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Gallium oxide (Ga,03), as a representative of the four-generation ultrawide band-gap semiconductors,
emerges to be a promising candidate for high performance scintillators. However, the full exploitation of its
scintillation properties and the understanding of the defect-driven luminescence mechanisms are still lacking
especially for y —Ga, 03 nanocrystals (NCs) grown in glass. Here, the easy-to-process glass-making and post-
thermal treatment method is used to prepare y —Ga,O; NC embedded transparent glass-ceramics (GCs). X-ray
excited bright visible blue-green emissions are observed from the y —Ga,03; NC embedded GCs, which are
attributed to the donor-acceptor pair (DAP) recombination. Positive luminescence hysteresis is found to occur
in the processes of both ultraviolet (UV) light excited photoluminescence and the x-ray excited luminescence
(XEL). A method of prolonged UV preirradiation is used to counteract the hysteresis effect, which is desirable
from the application point of view. Monte Carlo simulation is employed to reveal the difference between x-
and y—ray photoresponse of the GCs, and the results are compared with those of the BisGe;O,, crystal.
First-principles calculations are carried out to investigate the intrinsic defect properties of y —Ga,Os. Our results
provide a theoretical foundation to understand the relevant defects responsible for the observed DAP, and offer
potential avenues for tailoring optical performance for various applications. As a proof-of-concept, an x-ray
imaging system is built on the studied GC scintillator, exhibiting performance superior to that of the eye-catching

CsPbBr; perovskite NC embedded GCs.
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I. INTRODUCTION

The increasing demand in ionizing radiation detection
for medical diagnostics, homeland security, environmental
monitoring, high-energy physics, and resource exploration,
etc., has highlighted the importance of developing robust
and cost-efficient scintillators [1-4]. Recently, transparent
(ultra)wide-band-gap third- and next-generation semiconduc-
tor single crystals, such as ZnO and Ga, O3, etc., have attracted
much attention for their high excitation energy conversion
efficiency due to high mobility of free charge carriers, which
translates into efficient and fast scintillation in the ultravio-
let (UV)-visible wavelength region [5—12]. Unlike rare-earth
(RE: Ce3t, Pr3+) dopant activated counterparts, semiconduc-
tor scintillators produce emissions by the host material per
se (known as self-activated scintillators), being subject to
the preparation methodology, the presence of defects (either
native or extrinsic), and impurities (either unintentional or
intentional) [13]. For example, the doping of Ga in ZnO has
demonstrated its potential as an ultrafast scintillator due to
free exciton radiative recombination producing a light yield
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(LY) of 5000 ph/MeV [14]. However, ZnO:Ga displays a
relatively weak y —ray stopping power and suffers from se-
vere thermal quenching of scintillation at room temperature
(RT) [9]. In comparison, Ga,O3 with a larger band gap
ranging 4.6-5.3 eV (related to different polymorphs with dif-
ferent structure symmetries) and a higher density of 5.96 —
6.4g/cm? (versus 5.6 g/cm?® of ZnO) stands out for its su-
perior attributes such as being more robust with a higher
breakdown electric field (8 MV/cm), and having a greater at-
tenuation coefficient as well as a larger LY (>10 000 ph/MeV)
[15]. This makes Ga,O3; of great interest in areas such as
sun-blind detectors and high-energy ray detection. Guo et al.’s
research shows that Ga,O;—based blind detectors have high
sensitivity and a low false alarm rate, and Zn, Sn, and Mg
plasma is conducive to the enhancement of detector perfor-
mance [12,16-19]. And in the field of radiation detection, in
fact, among the semiconductor scintillators developed so far,
Ga, 03 has been confirmed to hold the record of LY.

As known today, there exist five commonly identified poly-
morphs of Ga,0s, denoted by «, B, ¥, §, &. Among them,
monolithic 8—Ga,03 is the most thermodynamically stable
one at RT. In 2016, Yanagida et al. attested to the feasibility
of using bulk B—Ga;03 for y—ray detection. A clear full-
energy peak was resolved in the pulse height spectrum of
137 y rays, based on which the LY was estimated to be
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15000 ph/MeV at RT (comparable to that of the commer-
cial Ce**: YAP crystal, ~ 12000 ph/MeV). The scintillation
decayed with a fast component of only 8 ns and a slow
one of 977 ns. Overall, the performance is superior to that
of Te-doped ZnSe and comparable to that of Te-doped CdS
scintillators [20]. Mykhaylyk et al. further explored the per-
formance of —Ga,;0; as a cryogenic scintillator. The LY
was found to increase with decrease in temperature, reaching
a maximum value of 19300 ph/MeV at 50 K. A highly sen-
sitive x-ray detector (338.9 uC Gy~! cm™2) was constructed
on B—Ga,03:Mg [21]. The doping of Mg>* greatly improves
the sensitivity and speeds up the photoresponse of 8—Ga;0s3
through modulation of defect concentration.

