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ABSTRACT: The red afterglow of current rare-earth-activated
long persistent luminescence (LPL) phosphors is largely still less
than 6 h, in contrast to the 20 or 30 h long blue- or green-emitting
ones, becoming the main obstacle to realize their multiscenario
applications in practice. Herein, we report a rare-earth-free red-
emitting LPL phosphor SrGa,0,:Cu*" that can exhibit an afterglow
at about 622 nm lasting over 30 h, which can largely match with the
luminance of current blue- or green-emitting LPL phosphors. We
find that the Cu*" ion could be charged by ultraviolet light from
280 to 420 nm, and the emission has a very broad band with a full
width at half-maximum of about 150 nm. Combining the
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thermoluminescence measurement and the first-principles calculation, we find that the O vacancies and the —1 charged Ga
vacancies could store the holes and contribute to the LPL of SrGa,0,:Cu**. Our results may dramatically promote and expand its
potential applications and stimulate the research of the multicolor LPL phosphors in future.

1. INTRODUCTION

The long persistent luminescent (LPL) materials, with
outstanding potential applications in optical information
storage,l_3 night vision materials,” in vivo bioimaging,é_8
and so forth, have attracted numerous attention because of
their unique property of long-lasting emission after the removal
of the excitation source. For example, CaAl,O,:Eu*, Nd**’
exhibits a blue afterglow for more than 19 h, and SrAL,O,:Eu*",
Dy**'? can emit green light, with the afterglow lasting longer
than 30 h. However, as one of the RGB color-components, a
red emission LPL material is still scarce with a matching
afterglow to green and blue in the past 20 years. For example,
the present widely used red-emitting LPL materials, such as
Y,0,S:Eu**, Mg**, Ti*,'' and (Ca,_, Sr)S:Eu**,"” last
typically less than 6 h, which is much shorter than the blue
or green LPL materials. Therefore, for a multicolor LPL
phosphor design, it is very crucial to explore a new efficient
eye-sensitive red-emitting LPL material with a longer decay
time to realize promising multiscenario applications in future.

Generally, lanthanide ions are commonly regarded as pivot
activators to engineer the luminescence properties of the
commercial LPL materials mentioned above. On the contrary,
effective 3d transition-metal ion-doped LPL materials,
especially with a red emission and a decay time matchable
with commercial phosphors, have not been reported so far.
Furthermore, the sensitivity of the rare earth price to the global
consumption amount greatly limits their applications. There-
fore, finding an efficient and lanthanide-ion-free new red-
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emitting LPL phosphor has been an important and long-
standing issue.

As a typical 3d transition-metal ion, Cu** could show
infrared emission in YGaO3‘,13 CaSi4010,14 BaSi4Ow,15
Ca,o(PO,)s(OH),,' and KZnFs;'” orange (599 nm) emission
in SrZrO3;18 and green emission in CaFZ.19 Hence, it is
possible to engineer the luminescent transition of Cu®" by
adjusting the type of hosts to achieve its multicolor emissions.

Among the prototypes of AB,O, material, SrGa,0, attracts
us as it is one of the compounds with a compact structure and
wide band gap, for example, which has played essential roles in
photoluminescent materials, as it is doped with luminescent
centers, such as Eu®*, Ce®*, Tb**, Cr**, or Bi**.*"*° Specially,
the undoped SrGa,O, itself is an LPL material, with the
afterglow duration time of about 3 min, implying that some
trap levels already existing in the host have the capability to
delay the emission. Thus, it is feasible to achieve the LPL
phenomenon in SrGa,0, doped by Cu**, which is not verified,
and the relevant luminescence properties have not been
reported before.
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Figure 1. (a) Cu 2p XPS spectrum for the SrGa,0,:0.03Cu** sample. (b) XRD patterns of Sr;_,Ga,0,:xCu** (x = 0, 0.01, 0.02, 0.03, and 0.04)
samples sintered at 1200 °C, SrGa,0,:0.01Cu* samples sintered at 1500 °C, and the ICSD no. 72-0222 of SrGa,O,. The enlarged XRD peak
within the range of 29—29.5° is shown on the right-hand side. (c) Schematic crystal structure of SrGa,0,. (d) Refined XRD pattern of
SrGa,0,4:0.02Cu? sintered at 1200 °C. (e) DRS spectra of SrGa,0,:xCu** as a function of Cu concentration x. The inset shows the relationship of
[F(R,)hv]® vs hv of SrGa,O,, and here, a = 2 as SrGa,0, is a direct gap insulator, as predicted by the first-principles calculation (Figure 2b).

