by the proton irradiation that are able to enhance the
Cr*" emission, similar to our previous results on samples
without Mg-codoping where proton-induced defects were
shown to act as sensitizer enabling the Cr** emission.'”"*

2.2. TL after Annealing. In order to assess the removal of
defects during annealing, both the pristine and irradiated
samples were annealed in situ at 923 K (650 °C) for 10 s under
a constant N, flow. Afterward, both samples were irradiated
with f~ radiation for 400 s before being measured with a
heating rate of 2 K/s up to a temperature of 623 K. The glow
curves for the two samples are shown in Figure 2, both before
and after annealing. It should be noted that the measurements
after annealing were performed after all of the measurements
presented in Sections 2.3.—2.5., which were performed on
unannealed samples.

Upon annealing, the shape and position of the TL glow
curves of both the pristine and irradiated samples are very

—— Pristine, before annealing
—— Irradiated, before annealing
—--=—Pristine, after annealing
-==|rradiated, after annealing

TL intensity (arb. un.)
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Figure 2. TL glow curves before and after annealing at 923 K, on a
logarithmic scale, for both the pristine and irradiated samples.

similar (Figure 2); the main difference between the samples
lies in the intensity of the curve. This is consistent with the
previous discussion regarding the size of the two samples: since
the irradiated sample is larger than the pristine one, its TL
signal is proportionally larger. Notably, these results show that
the irradiation-induced defects can be efficiently removed upon
annealing at 923 K. Consequently, this suggests that this
material has a potential for utilization as a TL passive
dosimeter, with the possibility of reuse after annealing.

2.3. Dose-Dependence of TL. In order to assess the
kinetic order of the trapping/detrapping processes, the effect of
the irradiation dose was investigated by exposing both the
pristine and proton-irradiated samples to f~ radiation for 200 s
(corresponding to a dose of 14.6 Gy in quartz coarse grains on
stainless steel discs) before heating the sample up to 620 K
with a heating rate of 2 K/s. When retrapping of electrons can
be neglected (first-order kinetics), the maximum of the TL
curve is independent of the concentration of trapped charges
(i.e, irradiation dose). In contrast, in second-order kinetics,
glow peak maxima are expected to shift to higher temperatures
for increasing concentration of trapped charges®*' since the
carrier recombination is delayed by the retrapping.

The glow curves obtained for the 200 s irradiation and for
the previous 400 s irradiation (Figure 3) show that most of the
observed structures appear at similar temperatures for both
irradiation times, which is compatible with first-order kinetics.
However, a peak is clearly observed at ~490 K for the higher
irradiation dose but not in the low-dose curve. For the proton-
irradiated sample, the positions for a higher irradiation dose are
slightly shifted toward the high-temperature side, by less than
~10 K, which may be attributed to a temperature shift due to
the poor thermal conductivity of $-Ga,O;. Moreover, the low-
dose curve shows a peak centered at ~545 K (which was
already present in the pristine sample) that does not
correspond to any visible feature of the high-dose curve,
while the latter shows a peak at ~570 K that does not have a
clear counterpart in the low-dose curve. It is possible that these
two peaks correspond to the same trap, which is not
compatible with first-order kinetics and thus the associated
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glow peak shifts toward higher temperatures upon higher
irradiation doses.

These observations are consistent with a complex glow curve
comprising several overlapping glow peaks which conform, to a
good approximation, to first-order kinetics, with the possible
exception of the peak(s) at temperatures above ~500 K. This
result is in agreement with the work by Luchechko et al., where
the glow curves were fitted using elementary first-order glow
peaks."> On the other hand, Islam et al. report nearly
symmetrical, broad glow peaks that were well-approximated
by Gaussians, which might be indicative of second-order
kinetics.'® In the present case, the glow peaks are also broad,
although this can also be explained by the superposition of
several elementary glow peaks, by a gradient in the heating rate
due to the thickness of the samples (i.e., due to the thickness of
the sample and finite thermal conductivity, there is a thermal
lag between the heating element temperature and the sample),
or even by the inhomogeneity of the f irradiation dose with
depth (i.e., the deeper regions of the sample are subjected to
an effective irradiation dose which is smaller than for the
regions closer to the surface).