So far, the scintillation performance of the other poly-
morphs rather than B—Ga;0O3; has been largely left unex-
plored, despite the encouraging fact that y —Ga, O3 has ex-
hibited superior photoluminescence (PL) properties [22,23].
However, because of the synthetic barrier, the preparation
of y—Ga,03 has been mostly limited to nanocrystals (NCs)
[24-27]. Radovanovic et al. demonstrated that colloidal
y —Ga;03 NCs exhibit size-tunable PL in the visible blue-
green region. The fact that y —Ga, 03 is capable of energy
harvesting of deep UV photons (specifically in the UV-C spec-
trum of 200-280 nm) has pointed to its potential of being used
for solar-blind photodetection [28]. Through a post-thermal
treatment of a specially designed glass featured by unique
amorphous phase separation, Sigaev et al. managed to grow
y —Ga;03 NCs inside (and thus being hosted by) the glass
matrix, and proved that the inherent size-dependent PL prop-
erties of y—Gay;03 NCs were maintained [29]. Promising
results have been obtained as to the use of y —Ga, O3 NCs
embedded glasses (a.k.a., glass-ceramics, GCs) for a variety
of enabling applications including: UV-to-visible light con-
version, photocatalysis, and near-infrared (NIR) light sources
when doped with transition metal ions (e.g., Cr**, Ni**)
[29-32]. Intentionally growing optical functional NCs in
robust, chemically inert, and easy-to-process glasses, demon-
strated by the authors of the present paper and by many other
researchers, represents an ideal testbed for acquiring unprece-
dented qualities of GCs, because they integrate favorably both
the advantages of crystals and glasses, such as the high ra-
diative emission efficiency of crystals, and the waveguiding
capability of glasses [33-35].

Previous research has demonstrated that y —Ga,O3; ex-
hibits a defective cubic spinel structure (space group Fd3m),
similar to that of y—Al,O3, which plays an essential role
in determining luminescence properties [36]. Studies have
revealed the presence of vacancies at both cation and anion
sites in the y—Ga, 03 lattice [37,38]. The observed blue-
green emission is generally attributed to the recombination of
electrons trapped by oxygen vacancies and holes by gallium
vacancies and Ga-O divacancies, known as the donor-acceptor
pair (DAP) recombination [39]. However, there remains a
very limited understanding of the scintillation properties of
y —Ga;03 NCs (specifically when they are grown in glass).
In addition, the theoretical calculation of the electronic struc-
ture and defect states of y —Ga, O3 have yet to be reported,
representing an exciting avenue for physics exploration and
materials optimization.

In this work, we synthesized transparent GCs containing
y —Ga;03 NCs via the simple thermal treatment (i.e., con-
trolled crystallization of a precursor glass) [Fig. 1(a)]. The
scintillation properties of such GC scintillators were investi-
gated regarding x-ray excited luminescence (XEL), scintilla-
tion decay time, and thermal stability. Positive luminescence
hysteresis (also known as bright burn or sensitization, in-
crease in emission intensity following previous irradiation)
was found to occur both in the PL and XEL emissions. Monte
Carlo simulation was employed to reveal the difference in
energy deposition capacity of the GCs for x and y rays.
The first-principles calculations were used to appreciate the
intrinsic defects responsible for the scintillation of y —Ga,Os.
The theoretical analysis of defects and their impact on the
optical properties of y —Ga, O3 provides valuable insight into
the underlying mechanisms governing its luminescence be-
havior. An x-ray imaging system was built on the studied GC
scintillators with reasonably good performance.

II. EXPERIMENTAL AND COMPUTATIONAL DETAILS
A. Preparation of y—Ga,03; NCs embedded GCs

Samples with the nominal composition of 25Si0,—
45Ge0,—20Ga,03—2.5Na,0—7.5Li,O (in mol. %) were
prepared by the melt quenching method. The raw materials
were used of high purity (4N, Aladdin Corp) SiO,, GeO,,
Ga;03, NayCO3, and Li, O compounds. The mixed raw mate-
rials were melted at 1500° C in a quartz crucible in air for 40
min. The melt was quenched onto a copper mold preheated
at 250°C and quickly transferred to a muffle furnace for
annealing at 550° C for 3 h, forming precursor glasses (PGs).
The PGs were cut into appropriate sizes, heat treated at 680° C
for 5, 8, and 10 h, respectively, obtaining GCs that are denoted
by SGLS, SGLS8, and SGL10, respectively. Finally, the GCs
were polished to the desired morphology and surface finish.