In this work, a series of Sr;_,Ga,0,:xCu®* (x = 0.01, 0.015,
0.02, 0.025, 0.03, 0.035, and 0.04) phosphors were prepared by
the high-temperature solid-state reaction. We found that
phosphor could give a red emission, with the maximum at
about 622 nm, and the afterglow could last 30 h, compatible to
those commercial blue and green LPL materials reported in the
literature. The LPL mechanism was studied by the
thermoluminescence (TL) spectra and the first-principles
calculation, from which we found that the O vacancies and
the —1 charged Ga vacancies in the host could play a key role
in delaying the emission of Cu**. As Cu**-doped LPL materials
are relatively scarce, our findings here could inspire more
research works on the development of new Cu’** ion-doped
phosphors.

2. EXPERIMENTAL METHODS

2.1. Sample Preparation. In this work, Sr,_,Ga,0,:xCu** (x = 0,
0.01, 0.01S, 0.02, 0.025, 0.03, 0.035, and 0.04) were synthesized by
the high-temperature solid-state reaction method. The starting
materials SrCO; (99.95%), Ga,O; (99.99%), and CuO (99.99%)
were weighed according to the stoichiometric amounts and ground
thoroughly with anhydrous ethanol for 30 min in an agate mortar.
The mixed powders were put into corundum crucibles and sintered
for 6 h in a high-temperature furnace at 1200, 1350, and 1500 °C,
respectively, in air. After cooling to ambient temperature, the as-
obtained samples were ground into powder for subsequent analysis
and characterization. All the experimental results are collected from
the powder samples sintered at 1200 °C except where otherwise
denoted.
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Part of the as-obtained powder samples was pressed into pellet-like
shapes with diameters of 28 mm using a hydraulic press. The pellet-
like samples were then sintered for another 6 h at 1200, 1350, and
1500 °C, respectively, in air.

2.2. Characterization. X-ray diffraction (XRD) analysis was
characterized by a D/Max 2500V type powder X-ray diffractometer at
a scanning step size of 0.02° in the 26 region from 10 to 90° with a
counting time of 0.15 s per step. The Rietveld crystal structure
refinement was performed using General Structure Analysis System
(GSAS) software. Diffuse reflectance spectroscopy (DRS) spectra
were collected in the range of 200—800 nm by a UV/visible
spectrometer (Agilent Cary-5000). X-ray photoelectron spectroscopy
(XPS) measurements were performed on an ESCALAB 250Xi
Thermo Scientific system. The peak shift of binding energy was
corrected by using the C 1s (284.8 eV) peak as a reference. The
excitation, emission, and afterglow spectra were recorded with a
Hitachi F-4600 fluorescence spectrophotometer (scanning speed of
240 nm/min; operating voltage of 400 V). Luminescence decay
curves were measured with a Horiba JY Fluorolog-3-tau steady-state/
lifetime spectrofluorometer. The TL curves were collected on a FJ-
427A1 TL equipment (Beijing Nuclear Instrument Factory). The
weight of the measured phosphors was taken constant (0.0020 g).
Prior to the TL measurement, the samples were initially exposed to a
365 nm lamp with the power of 8 watts for 30 min and then heated
from ambient temperature to 600 K with different rates from 1 to §
K/s. The LPL lifetime curves were measured with a PR30S long
afterglow instrument (Zheda Sensing Company) after the samples
were exposed to the same lamp for about 30 min. All the LPL
photographs were taken by a digital camera made by Nikon D7500.

