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1. Introduction

Persistent luminescence (PersL) phosphors own an interesting
phenomenon where luminescence lasts for hours, even a few days,
after the cessation of excitation!!!. Such phosphors attracted
considerable attention, which are widely used in the fields of
emergency command, information storage, and biological imag-
ing[2’3]. In particular, the near-infrared (NIR) emitting PersL
phosphors comprise some unique features of high signal-to-noise
ratios (SNRs) and wide excitation spectral regions, which
attracted much attention toward their application in the next-
generation high-capacity storage systems. The input information
was recorded into the PersL phosphors by capturing the incident
photons at energy traps to complete the information storage, and
the output signal was retrieved by releasing the trapped charge
carriers and emitting the photons®!. The multi-spectral ex-
cited NIR PersL phosphor (Zn;,5Ga, 5Gey,50,:Cr’™) with a
high quantum efficiency was reported and employed as a prom-
ising storage medium for optical information storage and read-
out'. Zhan et al. developed a novel NIR PersL phosphor
(Mg, Ga,Ge;0,4:Cr*") for optical information recording, which
had the characteristics of write-in, read-out, and renewable infor-
mation storage!”’. However, these NIR emitting PersL phosphors
are with high cost.

For the NIR PersL phosphors, Eu**-doped sulfides such
as CaS:Eu**, SrS:Eu?™ and Eu’*-doped sulfides such as
Y,0,S:Eu’t, Mg*t, Ti*t are well known!®!, However, the sul-
furization agent is harmful to environment. Meanwhile, it is
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The near-infrared (NIR) emitting wavelength-tunable Cr’*-doped barium gallate (BGO:Cr) persistent luminescence (PersL)
phosphors with enhanced luminescence were reported. The emission wavelength of the BGO:Cr PersL phosphors was
adjusted from 715 to 739 nm by varying the amount of Cr** and the ratio of Ga:Ba. Meanwhile, the luminescence intensity
and afterglow of the BGO:Cr PersL phosphors were enhanced. BGO:Cr PersL phosphors exhibited UV excitation, LED light
restimulation, PersL for more than 6 days, and excellent capability for information storage, which was expected to promote
the development of cheap and wavelength-tunable PersL materials for practical applications.
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common to obtain green/blue PersL in Eu?T-doped oxide hosts,
and it is difficult to find suitable oxide hosts for Eu>" in order to
obtain red PersL!”!. Barium gallate (BaGa,O,, BGO) with double
oxides composition exhibits tetrahedral framework topology
and exists in a variety of polymorphs, which is a promising
membrane without expensive rare-earth ions assisted lumines-
cencel®). Additionally, the activation energy of the electrons in
the BGO trap centers is 0.61 + 0.01 eV ), which was interrelated
with the PersL intensity and durations of the PersL phosphors,
aiming to retain the recorded information for a long time!'?).
Li’s group developed a Bi**-doped orange emitting and naked-
eye observable BGO phosphor with commendable PersL!'").
Zhou et al. reported Sm>*-doped 656 nm emitting BGO
PersL phosphors via a high-temperature solid-state method!?!,
However, the phosphors still suffer from limited penetra-
tion depth.

The Cr**-doped NIR emitting PersL phosphors with
the emission range of 650-1000 nm were renewable by red
light instead of UV light, which is highly promising for effi-
cient optical storage and renewable tissue imaging in vivo.
There were many reports on Cr’*-doped gallates, such as
ZnGa,0,:Cr*t 13 7n,Ga,GeOg:Cr3t 1) LiGa;0g:Cr3 1%,
and MgGa,0,:Cr** ") which had the disadvantages of high
cost and non-adjustable emission wavelength. The wavelength-
tunable PersL phosphors provide superior performance in
optoelectronic applications, such as information carriers for
high-density encrypted data storage, anti-counterfeiting, and
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multiplexed bioassay''”'®). The wavelength-tunable phosphors
can be applied to UV chips and in phosphor-converting NIR-
LED devices'"?). Therefore, it is of great significance to develop
new NIR emitting PersL phosphors based on the BGO host with
low cost and tunable wavelength. Considering the excellent
properties of the BGO host and Cr** in the PersL phosphors,
the introduction of Cr** into the BGO host is the potential to
achieve more unique NIR emission PersL phosphors.