B. Characterization of microstructure, PL, transmission,
scintillation and x-ray imaging properties

The crystal phase of samples was determined using an
x-ray diffractometer (XRD) (D/MAX 2550VB/PC, Rigaku
Corporation, Japan). The microstructure of samples was stud-
ied using transmission electron microscopy (TEM) (FEI Talos
F200x, American FEI Company). Steady-state and time-
resolved PL spectra, PL excitation (PLE), and PL quantum
yield (PLQY) were measured as one can refer to in our
previous work [40]. Transmission spectra were measured
by a spectrophotometer (Perkin-Elmer Lambda-950). X-ray
excited luminescence (XEL) spectra were measured in the re-
flection mode by a Zolix Omni-A 300i spectrometer equipped
with an x-ray tube (MOXTEK Tube-MAN-1006, Cu target,
50 kV) and a homemade temperature controller. The scintilla-
tion decay time was measured using the delayed coincidence
single photon counting method, and the samples were excited
by a '¥’Cs y—ray source. The time profiles were registered
using two Hamamatsu PMTs (R1104, R928), a Canberra
TAC/SCA 2145 time-to-amplitude converter, and a Tukan-
8K-USB MCA.

The x-ray imaging system consisted of an x-ray source, a
scintillator, and a complementary metal-oxide-semiconductor
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FIG. 1. (a) Schematic of x-ray detection using the y —Ga, O3 NC embedded transparent GC. (b) Demonstration of the crystal structure of
y —Ga,05. (c) High resolution TEM images of a single y —Ga, O3 NC. (d) XRD patterns and (e) transmission spectra of the SGLO, SGLS5,
SGLS, and SGL10 samples. Inset: digital photos of the samples under the natural light. (f) TEM images of the SGLS5 sample.

camera (QHY163M). The x-ray source was a Magpro 12-W
x-ray tube with a tungsten (W) target, operating at the voltage
of 60 kV. The tube current was adjusted within the range 100—
200 uA to control the x-ray dose rate. The object (used for
imaging) and scintillator were positioned perpendicular to the
incident x rays, with the scintillator sited behind the object.

C. Monte Carlo simulation

Monte Carlo simulations using the GEANT4 (Geometry
and Tracking 4) package [41] were conducted to simulate
the energy deposition in samples with the dimension of
10 mmx 10 mmx2 mm. The y ray source was a '3’ Cs source,
positioned 2 mm away from the scintillator center and in-
cident in a cone shape with an incident angle of 160°. In
the simulations, the energy resolution was set to 5% and
the energy threshold was defined as 50 KeV for x rays and
662 KeV for y rays. The radiation-matter interactions were
treated as electromagnetism interactions, as specified in the
Physics Reference Manual of GEANT4 [34].

D. Density function theory calculation

The projector augmented wave (PAW) method [42] was
used to determine the structure of y—Ga,O3; via Vienna
Ab initio Simulation (VASP) code [43,44], which is based
on the density function theory (DFT). Energy cutoff was
set as 520 eV to truncate the plane waves basis functions.
The Perdew-Burke-Ernzerhof (PBE, for structure relaxations)
functional [45] and Heyd-Scuseria-Ernzerhof (HSE, for elec-
tron structure calculations) functional [46,47] under general-
ized gradient approximation (GGA) were used for exchange

and correlation terms [48]. Ga 3d'°4s%>4p' and O 2s%2p*
were treated as the valence state. A K-point mesh of 8x8x4
based on the Monkhorst-Pack scheme was used to sample the
Brillouin zone [49]. The structural optimization process was
considered converged when the Hellmann-Feynman forces on
all atoms were below 5x 1072 eV /A. The self-consistent field
(SCF) method was used for both structural optimization and
electronic structure calculations, with a convergence criterion
of 10™* eV. To simulate a reasonable structure, a 40-atom
supercell was created by expanding the primitive cell of the
spinel structure three times along the ¢ axis, as described in
the literature [50]. Within this supercell, two cationic sites
were chosen to be vacant, resulting in a vacancy-vacancy
distance of 8.06 A. The calculation was given of the available
equilibrium chemical potential region for y —Ga,O3 in the
two-dimensional (ug,, o) plane (see Fig. S1 of the Supple-
mental Material [51]) to verify the validity of the following
calculations of electronic structures [52,53].