2.3. Calculation Method. Both the structure optimization and
the calculations of the electronic structures were performed by using
the VASP code.”*”” The projector augmented-wave pseudopotentials

https://doi.org/10.1021/acs.chemmater.2c02748
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Figure 2. Excitation and emission spectra of (a) SrGa,0, and (c) SrGa,0,:xCu** (x = 0.01, 0.015, 0.02, 0.025, 0.03, 0.035, and 0.04). The inset in
(c) shows the dependence of the integral emission intensity on the concentration of Cu ions (x). (b) Electronic structure of SrGa,0, without Cu**
dopant or intrinsic defects. The inset is the enlarged density of states for the bottom of the host conduction band. (d) Temperature dependence of
excitation spectra for the SrGa,0,:0.02Cu** phosphor. (e) Luminescence decay curves of SrGa,0,:xCu** (x = 0.01 and 0.03) sintered at 1200 °C
and SrGa,0,:0.01Cu*" sintered at 1500 °C. (f) Chromaticity coordinate diagrams (CIE) of luminescent SrGa,O, and SrGa,0,:0.02Cu*" and their

photographs.

and the generalized gradient approximation (GGA) within the
Perdew—Burke—Ernzerhof (PBE) exchange—correlation functional
was adopted.”® The energy cutoff of the plane-wave basis set was 400
eV. The structural model of the undoped SrGa,0O, was constructed by
a primitive unit cell, and the optimized lattice constant parameters g,
b, ¢, and f were 8.30, 8.97, 10.70 nm, and 93.89°, respectively. The
defective structures were modeled by substituting one of the Sr atoms
by a Cu atom or by removing one of the Sr, Ga, or O atoms (Sr
vacancy, Vg; Ga vacancy, Vg,; or O vacancy, V) from SrGa,O,. The
Brillouin-zone integrations were performed on a 4 X 4 X 4 I'-centered
k-point mesh.

3. RESULTS AND DISCUSSION

XPS was used to characterize the valence state of copper in
phosphors. As shown in Figure 1la, the peaks located at 932.9
and 953.3 eV can be assigned to the 2p;,, and 2p, /, core levels
of Cu®, respectively, with the spin orbit splitting of 20.4
eV.>*" Moreover, the two strong satellite peaks around 942.6
and 960.0 eV clearly prove that the valence state of copper in
SrGa,0, is divalent.’

The XRD patterns of undoped SrGa,O, and Cu**-doped
samples Sr;_,Ga,0,:xCu** (x = 0.01, 0.02, 0.03, and 0.04) are
shown in Figure 1b. In this compound, GaO, tetrahedra
connect with each other through the vertex-sharing O*~. The
Sr** ions locate in the interstitials of GaO, tetrahedra with two
different sites, namely eightfold- and sevenfold-coordinated Sr1
and Sr2 sites, as denoted by green and yellow balls,
respectively, in Figure lc. The Rietveld crystal structure
refinements were carried out on the XRD data of
SrGa,0,:0.02Cu*" by taking the crystallographic data of
ICSD no 72-0222 as the standard, and no impurities were
found in SrGa,0,:Cu** phosphor, as shown in Figure 1d. In
order to identify the possible incorporation position of Cu*”,

we examined the XRD patterns of samples with a variety of
Cu®* concentrations. With the rising Cu®* concentration, we
found the XRD peaks slightly shifted toward larger 26 angles
with respect to the pure SrGa,O, lattice, as shown in Figure
1b, indicating the shrinkage of the host lattice. As the ionic
radius of Cu?* (#(Cu**) = 0.73 A) is much smaller than that of
St** (r(Sr**) = 1.13 A) and larger than that of Ga** (r(Ga™) =
0.47 A) ions,” the contraction of the unit cell possibly
indicates the Cu®* ions that tend to occupy the Sr** sites. The
formation energies of Cu ions of 2+ and 1+ states are
calculated, and the results show that Cu®* is more stable than
Cu’ in SrGa,0,. The detailed results together with the local
environments of Cu®" are described in the Supporting
Information.

The DRS spectra of SrGa,0, along with the different Cu
concentrations of SrGa,0,:xCu’" are exhibited in Figure le.
The host absorption edge starts from 280 nm, implying that
the relevant band gap is about .15 eV, estimated with the well-
known Kubelka—Munk formula® and Tauc relationship,****
which is consistent with the value of 5.25 eV reported in ref 21.
When Cu ions are doped in the host lattice, the absorption
profile is well retained with Cu concentration, and three bands
could be observed. The band around 340 nm might originate
from the charge-transfer transition from O to Cu®,
analogous to the charge-transfer absorption in the range of
300—400 nm for Na,ZnP,0,.>° The band at 740 nm can be
attributed to the d—d transition of Cu?*, similar to Cu?" in
compounds with weak crystal fields.">”"” Further analysis
about the charge-transfer band is discussed below. Besides, the
absorption band at 510 nm may be caused by the unknown
species of defect introduced by the doped Cu®" ions.

