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Abstract: We present novel near-infrared (NIR) Cr3*-doped non-gallate super-
long-persistence phosphors (Zn1+xAl2-2xGex04:Cr3*) by Germanium substitution
in the original ZnAl204:Cr3*. Unlike the negligible NIR persistent luminescence
of ZnAl204:Cr®* upon UV or visible light excitation, the Ge substituted
phosphors feature strong and super-long-persistent luminescence at
approximately 650—-750 nm for more than 120 h. The relation between the Ge
substitution and the defect trapping states is investigated systematically. The
experimental results combined with the first-principles calculations reveal that
Gez, and Gey in the spinel structure would introduce shallow and deep defect
states in the band gap to serve as new efficient traps, which are mainly
responsible for the strong and super-long-persistent luminescence upon UV or
visible light excitation. The present advanced phosphors is an alternative
candidate for applications in biomedical imaging and night-vision surveillance.
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defects, Energy storage
1. Introduction

Persistent phosphors, which continuously emit for minutes to hours after
termination of the excitation source, have long attracted great interest because
of their wide applications, such as in security signs, traffic signs, and emergency
route signs. Currently, several long-persistent phosphors (LPPs), such as
CaAl204:Eu?*, Nd** (blue emission, >5 h) [1], SrAl2O4:Eu?*, Dy3* (green
emission, >30 h) [2], and Y202S:Eu?*, Mg?*, Ti** (red emission, >5 h) [3], have
been commercialized as night-vision materials for various important
innovations. In recent years, near-infrared (NIR) LPPs for biomedical imaging
applications have been extensively developed [4-9]. The NIR LPPs not only
feature light emission in the optical bioimaging window but also enable
bioimaging without external excitation [4,10,11]. Thus, NIR LPPs used as
optical bioimaging probes can increase the penetration depth in tissues and
avoid the autofluorescence of body tissues under continuous illumination [12].
These characteristics significantly improve the signal-to-noise ratio (S/N) and
sensitivity. Given the similar ionic radii of Cr3* and Ga3* ions and the suitable
host crystal field strength around Cr3*, Cr3*-doped gallate materials have been
systematically studied to obtain enhanced NIR emission and duration [13-17].
Among these materials, Zn3Ga2Ge2010:Cr3* phosphors have been found to
possess super-long NIR persistent luminescence durations of more than 360 h

[18]. Moreover, NIR persistent luminescence can be excited by natural sunlight



in almost all types of outdoor environments. In addition to Cr¥*-doped gallate
materials, Cr3*-doped non-gallate materials with NIR persistent luminescence
have also been developed. Li et al. reported that Zn2.xAloxSn1.x04:Cr3*
phosphors feature an emission band ranging from 650 nm to 1200 nm with NIR
persistent luminescence lasting over 35 h [19]. More recently, Liang et al.
reported that MgGeOs:Yb3* phosphors exhibit persistent shortwave IR
luminescence at approximately 1000 nm with a long persistence time of more
than 100 h [20].

For LPPs, the defect trapping states, including the trap distribution and
density, which are generally associated with lattice defects, are the most
important factors that determine the intensity and duration of persistent
luminescence [21-24]. To obtain the desired persistent luminescence
performance, conduction band (CB) engineering and/or co-dopants are usually
used to adjust the trap distribution and/or density [24,25]. These strategies have
been demonstrated in studies on Zn1+xGaz-2xGex04:Cr3*, Zn2xAl2xSn1x04:Cr3*
and ZnxGa203+:Cr3* [17,19,26,27]. Extensive studies have also been
performed to provide new insights on the defect trapping states. The
performance of NIR persistent luminescence in Cr3*-doped phosphors was
found to strongly depend on the local environment of Cr ions [28,29]. For Cr3*-
doped AB204 spinel compounds, shallower defects located far from Cr3* ions
are responsible for the persistent luminescence induced by band excitation,

while persistent luminescence induced by visible light excitation is determined



by the local environment of Cr3* ions [30]. NIR persistent luminescence from
ZnGa204 induced by visible light excitation results from Cr3* ions with an anti-
site defect in their first cationic neighbor [28,29,31,32]. Priolkar et al. showed
that a small degree of inversion disorder is also necessary for visible light to
produce persistent luminescence [29]. Although great progress has been made,
tailoring NIR persistent materials for specific applications still remains a
challenge. In particular, the defect trapping states that determining the
persistent luminescence performance still remains unclear.