2.4. Ty-Tsrop Method at Low Heating Rate. Considering
the previous discussion, the next measurements were
performed employing a lower heating rate in order to reduce
the thermal lag issues, which can lead to errors in the
determination of the activation energy of up to 30%.”> This
problem is worsened by the low thermal conductivity of
Ga,0;. Hence, the heating rate was reduced to 0.1 K/s. The
irradiation was performed for 400 s, and the measurement
followed the Ty-Tgrop method.”” In this method, each TL
sweep is preceded by a preheating step at a temperature Tgrop,
while the position Ty, of the first maximum of the TL glow
curve is monitored. This allows the traps to be gradually
depopulated and offers further information about the kinetics
order. In the present work, Tgrop varies from 328 to 388 K in
steps of 5 K (marked by symbols in Figure 4). The TL glow
curves and the Ty-Tgrop plots (Figure 4) indicate the presence
of at least three glow peaks, with positions that remain
approximately the same before and after the proton irradiation,
suggesting that the traps are similar in both cases. A work by
Islam et al,'¢ using a heating rate of 1 K/s, reports the
existence of two glow peaks in Mg-doped Ga,O3: a very
intense peak centered at ~383 K and a less intense peak

centered at ~473 K. However, their excitation was performed
using UV light at 83 K, which can severely alter the shape of
the glow curves.”® On the other hand, Luchechko et al.** used
the same heating rate of 0.1 K/s to study Mg-doped Ga,0;,
with the excitation performed using X-rays at room temper-
ature. The glow curve obtained in the previously mentioned
work was deconvoluted on four elementary peaks: two very
low intensity peaks centered at 280 and 320 K, a more intense
peak centered at 430 K, and two very intense peaks at 354 and
385 K, which are overlapped. The observed glow curve shape
was very similar to the results of the present work, although at
consistently higher temperatures. In a different work on Cr-,
Mg-codoped Ga,0O;, Luchechko et al. reported six glow peaks
(at temperatures of 285, 300, 320, 354, 385, and 430 K), and
the dominant peak was the one centered at 320 K, which was
correlated with the Cr content.'> As before, the overall shape
of the glow curve is very similar to that in the present work, in
spite of the different peak positions.

2.5. TL Glow Curve Fitting. In order to clarify the nature
of the involved traps, it is possible to deconvolute the curve by
fitting a general—order expression for each glow peak, which is
given by’

X [1 -(1- b)% /;Texp(—k};)dT/

b/1-b

0

(1)

where S” is a characteristic frequency, b is the general kinetics
order parameter, 8 is the heating rate, E is the trap activation
energy, n, is the density of traps at the initial temperature T =
Ty. Since each glow peak is characterized by a set of four
parameters, it is desirable to restrict their range before fitting.
In this context, one can use the initial rise method: considering
only the initial portion of the curve with intensities below
~10% of the maximum intensity of the glow peak, the
activation energy can be estimated from an Arrhenius equation
given by’
"
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to eq 2, with ¢ = In

which is independent of b. However, since it relies on the
initial portion of the curve, this method requires the glow
peaks to be sufficiently separated. Considering the results of
the Ty-Tsrop method, the strong overlap among the peaks
hinders the application of this method, since the first peak was
never fully thermally bleached. Hence, this method was applied
to the lowest temperature peak only, yielding activation
energies of (0.841 + 0.017) and (0.840 + 0.016) eV for the
pristine and irradiated samples, respectively. The correspond-
ing fits are shown as insets in Figure 4(b,d), respectively.

These activation energies are similar between both samples,
thus suggesting that they correspond to the same type of traps.
This also compares well with previous experimental works. In
particular, a glow peak centered at 354 K, corresponding to a
trap with an activation energy of 0.84 eV, has been reported by
Luchechko et al. in Cr-, Mg-codoped Ga,0; which was
assigned to 3-fold coordinated oxygen vacancies.”* Moreover,
Gao et al. also reported a level with an activation energy of
0.82 eV,* while Lenyk et al. reported a glow peak centered at
349 K, corresponding to an activation energy of 0.84 eV, in Fe-
doped Ga,05, which is assigned to the Fe**/>* level.”' In this
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Figure S. Fitting of the TL glow curves for the pristine (a) and irradiated (b) samples, using three glow peaks given by eq 1. The FOM values were
calculated by using eq 3.

context, Ingebrigtsen et al. also calculated two close-by levels:
the 3+/2+ level of Gagy), with an activation energy of 0.83 eV,
and the -/2- level of a Vo) — (Ga; — Vg,) complex, with an

Table 1. Fitting Parameters of the Glow Curves of the
Pristine and Irradiated Samples, as shown in Figure 4

activation energy of 0.84 eV.”> A compilation of these levels
and assignments is given in Table S1 of the Supporting
Information.