https://doi.org/10.1021/acs.chemmater.2c02748
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Figure 3. LPL decay curves of SrGa,0,:xCu*" (x = 0, 0.01, 0.015, 0.02, 0.025, 0.03, 0.035, and 0.04) powder samples sintered at (a) 1200 and (b)
1500 °C after excitation for 30 min by 254 nm light for x = 0 and 365 nm light for others. The inset shows the exponentially fitting decay curves,
with the Cu®* concentration of 1%. (c) LPL decay curves of the pellet-like sample with sintered temperature from 1200 to 1500 °C after 365 nm
excitation for 30 min. (d) LPL emission spectra of undoped SrGa,0, (powder sample) and Srg9Ga,0,:0.01Cu?* (pellet-like sample sintered at
1500 °C) recorded at different times after 365 nm excitation for 30 min. (e) LPL photographs of SrGa,0,:0.01Cu* (pellet-like sample sintered at

1500 °C) taken at different times after removing the excitation source.

The excitation and emission spectra of undoped SrGa,0O,
are shown in Figure 2a. Monitored at 406 nm, the excitation
spectrum exhibits two adjacent narrow bands peaking at 238
and 253 nm, which are consistent with the DRS spectra in
Figure le and virtually ascribed to the host excitation. Under
the excitation of 238 or 253 nm, a broad emission band
peaking at 406 nm can be observed. To further understand this
excitation—emission process, we calculated the electronic
structure of undoped SrGa,O, by using the first-principles
calculation, and the result is shown in Figure 2b. Both the
valence band maximum (VBM) and the conduction band
minimum (CBM) locate at the I" point of the Brillouin zone,
and the band gap predicted at the GGA-PBE level for SrGa,O,
is about 3.22 eV, which is about 1.93 eV lower than the
experimental one as the GGA—PBE calculation usually
underestimates the band gap. From the total and partial
density of states (TDOS and PDOS), as shown in Figure 2b, it
is observed that the valence band near the band gap is mostly
from the O 2p states, while the lower conduction band comes
from the hybridization between O 2p states, Ga 3s states, and
Sr 4d states. Therefore, the emission of undoped SrGa,0, is
largely attributed to the self-excitation of GaO, tetrahedron.

When Cu?* ions are introduced into SrGa,Q,, they are
excited by UV light from 280 to 420 nm, with the maximum at
347 nm and a shoulder at about 280 nm, as shown in Figure
2c. From the comparison with undoped SrGa,0,, the shoulder
can be assigned to the excitation of the host. We associate the
peak at 347 nm with the electronic transition from O*~ ion to
Cu’" ion, that is, the charge transfer band of O*"—Cu*". When
increasing the temperature, this excitation peak shifts to a
longer wavelength, as shown in Figure 2d, which is the primary
feature of the charge-transfer band. By the way, the excitation
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peaks of the Cu** d—d transitions are always located in the
range from red to near infrared light."*~"”

The emission spectra of SrGa,0,:Cu’** are also shown in
Figure 2c, where a red broad emission band with the maximum
at about 622 nm can be observed. The full width at half-
maximum of this emission peak is about 150 nm. Generally,
the d—d transition of Cu®* in almost all the phosphors
reported produces an infrared emission, as the crystal field felt
by Cu®" ion is usually weak.”>™"7 Cu®" ions with 3d°
configuration could accommodate only one additional electron
in order to fill up the 3d orbitals. Hence, the electron
transferring from the O* ion can fully occupy the 3d levels of
Cu®" for the charge-transfer process. In this situation, the
excited Cu ion releases its excited energy through electron
transition from d levels to O ion, which we can name as the
charge-transfer emission. Considering the distribution of Cu*,
as mentioned in the Supporting Information, the broad
emission peak may be due to the overlap of Cu®* in both Sr
sites. The integral emission intensity curve versus the content
of Cu®* is shown in the inset of Figure 2c, which implies that
the optimal content of Cu®" ions is about 2 mol % of Sr ions.