III. RESULTS AND DISCUSSION
A. Microscopy analyses, transmission, and PL properties

Figure 1(c) illustrates the XRD patterns of samples. Sharp
crystal diffraction peaks are clearly observed in all the patterns
of GCs (SGL5, SGL8, and SGL10), which match well with
those of y—Ga0O3; (JCPDS No. 20-0426). The diffraction
peaks of GCs become sharper as thermal treatment time in-
creases, indicative of growing size of NCs in glass. In contrast,
the structureless XRD pattern of PGs (SGLO) is characteristic
of amorphous glass. A close examination of its XRD pattern
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FIG. 2. (a) PL emission spectra of the samples excited by a 264-nm xenon lamp and the corresponding excitation spectra monitored at
the 470-nm emission. (b) Normalized PL decay curves of the samples by monitoring the 470-nm emission. (c) Variations of integrated PL
intensity of SGL5 under repeated UV excitations, before and after an UV preirradiation (at 264 nm for 60 min), and after a further thermal
reannealing (at 300 °C for 60 min). (d) Normalized PL decay curves of SGLS5 before and after the UV preirradiation, and after the further

thermal treatment.

also shows a weak shoulder band at around 20 = 36°, which is
coincident with the diffraction peak of y —Ga,; O3 and suggests
the occurrence of submicrometer amorphous phase separation
[32]. Figure 1(f) shows the microscopic morphology of SGLS5,
where NCs with an average size of 5 nm are uniformly dis-
persed in the glass matrix. It is necessary to keep the particle
size of NCs as small as possible, because the large refractive
indices difference between Ga, O3 (>1.9) and the glass ma-
trix (~ 1.6) tends to induce significant scattering losses. The
transmission of the GCs decreases with increase in thermal
treatment time especially around the cutoff wavelength as
shown in Fig. 1(e). This can be accounted for by the increase
in the particle size of y —Ga;O3 NCs as confirmed by the
XRD data.

Both the PG and GC samples exhibit a broad PL emis-
sion band ranging from the UV to visible blue-green region
and peaking around 470 nm, when excited by a xenon lamp
emitting at 264 nm, as depicted in Fig. 2(a). The PL emission
and excitation spectra (when examined at the peak 470-nm
emission) of the samples show minimal overlap, indicating a
large Stokes shift and a negligible self-absorption. It is inter-
esting to note that the PLE spectra are limited to the whole
UV-C region (200-280 nm), pointing to the potential of uses
in solar-blind detection [29]. The PLQYs of the samples were
determined to be 4.48%, 7.69%, 8.21%, and 7.56%, for SGLO,
SGLS5, SGLS, and SGL10, respectively. The PLQYSs are less

than in the case of chemically synthesized colloidal y —Ga; 03
NCs (30%) [54], possibly due to resulting quenching from
interfaces between y —Ga,O3; NCs and the glass matrix. With
the increase in heat treatment time, the PL emission intensity
and quantum efficiency are improved. The normalized PL
decay curves are depicted in Fig. 2(b), which can be fitted by
a third-order exponential function [55,56]. The fitting formula
is as follows:

y=Y A4y (i=1.23...),

i=1

i At?
Taverage — — s
2 AT

where yy is the baseline position, A; represents the amplitude
of the pulse, #; is the decay time, and Tuyerage 1S the average de-
cay time. The fluorescence attenuation life of glass-ceramics
is shown in Table I. The calculated average lifetimes are 431,
779, 843, and 745 ns, respectively, for SGLO, SGLS5, SGLS,
and SGL10. The decay time appears to increase with thermal
treatment time.

The blue-green emissions have been proposed to originate
from the tunnel recombination of an electron on a donor
(composed of an oxygen vacancy [Vo]¥) with a hole on an ac-
ceptor (which could be either a triply charged gallium vacancy
[VGa]” or a pair of singly charged divacancies [Vo, Vgal”),
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TABLE I. The fluorescence attenuation lifetime values of dif-
ferent glass samples were fitted with third-order exponents, and the
average lifetime was calculated.