Herein, a wavelength-tunable BGO:Cr PersL phosphor was
firstly developed by the solid-state synthesis method. The lumi-
nescence of BGO was transformed from a wide blue emission to
an NIR emission after doping Cr. The emission wavelengths and
luminescence intensity of the BGO:Cr PersL phosphors were
adjusted by varying the doping amount of Cr’>" and the ratio
of Ga:Ba. The prepared BGO:Cr PersL phosphors exhibited
UV excitation, LED light repeated excitation, stable phase,
PersL for more than 6 days, and excellent capability for informa-
tion storage.

2. Experiments

The experiment section is provided in Supplementary Materials.

3. Experimental Results and Analysis

3.1. Influence of Cr** ions and Ba>* ions on the optical
property in BaGa,0,

Figure 1 shows the emission spectra of the BaGa,0,:Cr, (x =0,
0.006, 0.02, 0.04, 0.06, 0.08, and 0.10) PersL phosphors. Under
the excitation at 254 nm of the UV lamp, the BGO host exhibited
a broad blue emission in the range of 300-600 nm with the
maximum emission wavelength at 450 nm, which was due to
the native defects originated from the octahedral GaOy unit
in the BGO host!”!. The emission of the BGO host disappeared
after doping various amounts of Cr** (x =0.006-0.10), and
the emission peaks at 715-731 nm were generated (Fig. 1,
Table S1 in Supplementary Materials), which were produced by
the spin-forbidden *E(2G) — *A,(*F) transition of Cr3+[%,
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Fig. 1. Emission spectra of BaGa,0,Cr, (x = 0, 0.006, 0.02, 0.04, 0.06, 0.08,
and 0.10) PersL phosphors.
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Especially, BaGa,0,4:Cr, showed a peak at 715 nm when
x = 0.006, and the red shift occurred at 727 nm when x = 0.04;
then the peak red-shifted to 731 nm when x = 0.06, which was
ascribed to the decrease of the crystal-field intensity at the
Cr’* center caused by the increase of Cr’**!), Among them,
BaGa,0,:Cry ¢ showed the highest photoluminescence (PL)
intensity with the optimal number of luminescence centers,
and the PL intensity decreased when the concentration (x value)
raised over 0.06, which was called concentration quench-
ing caused by the decrease of the Cr-Cr distance. The non-
radioactive energy migration within the doping ions was
activated when the Cr-Cr distance decreased'*?. Compared
with the BaGa,O, matrix, the PersL performance of the
BaGa,0,:Cr ¢ was significantly optimized by replacing Ga>*
(Fig. 2, Fig. S1 in Supplementary Materials) with the lumines-
cent center Cr** in the matrix'>*,

The optical properties of Cr’* ions on the octahedra are
known strongly depending on the crystal-field environment.
To evaluate the luminescence properties of BGO:Cr*t, the
crystal-field parameter (D,) and the Racah parameter B can
be calculated by the following equations'>*);

10Dq ="V (1)

_vi42v3 -3y, 5
T 15v, —27v, @

Here, v; and v, correspond to the peak energies of the excita-
tion bands *A,(*F) — *T;(*F) and *A,(*F) = *T,(*F) transi-
tions, respectively (Fig. S3 in Supplementary Materials). The values
of D, and B are calculated to be about 1953 cm™ and 669 cm™,
respectively. Therefore, the value of D,/B is estimated to be
~2.919. Figure S4 in Supplementary Materials presents the
Tanabe-Sugano energy-level diagram, which demonstrates the
optical properties of Cr** ions on the octahedra. The moderate
value of the D,/B for Cr’* in BGO suggests that broad and narrow
emission bands have simultaneous presence, and the narrow emis-
sion band 2E(2G) — *A,(*F) is the dominant transition'*..

The composition ratio affected the crystal structure and lumi-
nescence properties of the PersL phosphors?®!. Therefore, the
effects of the Ga/Ba ratio on the luminescent properties of the
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Fig. 2. PersL curves of BaGa,0, BaGa,0,:Crqgs and Bag,6a,0,:Crqgs PersL
phosphors.
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Table 1. Parameters of Afterglow Decay Curve Fitting.
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Samples 7, /s A, 7,/s A, 73/s A, Ta /S RrR?