Since the 339/340 K glow peak was never fully thermally
cleaned, the initial rise method is not suitable for the remaining
analysis. Hence, considering the results of Subsections 2.4. and
2.5. and following Luchechko et al,,** the remaining two peaks
at 373 and 395 K in this work were assigned to their
elementary peaks at 385 and 430 K, with activation energies of
1.0 and 1.1 eV, respectively. This assumption is reasonable,
given that the energy associated with the peaks at 339 and 340

K in this work matches well with the peak at 354 K in the
aforementioned work. Under this assumption, the experimen-
tal data were fitted to the sum of three general-order kinetics
glow curves, according to eq 1, with the activation energies as

fixed parameters. The fitting quality is assessed with the usual
TL figure of merit (FOM)™

ZT |Iexp(T) - Iﬁt(T)l
ZT Iﬁt(T)

FOM =

©)

where IGXP(T) and I;(T) are the TL intensities at temperature
T obtained experimentally and via the fit, respectively. Figure 5
shows the experimental data and fits; the corresponding
parameters are listed in Table 1.

The obtained fits have a FOM below 2.5%, thus indicating a
generally good agreement between the employed model and
the experimental data. The main differences between the fits
and the experimental data occur in the low-temperature
portion of the first peak, which can be explained by the fact
that the peak actually results from the overlap of multiple
peaks. Hence, both the intensity and the order of this peak may

peak temperature

parameter pristine irradiated
339/340 K S” (Hz) 2401 x 10" 2.519 x 10%°
ny (arb. un.) 2.230 x 10° 1.664 x 10°
b (=) 1.001 1.000
E (eV) 0.840 0.841
373 K S” (Hz) 5.726 x 10" 8.345 x 10"
no (arb. un.) 2.028 x 10° 3.340 x 10°
b (-) 1.420 3.186
E (eV) 1.000 1.000
395 K S” (Hz) 9.270 x 10" 9.639 x 10"
1o (arb. un.) 1.318 x 10° 1.467 x 10°
b (=) 2.726 2.008
E (eV) 1.100 1.100
FOM 2.171% 2.365%

be slightly underestimated. On the other hand, the kinetic
parameters for this peak are very consistent between the
pristine and the irradiated sample, while the kinetic order is
indeed compatible with first order, as expected from the dose
study. Moreover, they are in good agreement with the energy
and frequency reported by Lenyk et al. (0.84 ¢V and 9.5 X 10"
Hz, respectively), although the kinetic order estimated by these
authors is somewhat larger (1.87).

A similar consistency between the two samples is also
observed for the other two peaks, with the exception of the
kinetic order parameter. Since this parameter controls the
symmetry between the high- and low-temperature sides of the
glow peak, the observed differences may result from some
compensation between these values that yield similar profiles
in the fitting: the low-temperature side of the peak at 395 K
can be increased at the expense of the decrease of the high-
temperature side of the peak at 373 K, and vice versa. On the
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other hand, the observed values of the frequency parameter
have reasonable orders of magnitude, lying between 10'° and
10'? Hz, which are consistent with the Debye frequency of the
order of 10" Hz for Ga,O; (Debye temperature of 723 K).**
Overall, the consistency of the parameters between the pristine
and irradiated samples suggests that the traps correspond to
native defects, whose concentration is increased by the proton
irradiation.

Following Luchechko et al,, the peak at 373 K may then be
assigned to O(III) vacancies, with a 4-fold coordination.”*
However, in a subsequent study, Luchechko et al. assigned the
O(III) vacancies to a trap with an activation energy 0.94 eV
instead, which shows that these ascriptions are not trivial. In
this context, Zhang et al. also report a trap E3 with an
activation energy of 1.00 eV by DLTS, although no tentative
assignment is suggested.25 Moreover, they show that its
concentration is ten times lower than another one with an
activation energy of 0.82 eV, which is also approximately the
same ratio as the traps at 1.0 and 0.84 eV described in the
present work. Moreover, Ingebrigtsen et al. have also observed
a trap with activation energy 1.01 eV by DLTS in
unintentionally doped pristine and proton-irradiated samples,
having assigned it to E3 as well.””