Name A, 7u@ms) A n@ms) Ay 3(0S)  Taerge
SGLO 0.61 10.23 0.28 80.24 0.11 582.70 430.85
SGL5 050 1146 038 8075 0.12 100531 779.11
SGL8 0.57 16.10 0.33 9391 0.10 1113.65 842.87
SGL10 0.55 10.83 035 7944 0.10 99241 748.84

viz., through the so-called donor-acceptor pair recombination
[57]. That the emissions are broad and exhibit large Stokes
shifts is indicative of a strong electron-phonon coupling, and
suggests the localized nature of the recombining electrons
and holes. As will be discussed later by the first principles
calculation, both kinds of acceptors may contribute to the
observed emissions, albeit Binet et al. suggested that the
presence of the singly charged divacancy is more likely than
the heavily charged gallium vacancy [58]. A previous study
of size-dependent PL decay dynamics has indicated that the
recombination rate is inversely proportional to the size of
y—Ga;03 NCs (reflecting the separation distance between
donor and acceptor sites) [39]. Following this line, the length-
ening of decay time with thermal treatment time is correlated
with the growth of the NCs (cf. XRD data).

Positive hysteresis was observed in the y—Ga,O3 em-
bedded GCs. Specifically, the integral PL intensity gradually
increases with accumulated 264-nm UV excitations until a
saturation (130% of the original value) is reached as shown in
Fig. 2(c). However, the presence of y —Ga, O3 crystals was not
detected in the samples without superheat treatment, for ex-
ample, there was no corresponding diffraction peak in XRD,
so no obvious positive luminescence hysteresis was observed
in SGLO sample (see Fig. S2 of the Supplemental Mate-
rial [51]). During the irradiation, excited free electrons may
progressively fill in shallow defect-related levels. As those de-
fects working as traps compete with radiative recombination
centers in capturing the free electrons, the population of the
defects tend to increase the probability for free carriers to end
up on the recombination centers [4]. Similar effects were also
observed in Tb** or Yb** doped glasses, and accounted for by
filling defect-related traps [59,60]. It is interesting to note that
the hysteresis effect greatly attenuates after a prolonged UV
preirradiation (at 264 nm for 60 min). That is, the PL intensity
barely changes during the second round of PL. measurements
under repeated UV excitations. Our results well demonstrate
the important role that sufficient filling of all stable competing
traps plays in reducing the hysteresis effect, which is desirable
for reliable UV-to-visible conversion and dosimetry applica-
tions (e.g., solar-blind detection, etc.).

We also verified that the hysteresis recovers following
a further thermal annealing at 300 °C for 60 min, because
heating facilitates the release of trapped electrons (via a tem-
perature dependent detrapping process) [60]. To gain more
insight on the defect-driven emissions, the PL decay dynamics
was compared before and after the UV preirradiation, and
after the further thermal treatment, as shown in Fig. 2(d).
The PL decay curves largely overlap in the fast decay portion

(<100 ns) in all cases. However, the higher background of
the decay curve in the slow decay portion (>100 ns) after
the preirradiation indicates a stronger degree of afterglow,
possibly due to the “energy storage or memory effect” via the
intrinsic defects. Similar results were also found in the case of
x-ray preirradiation (results are not shown here).

B. Experimental and theoretical study of scintillation properties

Upon x-ray excitation, the PG sample SGLO is only weakly
emitting, whereas the y—Ga,O3; embedded GC samples
SGLS, SGLS, and SGL10 display strong XEL emissions in the
visible-blue-green region similar to PL emissions [Fig. 3(a)].
The XEL intensity increases with longer duration of heat
treatment. The XEL emissions also originate from the defect-
driven donor-acceptor pair recombination as discussed above.
The greatest integral XEL intensity of the GCs is approxi-
mately 50% of BGO under the same experimental condition.
Figure 3(b) illustrates the integral XEL intensity of the SGL5
as a function of radiation dose rate. A good linear relationship
is achieved with the goodness of fitting 99.9%. The results
suggest the potential application of y —Ga,; 03 embedded GCs
for x-ray detection.

Positive luminescence hysteresis was also observed in XEL
[Fig. 3(c)]. Such effect is not a common phenomenon and
is reported in a few crystals, including CsI:Tl, BisGes;O;
(BGO), Lu,Si,07:Pr (LPS:Pr), Lu3Als0;,:Ce (LuAG:Ge),
and Lugp3Yo7AlO;3:Ce (LuYAP:Ce) [4,61]. The highest in-
tegral XEL intensity is 1.15 times the initial value because
of the hysteresis effect. However, starting from the fifth time
of repeated excitations, the XEL intensity begin to fall with
accumulated x-ray dosage until saturation is approached. This
contrasts with the results shown in Fig. 2(c) where a plateau
was achieved in PL emissions during repeated UV excitations.
The discrepancy likely owns its origin to newly created de-
fects by high energy x rays that compete with luminescence
centers in trapping free carriers. The formation of defects is
indirectly reflected by the appearance of dark spots on samples
(viz., photodarkening vivid to the eyes) after repeated x-ray
irradiations. The hysteresis effect was retested after subjecting
the sample to the UV preirradiation. In Fig. 2(c), we have just
proved that the UV preirradiation works efficiently to fill in
the intrinsic defects of GCs, and thus suppresses the hysteresis
effect. Here, it is noted that the XEL intensity monotonically
decreases after the UV preirradiation [Fig. 3(c)], resulting
from the dominating role of x rays in creating lumines-
cence quenching centers (defects). Thermal annealing almost
completely restores the exposed samples to their original
configuration, viz., the same hysteresis reappears with slight
difference possibly arising from inefficiency in emptying deep
traps at the set temperature. The existence of hysteresis may
cause ghosting in imaging, which is one of the problems to be
solved in scintillation. If this effect can be controlled reason-
ably, it may be able to control the enhancement of scintillation
LYs. Since such effect closely relates to defects present in the
GCs, our future work will explore the strategy of codoping
with suitable ions that intentionally create deep traps with the
right concentration for quality improvement [61].