BaGa,0, 390 406.06 0.66 12,172.33 3150 52.53 5.09 0.9997
BaGa,0,:Crggs 4,06 1786.91 15.79 385.69 79.72 112.63 36.57 0.9997
Bag,68,0,:Crogs 5.92 K12247 20.66 110557 90.89 359.05 §.21 0.9998

BGO:Cr PersL phosphors were investigated by changing the
y value (Ba?" ion amount, Ga/Ba ratio) of Ba,Ga,0,4:Cry gs-
Figure S5 in Supplementary Materials shows the emission spec-
tra of the Ba,Ga,;0,:Cry g6 (y = 0.08, 0.10, 0.12, 0.14, 0.16, 0.18,
and 1) PersL phosphors excited by 254 nm light. Compared with
BaGa,0,:Cry ¢, the emission peaks have red-shifted to 739 nm,
and the intensity of the luminescence was enhanced markedly
when the y value was less than 0.18, which was due to the excel-
lent ability of the Cr’* ions to substitute Ga** ions at the dis-
torted octahedral sites and the suitable host crystal-field strength
around Cr** jons in f-Ga, O, for intense NIR luminescence!>*!
(Fig. S6 in Supplementary Materials). The intensity of the emis-
sion peak reached the maximum value when y = 0.14, which
benefited from the optimal composition of the sample for
luminescence at this time. The PersL intensities of BGO were
further enhanced after changing the amount of Cr’* and the
ratio of Ga:Ba (Fig. 2, Fig. S1 in Supplementary Materials), which
may be caused by the solid-state reaction preparation of
B-Ga,05:Cr3t, Ba?* particles possessing more defects (traps)
for PersL than the BaGa,O,.

The decay curves can be well fitted to a three-exponential
equation, as follows'*”);

1) =T + A, exp (;—t) + Ay exp (—t) + 4 exp(_—t), 3)
1

(%) 73

where I(t) is the luminescence intensity at time ¢, A}, A,, and A;
are constants, and 7y, 7,, and 73 are the decay times for the expo-
nential components. The 7, 7,, and 73 parameters of the decay
curves reflect the three-stage afterglow attenuation with fast attenu-
ation, attenuation, and slow attenuation, respectively. Table 1
shows the fitting parameters, the coefficient of determination (R?),
and the average lifetime (r,,) calculated from the PersL decay
curves for BaGa,0,, BaGa,0,:Crjo, and Bag;4Ga,0,:Crq 6
PersL phosphors. The larger the value of decay time is, the slower
the decay speed and the better the afterglow properties are, and the
smaller the phonon energy is. 7y, 7,, and 73 of Baj 1,Ga, 0,:Crq g6
are larger than those of BaGa,0,:Cr s and BaGa, O, and the 7,
of Bay 14,Ga,0,:Crg o was 1.13 times that of BaGa,0,:Cr; ;¢ and
8.12 times that of BaGa,0,, which indicated that the optimized
Cr**-doping and Ga:Ba ratio increased the number of the lumines-
cence centers and the electron traps, respectively, resulting in a
much longer PersL lifetime.

The NIR afterglow images (Figs. S1 and S2 in Supplementary
Materials) of BaGa,Q,, BaGa,0,:Cr o5, and Ba, ;4Ga,04:Crg 6
indicated that the BaGa,O, matrix exhibited excellent PersL

properties after 2 days of excitation, indicating that there are
appropriate number traps in BGO. The afterglow signal was
still captured within 6 days (SNR =11) after Cr*" doping.
Moreover, the SNR value was improved from 11 to 22 after
changing the ratio of Ga:Ba. BGO and BGO:Cr can be repeatedly
excited by the red LED lamp (665 + 15 nm):

_ A2 + Ay + Astl
AT+ AT, 4 Ay

(4)

Tav

3.2. Structure and particle analysis of BGO:Cr

Figure 3 shows the X-ray diffraction (XRD) patterns of the
BaGa,0,:Cr, (x=0, 0.006, 0.02, 0.04, 0.06, 0.08, and 0.10)
PersL phosphors. All diffraction peaks of the BaGa,0,:Cr,
PersL phosphors were consistent with those of the BGO planes
crystal (PDF 46-0415), which indicated that the increase of Cr**
contents did not influence the crystal structure of BGO.