Figure 2e presents the luminescence decay curves of
SrGa,0,:xCu®* (x = 0.01 and 0.03) (1., = 347 nm and A,
= 622 nm) samples sintered at 1200 °C, which can be fitted
well by a double exponential formula®”

t t
I=A,+ A expl—— |+ A, exp| ——
o )
where I represents the luminescence intensity, and A, A;, and
A, are constants. 7; and 7, are the luminescence lifetimes, from
which the average decay time can be calculated by using the
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Figure 4. TL curves of SrGa,0, (a) and SrGa,0,:0.01Cu** (b) recorded immediately after an irradiation of 365 nm for 30 min. The insets show
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of SrGa,0,:0.01Cu** measured at different decay times after the removal of the UV lamp.

= (A7) + Ayt))/ (A7 + Ayr,). Tt can be
observed that the average decay time of SrGa,0,:0.03Cu*" is
41.3 ps, which is shorter than that of SrGa,0,:0.01Cu>" of 43.2
ps. This may be due to the concentration quenching from
energy transfer. Figure 2e also shows the decay curve of
SrGa,0,:0.01Cu?" sintered at 1500 °C; the decay time is quite
longer. This may be due to the higher quality of crystallization
of the host and lower energy-transfer probability from Cu?* to
the quenching centers.

From the emission spectra in Figure 2¢, the chromaticity
coordinates of SrGa,0,:0.02Cu*" are estimated to be (0.57,
0.41) by the chromaticity coordinate calculation, indicated in
the red range of the Commission Internationale de I'Enclairage
(CIE) chromaticity diagram shown in Figure 2f. For
comparison, the chromaticity coordinates of undoped
SrGa,0, are indicated. On the right side are the photographs
of the luminescent SrGa,0, and SrGa,0,:0.02Cu** when
excited with UV lamps.

The process of charge transfer from the ligand O*” ion to
Cu®" ion could be simulated by the optical transition level
(OTL),”®*” which is the energy needed for an electron at the
VBM to transition to the lowest empty 3d state of Cu**. The
OTL is defined as shown in the Supporting Information, and
the calculated OTL(Cu?*) is about 2.74 €V on the Srl site and
246 eV on the Sr2 site, roughly in agreement with the
experimental result (3.57 eV), considering the calculated OTL
always systematically underestimates the experimental charge-
transfer energies by about 1 eV.**

Then, we discuss the long persistent luminescence (LPL) of
Sr,_,Ga,0,:xCu** phosphors. The undoped SrGa,0, produces
LPL emission, peaking at 406 nm after the sample is exposed
to 254 nm UV light for about 30 min. Its afterglow lasts about

formula Tavg
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2—3 min, as shown in Figure 3a. When doped with Cu*" ions,
the samples exhibit red LPL emission, with the maximum at
about 622 nm rather than 406 nm, implying that the Cu®** ions
indeed could act as emission centers in the LPL process. The
afterglow decay curves of SrGa,0,:xCu®* (x = 0, 0.01, 0.015,
0.02, 0.025, 0.03, 0.035, and 0.04) powder samples sintered at
1200 °C are shown in Figure 3a. The initial luminance
decreases fast, following the cease of excitation illumination,
and then decreases very slowly. When the doping concen-
tration is 1%, the sample has the strongest initial LPL intensity,
and the decay can last more than 12 min before a LPL
luminance of 0.32 mcd/m? is reached. The afterglow curve
fitted by the double-exponential decay equation shows that the
lifetime of the rapid decay is 31.7 s and that of the slow decay
is 154 s.

After we increased the sintering temperature to 1500 °C in
the preparation of Sr;_,Ga,0,:xCu** (x = 0, 0.01, 0.015, 0.02,
0.025, 0.03, 0.035, and 0.04), we find that its afterglow can be
dramatically prolonged to over 8 h (Figure 3b). The afterglow
can be further extended to 36 h after the sample is compacted
into a pellet-like sample with an additional sinter treatment at
1500 °C for 6 h (Figure 3c). The lifetimes of the rapid and
slow decays are increased up to 54.8 and 551.7 s, respectively.
Figure 3d shows the emission spectra of the pellet-like sample
SrGa,04:0.01Cu" captured at different decay times in the first
1 h of its afterglow process. The profiles of the emission
spectra do not change with time, indicating that the red
persistent luminescence originates from the Cu’* emitting
centers. Figure 3e shows the LPL photographs of the pellet-like
sample SrGa,0,:0.01Cu*" with red emission at different times.
Its afterglow emission can be still observed after 3 h. After 36
h, the red light could be still detected beyond 0.32 mcd/m?.
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This means that the red-color-emitting SrGa,0,:Cu** LPL
phosphors, to some extent, are comparable with the current
commercial SrAl,0,:Eu, Dy LPL phosphors and might have
wide potential applications in practice.