Lastly, both works by Luchechko et al. report the presence
of a trap at 1.1 eV, but no definite assignment is given. Two
possible assignments for the peak at 395 K are the 2+/+ level
of Ga;, with an activation energy of 1.12 eV, or the 2+/+ level
of Gag ), with an activation energy of 1.11 eV, by comparison
with the theoretical calculations by Ingebrigtsen et al.** For an
overview of the already-reported defect levels and the different
crystallographic sites in the lattice, refer to the Supporting
Information.

3. CONCLUSIONS

In conclusion, this work presents a detailed TL analysis of Cr-,
Mg-codoped Ga,0; samples before and after proton
irradiation. These samples have a strong TL signal at the
Cr** wavelengths, even prior to being irradiated with protons.

Upon proton irradiation, the TL signal is enhanced due to
the introduction of defect levels that trap electrons. A detailed
TL study, which included employing different radiation doses,
a thorough Ty-Tsrop measurement, and a computational glow
curve fitting routine using three elementary glow peaks,
allowed the determination of the kinetic parameters for each
of them. Based on their activation energies, it was possible to
assign each of these traps to different intrinsic and extrinsic
defects by comparing with literature data. These include a 0.84
eV level corresponding to 3-fold-coordinated oxygen vacancies
or the 2+/3+ charge transfer level of Fe contaminants®"** and
a 1.0 eV level associated with 4-fold-coordinated oxygen
vacancies.”® A 1.1 eV level was also identified, which is
consistent with previous observations, although no definitive
assignment is given. Upon comparison with theoretical
predictions, it is possible to tentatively assign it to the 2+/+
level of gallium interstitials (1.12 eV) or the 2+/+ level of
gallium—oxygen(I) antisites (1.11 ev).>?

Finally, it was shown that the pristine glow curves can be
recovered by annealing at 923 K, allowing the defects induced
during proton irradiation to be removed. Hence, this work
further contributes to the understanding of the trapping and
recombination dynamics of electrons and holes in Ga,O;.

4. MATERIALS AND METHODS
In this study, a high-quality single-crystal Cr-doped $-Ga,0;

sample with a (100) surface orientation was grown by a
modified edge-defined film-fed growth (EFG) method at the
State Key Laboratory of Crystal Materials.”® The growth
method is described in detail elsewhere,*® as well as ion-beam-
induced luminescence, photoluminescence, X-ray diffraction,
and Raman spectroscopy results.'”'* The samples employed in
this work have a thickness of about 500 ym and were obtained
by cleaving the crystal into two samples with lateral dimensions
of a few mm. The PIXE maps in the Supporting Information
show the homogeneous distribution of the Cr (0.028 atom %)
dopant and Fe (0.008 atom %) contaminant.

The proton irradiation was performed at the 2.5 MV Van de
Graaff accelerator at the Laboratory of Accelerators and
Radiation Technologies of Instituto Superior Técnico,
University of Lisbon, *° with a circular beam with a ~ 3
mm radius, which was scanned along the length of the sample.
Three different irradiation energies were employed: 1000,
1500, and 2000 keV. For each energy, the sample was
irradiated up to a fluence of 10'° protons/cm’. The nominal
beam current was ~5 nA. The SRIM simulations of the
vacancy profiles for these irradiation conditions are shown in
the Supporting Information.

The thermoluminescence measurements were performed
using a Rise Thermoluminescence/Optically stimulated
luminescence reader (TL/OSL-DA-20) manufactured by
DTU Physics, at the Luminescence Dating Laboratory of
Instituto Superior Técnico, University of Lisbon. The
excitation was performed using a *°Sr/*°Y f~ source (with a
nominal activity of 40 mCi and a dose rate in quartz coarse
grains on stainless steel discs of 0.073 + 0.002 Gy/s). A
commercial detection filter RG630 was employed in order to
monitor the spectral region with wavelengths above ~630 nm.
The penetration depth of electrons from this decay (with
energies of 193 and 933 keV) is ~50 pm and ~500 um,
respectively, as estimated using the PENELOPE code.*®
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