The thermal stability of GCs was examined during a
heating-cooling cycle from RT to 300°C and back to RT
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FIG. 3. (a) X-ray excited luminescence (XEL) spectra of the samples and the BGO crystal measured under the same experimental
conditions. Inset: digital photos of the samples under x-ray irradiation. (b) Variation of the integral XEL intensity of the samples as a function
of irradiation dose rate. The data are well fitted linearly (solid line). (c) Variation of the integral XEL intensity under repeated measurements.
Each test comprises an irradiation dose rate of 202.8 mGy,, , for 5 min. The lines are drawn to guide the eyes. (d) Variations of the XEL
intensity during a heating-cooling cycle. Inset: Scintillating decay curve of SGL5 under the '¥’Cs y —ray excitation. The curve is fitted by a

double-exponential function (dotted line).

as shown in Fig. 3(d). As temperature increases, the XEL
intensity gradually decreases, and nearly vanishes at 300° C.
During the cooling, the XEL intensity returns to its initial
values. The slight difference in the XEL intensities at RT is
caused by the presence of the positive hysteresis. The scin-
tillation decay lifetime of the GC sample SGLS5 under the
137Cs y—ray excitation was evaluated [inset in Fig. 3(d)],
which consists of a fast decay (127.46 ns, 74%) and slow
(1093.53 ns, 26%) components. As the scintillation process
involves energy conversion, transfer, and radiative recom-
bination [Fig. 6(d), see below], the scintillation decay is
characterized by a slow decay component. The fact that we
failed to record the 632-keV y -ray photoabsorption peak from
the pulsed height spectrum measurement prohibits the evalu-
ation of the LY's of the studied samples.

To understand the difference between x- and y-ray pho-
toresponse, energy deposition simulation was performed for
the GC sample SGL5 and compared with that of the BGO
crystal (Fig. 4). In the case of y rays, a lower energy limit
was set for registered events. Due to the smaller density of
y—Ga,03 NC embedded GCs (3.7 g/cm?) than that of BGO
(7.12 g/cm?), they exhibit a weaker energy deposition capa-
bility. They need a longer penetration depth to fully absorb
the incident energy of x rays [cf. Figs. 4(a) and 4(c)], which is

also corroborated by the theoretical calculation of x-ray atten-
uation efficiencies of the samples (Fig. S3 of the Supplemental
Material). As shown in Fig. 4(b), the full energy of y rays can
be efficiently absorbed by BGO, whereas only the restricted
center part (directly under y-ray irradiation) of y —Ga, 03 NC
embedded GCs present a certain degree of energy deposition.
Owing to the very close densities between PG and GC sam-
ples, there is no significant difference in the energy deposition
capacity. This indicates that the enhanced XEL of the GCs is
indeed caused by the embedded y —Ga, O3 NCs. However, the
weaker scintillation efficiency of the GCs (especially under
y-ray excitation) compared to BGO can be attributed to the
less efficient energy absorption and conversion process. Cor-
respondingly, in the y light excitation light yield test, SGLS5
light yield is only about 200 ph/MeV, while BGO is about
8000 ph/MeV (Fig. S4 of the Supplemental Material). The low
volume fraction (crystallinity) of ¥ —Ga,; O3 NCs in the GCs
may also contribute to the less-than-expected scintillation.
The configuration of a homemade x-ray imaging system
is illustrated in Fig. 5(a). An x-ray image of a microchip
was obtained using SGL10 as the scintillation material. Chip
details can be clearly distinguished in the image. The mod-
ulation transfer function (MTF) of the image was determined
using the slanted-edge method [40]. The spatial resolution was
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FIG. 4. Monte Carlo simulations of energy deposition in BGO and y —Ga,0; NC embedded GCs under x- and y-ray irradiations.