To explore the underlying LPL mechanism, the TL curves of
SrGa,0, and Sr;g9Cugy,Ga,0,, shown in Figure 4a,b, are
observed. For the undoped SrGa,0O,, there are two quite weak
peaks located at P1 (308 K) and P2 (367 K), which may be
due to the trap levels induced by the intrinsic defects. The
introduction of the Cu** ion in SrGa,0, has little influence on
the positions of these two peaks but drastically enhances their
intensities (shown in the lower panel of Figure 4c). This
indicates that the doping of Cu®" ions will increase the
concentration of the intrinsic defects and subsequently
enhance the luminance of the afterglow and significantly
prolong the decay time. Notably, these two peaks are close to
the ambient temperature and are dominantly effective for the
performance of the afterglow. Then, we estimate the trap level
depths of these two peaks based on the equation

kﬂTEz=S exp(—%).40 B is the heating rate; k is the

Boltzmann constant (eV/K); T, is the peak temperature
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(K) of the glow curve; E is the energy of the trap depth; and s
is the frequency factor. The fitting result between In(T%/f)
and 1/kT,, yields a straight line, as exhibited in Figure 4b. The
depths of these two trap levels are estimated to be about 0.87
and 0.98 eV, respectively. For the SrGa,0,:0.01Cu*" powder
sample sintered at 1500 °C, its TL curve is shown in Figure 4c
together with that at 1200 °C for comparison. It is found that a
higher sintering temperature could further enhance the peak
intensities in the TL curve but hold the same positions.
Notably, the crystal structure of the sample sintered at 1500 °C
is totally the same as that sintered at 1200 °C, as shown in
Figure 1b. This result implies that the increase of the sintering
temperature might possibly increase the concentration of the
intrinsic defects serving as the carrier-trapping centers.

To further understand the role of these trap levels, we
sought to collect the TL curves of SrGa,0,:0.01Cu** for
various decay times to observe the carrier-release behavior. As
shown in Figure 4d, the P1 peak decays very quickly and is
nearly absent in 4 min after ceasing the irradiation, implying
that the energy stored in the trap level P1 first releases to
sustain the emission of Cu®" ions. The P2 peak keeps its
intensity without any significant change in the initial first
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minute; subsequently, its intensity gradually decreases with the
decay time and does not disappear after 30 min. The mid-term
LPL phenomenon of SrGa,0,:Cu** should be dominantly
attributed to this trap level. It is worth noting that when the
intensities of traps P1 and P2 decrease, the peak of trap P3
gradually emerges. The trap levels corresponding to the P3
peak have a depth of about 1.85 eV. As the intensity of the trap
P2 decreases gradually and the trap P3 begins to take effect,
the decay enters a slow decay process. In a word, the
incorporation of Cu®* ions boosts the creation of appropriate
trap levels and makes a significant influence on the LPL
performance.

To understand the LPL mechanism, it is necessary to clear
the specific types of defects playing the key role in the LPL
process. We focus on the intrinsic defects such as Sr vacancy
(Vs), Ga vacancy (Vg,), and O vacancy (V,), as no foreign
dopants were introduced into the SrGa,O, lattice except for
Cu ions. The calculated electronic structures with both spin-up
and spin-down states (Figure Sa) show that Vg, could not bring
in any defect levels in the band gap, but could induce holes at
the VBM, as some states near VBM are above the Fermi level.
Figure Sb exhibits the electronic structure of Vg, where three
spin-down defect levels appear at about 0.3, 0.6, and 0.8 eV
above the VBM. The PDOS exhibit that these defect levels
originate from the 2p orbitals of O*~ ions surrounding V,. All
these defect levels are empty as they are above the Fermi level
and hence might accommodate electrons with their charge
state changing from 0 to —1 or —2 (denoted as V,” or V,>).
Figure 5c shows the electronic structure of V,, where a fully
occupied defect level appears at about 0.9 eV above the VBM.
The electrons in this defect level could be excited to the
conduction band or transfer to the valence band if holes exist
in the valence band, leaving V in +1 or +2 charge state (V"
or Vo?*). In other words, Vq, could serve as a hole-trapper.