There was only the diffraction peak of BaGa,O, at 28.09°
when a small amount of Ba existed in the crystal (Fig. S6 in
Supplementary Materials), and other peaks were consistent with
those of the f-Ga,O; monoclinic structure. The intensity of the
peak at 28.09° increased with the increase of the Ba content, and
the Rietveld structure refinements of Bajy3Ga,04:Crg¢ and
Ba14Ga,0,:Cry o6 indicate that the content of BaGa,Q, in the
crystal will also increase (Fig. S7 in Supplementary Materials).
Therefore, the BaGa,0,:Cryg PersL phosphor with pure
BaGa, O, phase was selected for further investigation.

The energy-dispersive X-ray spectroscopy (EDS) profiles of
the BaGa,0,:Crgos PersL phosphor are shown in Fig. S8 of
Supplementary Materials, indicating the presence of Ba, Ga,
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Fig. 3. XRD patterns of BaGa,0,Cr, (x= 0, 0.006, 0.02, 0.04, 0.06, 0.08, and 0.10)
PersL phosphors.
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Cr, and O elements. The EDS mapping images showed that Ba,
Ga, O, and Cr were homogeneously distributed in the phosphor
particles (Fig. S9 in Supplementary Materials), suggesting the
existence of Cr in the BGO host.

The BaGa, 0,:Cr, o5 PersL phosphor produced three excitation
bands centered at 248 nm, 378 nm, and 512 nm at the emission
wavelength of 753 nm (Fig. S3 in Supplementary Materials). The
wavelengths at 378 nm and 512 nm belonged to the irregular tran-
sitions of *A, (*F) — *T,(*F) and *A, (*F) — *T,(*F) originated
from Cr’*. The strong band peak at 248 nm was attributed to the
charge transfer of O-Cr'*®!. These typical excitation bands also
indicated that Cr** occupied the octahedral sites.

3.3. Mechanism of PersL of BGO:Cr

The thermoluminescence (TL) measurements were carried out
and are portrayed in Fig. 4(a), which is with broadband ranging
from 35°C to 225°C and a peak of 106°C. The half-width method
was implemented to estimate the electron-trap-level depth of the
BaGa,0,:Cryos PersL phosphor. The average electron-trap-
level depth was deduced to be 0.619 eV'*’), which showed that
BaGa,0,:Cr o¢ PersL phosphor was suitable for providing the
PersL for a long time at room temperature!'”’. There were many
kinds of traps with different depths in the BGO:Cr PersL
phosphor based on the width and peak temperature of the TL
spectrum. The shallow traps were suitable for luminescence at
room temperature, whereas the deep traps stored energy and
prolonged the duration of the afterglow.
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Fig. & (a) Thermoluminescence glow curve of BaGa,04.Crg s PersL phosphor;
(b) NIR PersL mechanism in the BGO:Cr PersL phosphors.
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Figure 4(b) shows the schematic energy diagram for demon-
strating the PersL mechanism in the BGO:Cr®* PersL
phosphor. The bandgap of un-doped BGO was 4.58 eV, corre-
sponding to the host absorption. Under UV irradiation, the elec-
trons were excited to the conduction band (CB), and the holes
were spontaneously generated. At the same time, the excited
electrons were captured into the natural defects of the BGO
matrix by non-radiative relaxation. The absorbed energy was
transmitted to Cr>* ions via the host lattice, resulting in the
‘A, (*F) =T, (*P), *A, (*F) = *T;(*F), and *A, (*F) - *T,(*F)
transitions of Cr**. The 2E(*G) — *A,(*F) and *T,(*F) -
4 A, (*F) transitions of Cr** produced NIR emission. The excited
electrons at *T;(*P) are captured by shallow electron traps
through the CB and transferred to deep traps mainly via non-
radiative relaxation®®. After stopping the UV irradiation,
PersL was produced by the recombination of the charge carriers
and holes.

3.4. Information storage property of BGO:Cr

The potential application of BGO:Cr in information storage
was tested. The information (the letter K) was first restored
by the photo-mask-protected illumination of 254 nm light,
and then the afterglows were captured. As shown in Fig. 5,
BaGa,0,:Cry s displayed a fine shape at room temperature.
These data further corroborated the existence of suitable traps
in BGO:Cr at room temperature with excellent potential for
information storage.

4. Conclusion

In conclusion, a novel NIR emitting wavelength-tunable
BGO:Cr PersL phosphor was developed, and the application
possibility of BGO:Cr phosphor in optical information storage
was demonstrated. The developed BGO:Cr is expected to
become a new medium for developing next-generation storage
systems in the future.
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