defined as the spatial frequency at which MTF reaches 0.2
Ip/mm, and for SGL10, the image resolution was measured to
be 5.1 Ip/mm. It is superior to that of the CsPbBr; perovskite
NC embedded GCs (4.1 Ip/mm) [62]. To further validate these
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FIG. 5. (a) Schematic of the x-ray imaging system using SGL10
as the scintillator. (b) X-ray image of a microchip. (¢) MTF plotted
for the x-ray image. The spatial resolution defined when the MTF
value reaches 0.2 was determined to be 5.1 lpmm~". (d) X-ray image
of a standard x-ray resolution test pattern plate.

values, an image was taken of the standard x-ray resolution
test mode board [Fig. 7(d)], showing an observation limit
ranging 5-6 lp/mm, which is consistent with the calculated
MTF value.
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1 L] [
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FIG. 6. (a) The unit cell structure of y —Ga,0;3. (b) Band struc-
ture of y—Ga,0; via the HSE method. (c) The dependence of the
DEFE values over the corresponding Fermi level via the HSE method.
(d) The defect electronic levels equivalent to the filled circles in (c),
alongside their relevant charge states. The arrows indicate possible
electronic transitions responsible for the observed blue emission.
Also shown is the schematic of the scintillation process in y —Ga,0s.
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C. Theoretical calculation of defect-driven luminescence

The defect levels of the y—Ga;0O3 crystal were calcu-
lated using the first-principles method. As shown in Fig. 6(a),
y —Ga, 03 demonstrates a cation-deficient cubic spinel struc-
ture with the space group Fd3m, which is analogous to that of
y —Al,03 [22]. It has been validated that y —Ga, O3 exhibits
a direct band-gap semiconductor structure with a band gap of
4.93 eV. This is in agreement with previous literature [28],
as depicted in Fig. 6(b). It is believed that the luminescence of
y —Ga, 03 is primarily driven by the intrinsic defects, and thus
understanding the formation and thermodynamic properties of
those defects is crucial for elucidating the optical behavior of
the material. Figures 6(c) and 6(d) illustrate, respectively, the
calculated formation energies and thermodynamic transition
levels of various defects. The formation energy of oxygen
vacancies (Vo) was found to be negative up to a Fermi energy
of 1.92 eV, indicating that V5 spontaneously form below this
energy level. The thermodynamic transition level of Vg was
determined to be at 4.59 eV, corresponding to a valence shift
of 4+2/0. This suggests that oxygen vacancies act as a donor in
the defect-related luminescence of y —Ga,03. On the other
hand, both gallium vacancies (Vg,) and Vg exhibit positive
formation energies within the forbidden band, implying that
their generation requires a small amount of external energy.
This suggests that the presence of the above two defects can be
influenced and controlled by external factors, such as doping
or processing conditions [13].

Previously, the blue-green emissions of y —Ga,O3; have
been assumed to arise from the tunnel recombination of an
electron from an oxygen vacancy donor with a hole on an
acceptor, which can be either a gallium ion vacancy or a pair
of charged vacancies. The presence of acceptor sites on the
surface of y —Ga; 03 NCs suggests a role of the oxide matrix

in stabilizing these sites during crystallization, which is facil-
itated by the structural mismatch and the presence of gallium
vacancies. Here, the defect formation energies of gallium va-
cancies (Vg,) and gallium-oxygen divacancies (V(ga, 0)) were
calculated, revealing multiple valence states: 0, +1, +2, and
+3 for Vi,, with transition energy level positions at 1.17 eV
(0/4-1, denoted by Via1), 1.94 eV (+1/42, Vig,2), and 3.43
eV (+2/+3, Via3), respectively. Additionally, the transition
energy levels for the defect pairs V(Ga,0) were determined to
be —1/0 at 1.14 eV (V(Ga, 0y1) and 0/4-1 at 2.13 eV (V(Ga, 0)2),
respectively. Notably, the calculated transitions from Vg to
VGa1 and V(Ga, 0y2 at around 2.6 eV precisely align with the ex-
perimentally observed emissions at a wavelength of 465 nm.
This further reinforces the significance of Vg, or V(Ga, 0y in
the optical properties of y —Ga;0O3. The high-energy level
traps associated with Vo and Vg, or V(g,, oy correlate well
with the observed blue-green emissions. However, V(Ga, 0) €x-
hibits a lower defect formation energy, indicating a potentially
higher defect concentration and greater thermodynamic sta-
bility. Consequently, in the low Fermi level region, V(ga, o) is
more likely to contribute to luminescence. It is also important
to acknowledge that the complex chemical environment of
oxygen in y —Ga, 03 poses challenges in fully describing the
properties solely based on V defects. This complexity sug-
gests the presence of additional defect types or oxygen-related
interactions that contribute to the overall optical behavior of
the material.