From the analysis above, we can see that both Ga and O
vacancies may be in different charge states. Therefore, it is
essential to compute the formation energies of Vg, or Vg in
these charge states to compare their relative stabilities by using
the following formula

E(Vi?) = E'(Vy) — E($1Ga,0,) — u(X) + ne;

where X represents Ga or O. Ex(Vy") is the formation energy
of X vacancy, with the charge state of n+. E"(Vy) is the total
energy of SrGa,O, containing a n+ charged X vacancy. p(X) is
the chemical potential of the bulk Ga or O, molecule in a
vacuum, and & is the Fermi level of the system. The calculated
formation energies of Vi, Vo', and V** versus the energies of
the Fermi level are shown in Figure 5d. The Fermi level
changes from the VBM (taken as the reference) to the CBM.
When the Fermi level is higher than 0.3 eV, Vg has the lowest
formation energy and so is most stable. V5" becomes more
stable when the Fermi level is below 0.3 eV, while Vo** hardly
exists as it has the highest formation energy in the complete
Fermi-level range. Considering the calculated band gap is only
3.22 eV, the Fermi level at 0.3 eV is very close to the VBM,
implying most O vacancies existing in SrGa,0, are electroni-
cally neutral.

Figure Sd shows the formation energies of Vg, Vg,~, and
Vg,>~ versus the Fermi level. The neutral Ga vacancy is only
stable when the Fermi level is lower than 0.94 eV, and Vg, >~
becomes more stable when the Fermi level is higher than 2.37
eV. When the Fermi level is in between, V,™ is more stable. In
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the SrGa,0, sample, the Fermi level should be close to the
middle of the band gap, as no donor or acceptor impurities
have been doped. Thus, the Ga vacancies in SrGa,0, should
reasonably be in —1 state. The electronic structure of Vg, is
very similar to that of V,, except that an electron occupies the
defect levels, as shown in Figure Se. Hence, the hole at the
valence band could be trapped in V,~. The trap levels
observed in the TL curves, as shown in Figure 4, can be
probably ascribed to V,” and V.

We can describe the LPL mechanism of SrGa,Q,:Cu**
based on the calculated defect levels summarized in Figure
5f. When excited by 347 nm light, the electrons at the O*~ ions
at about the top of the valence band transfer to the 3d levels of
Cu?* ions, leaving holes at the valence band, as shown by the
orange arrow. These excited electrons (at Cu®") can recombine
with the holes (in the valence band), resulting in the red
emission. Such recombination can be continued after stopping
the excitation if the holes are trapped by the defect levels that
are induced by V.~ or Vg and then thermally released back to
the valence band, resulting in an afterglow. When the sample is
prepared at 1500 °C, more O and Ga atoms could escape from
the host, resulting in more Vg~ and V, defects, and
consequently the afterglow will be enhanced.

4. CONCLUSIONS

In conclusion, we have developed a new type of red-emitting
phosphor SrGa,0,:Cu** synthesized by a high-temperature
solid-state reaction method, and its persistent luminescence
properties were studied. A broad excitation band peaking at
347 nm and a broad emission band at 622 nm are observed,
which are attributed to the electron transfer between the O*~
ion and the Cu®" ion. The afterglow decay time of
SrGa,0,:Cu*" could last over 36 h, which is much longer
than that of the present widely used red-emitting LPL
materials reported in the literature and even comparable with
the current commercial blue-/green-emitting LPL phosphors.
Combining the TL measurement and the first-principles
calculation, we find that both the O vacancy and —1 charged
Ga vacancy have suitable trap depths and could trap holes from
the valence band, remarkably delay the emission process after
stopping the excitation, and produce the afterglow. Our
findings here may motivate further research works on the
invention of lanthanide-ion-free Cu**-activated phosphors and
provide new opportunities for the development of multicolor
LPL materials and applications.
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