Incorporating the density of states (DOS) analysis is in-
strumental in providing a more profound comprehension of
the electron transition dynamics associated with DAP-related
defects. In Fig. 7, the valence band maximum (VBM) is pri-
marily attributed to the contributions of 2p orbitals from O
and 3d and 4p orbitals from Ga. The conduction band mini-
mum (CBM) is predominantly shaped by the 2s orbitals of O
and 4s orbitals of Ga. To provide a more comprehensive un-
derstanding of these electronic characteristics, we conducted
an in-depth study on the DOS of defects with lower defect
formation energy in Ga,Oj5 in Figs. 7(b)-7(f).

As depicted in Fig. 7(b), the introduction of a Ga vacancy
with —2 charged state, denoted as Vaz,d’ , disrupts the structural
symmetry and introduces two unpaired electrons, resulting in
a substantial number of defect levels within the band gap. The
defect level arising from the hybridization of 2p orbitals of
O and 3d and 4p orbitals of Ga resides between 0 and 0.39
eV above the Fermi level. In contrast, the hybridization of 2s
orbitals of O and 4s orbitals of Ga occurs between 3.58 and
3.80 eV, near the bottom of the conduction band. However, no
defect states resembling those in the DOS of VG2; are observed
at the top of the valence band in Véa_ [in Fig. 7(c)]. Due to
the increased number of unpaired electrons in the structure,
hybridization between the 2s orbitals of O and the 4s orbitals
of Ga leads to the formation of a more diverse array of defect
states, consequently reducing the band gap.

The presence of the vacancy pair V4 leads to further
reduction in structural symmetry, resulting in a significant
decrease in the band gap value in Fig. 7(e). Notably, the
influence of a Vj, , on the band gap is significantly greater
than that of a reduced number of unpaired electrons in the
negatively valent y —Ga, 03 defect (V,) structure. However,
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turning to the vacancy pair with positive valence in y —Ga, O3,
Fig. 7(f) showcases the electronic structure exhibiting similar-
ities to that of Vé:: , with 2p orbitals of O and the hybridization
of 3d and 4p orbitals of Ga appearing at the Fermi level.
Additionally, the band-gap value of the defect VO2+ is signifi-
cantly lower than that of the Vé;»o. In summary, the calculated
formation energies and thermodynamic transition levels of
various defects shed light on the role of Vo, Via, and V(ga, o)
pairs in the optical processes of the material. Besides, these
diverse defect structures give rise to new trap levels near
the VBM or CBM and shallow defects that influence energy
transfer processes and excitation transitions. As a result, they
significantly impact the occurrence of specific luminescence
wavelengths within the sample.

IV. CONCLUSION

The y—Ga;O3; NCs are grown in the glass matrix
by subjecting the precursor glass with the composi-
tion of 25510,—45Ge0,—20Ga,03 — 2.5Na,0—7.5Li,0 (in
mol %) to controlled thermal treatment. Due to the small par-
ticle size and being free of aggregation of the NCs in the glass
matrix, the optical transparency of the GCs is maintained,
which is important for various optical applications. Bright
XEL emissions in the visible blue-green region are observed
from the y —Ga, O3 NC embedded GCs. The greatest integral
XEL intensity of the GCs reaches 50% of that of BGO. A good
linear relationship is found between the XEL intensity and
the irradiation dose rate, pointing to the potential of the GCs
for use in dosimetry. The positive luminescence hysteresis,
present in both PL and XEL, can be effectively eliminated

by the prolonged UV preirradiation by filling the nonlumi-
nous defects. The Monte Carlo simulations ascertain that the
large discrepancies in the photoresponse of x and y rays are
related to the energy deposition capability of the GCs. The
first-principles calculations provide a comprehensive under-
standing of the defect-driven luminescence, and attest to the
fact that both gallium vacancies and Ga-O divacancies may
be involved in the observed DAP recombination. Owing to
the lower defect formation energy and greater thermodynamic
stability, the Ga-O divacancies are more likely to contribute
to the emissions. Using the studied GCs as the scintillation
material, an x-ray imaging system is constructed which, in
terms of spatial resolution, exhibits performance superior to
that of the CsPbBr3; perovskite NC embedded GCs.
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