ZnAl204 is an AB204 compound with a spinel structure [33]. ZnAl204
comprises two types of coordination polyhedra with the octahedral sites
occupied by AI** ions and the tetrahedral sites occupied by Zn?* ions, similar to
the structure of ZnGa20a4. Cr3*-emitter centers easily substitute for AI** ions to
yield NIR emission because of the similar ionic radii of Cr3* (0.755 A, for
coordination number (CN) = 6) and AI** (0.675 A, for CN = 6). However,
ZnAl204:Cr3* features very feeble NIR persistent luminescence upon UV or
visible light excitation, and this negligible persistent luminescence is attributed
to the small inversion disorder (less than 1%) in ZnAl204[29].

In this work, a series of novel non-gallate Zn1+xAl2-2xGex04:Cr3* NIR LPPs
were fabricated for the first time. The Zn1.2Al1.6Geo.204:Cr3* phosphors exhibit
strong and super-long-persistent luminescence at approximately 650—-750 nm
for more than 120 h. The NIR persistent luminescence can be triggered by UV

and visible light. The relation between the Ge substitution and the defect



trapping states is investigated. The remarkable improvement of the presented
LPPs is discussed.

2. Experimental

2.1 Materials and Preparation Method.

Zn1+xAl2-2xGex04:0.5%Cr®* (x = 0-0.4) phosphors were synthesized
through high-temperature solid-state sintering. Samples were denoted ZAO,
ZAGO1, ZAGO2, ZAGO3, and ZAGO4, where x = 0, 0.1, 0.2, 0.3, and 0.4,
respectively. Pure ZnO (4N), Al203 (4N), GeO2 (4N), and Cr203 (4N) were used
as raw materials. The powders were finely mixed in an agate mortar to form
homogeneous powders for prefiring. After prefiring at 1000 °C for 2 h, the
materials were ground again to fine powders. All phosphors were sintered at
1400 °C for 6 h.

2.2 Characterization.

Phase purity was confirmed by the X-ray diffraction (XRD) patterns
recorded with a D8 Advance Bruker Bragg-Brentano diffractometer (Cu Ka
radiation) equipped with a Vantec-1 linear detector. Photoluminescence (PL)
spectra were measured at 77 K using a LabRAM HR Evolution micro-Raman
spectrometer equipped with a CCD detector. The samples were mounted on a
thermal stage with a second harmonic 532 nm Nd-YAG laser for excitation. PL
spectra, PL excitation (PLE) spectra, persistent luminescence emission (PersL)
spectra, persistent luminescence excitation (PersLE) spectra, and persistent

luminescence decay curves were recorded at room temperature using a



Fluorolog-3 spectrofluorometer equipped with a photomultiplier. A450 W xenon
lamp was chosen as the excitation source. Diffuse reflectance spectra of the
samples were recorded using a scanning spectrophotometer with a BaSOs-
based integrating sphere. The thermoluminescence (TL) curves were recorded
using the spectrofluorometer and a setup consisting of a copper sample holder
and a compact furnace with programmable heating and double-gratings (1200
gr/mm, 500 nm blaze) in the emission monochromator with a CCD camera. For
the TL measurement, a sample was heated at a linear heating rate of 2 K/s. All
digital photographs were taken using a camera phone (Meizu, Metal).
2.3Computational and details and modeling.

The band structure of Zn1+xAl2-2xGex04:0.5%Cr3* was calculated with the
planewave pseudopotential code CASTEP [34]. The screened exchange hybrid
functional was used to obtain an accurate band structure [35]. The same
parameters as those in our previous work on transition metal oxides were used
[36,37]. To characterize the doping effects, a supercell of 56 atoms was used
for all the calculations. A 3x3x3 MP grid was used for k-point sampling when
calculating the density of states (DOS). We have found that Cr forms an
antiferromagnetic order, so spin-polarization was used for all the calculations.
A larger 2x1x1 supercell was used for odd-number defects, such Alz,, to
eliminate the single spin interaction
3. Results and Discussion

Fig. 1 shows the emission and excitation spectra of the ZnAl204:Cr3* (ZAO)



and Zn12Al1.6Geo204:Cr¥* (ZAGO2) samples at room temperature. Under
excitation at 387 nm, both samples exhibit the same emission lines resulting
from the 2E — *A2 spin-forbidden transition of Cr3* in an octahedral crystal field
[18]. The zero-phonon R lines located at 686.0 nm are associated with the Cr3*
in unperturbed octahedral sites [29,32]. The R lines are accompanied by their
Stokes phonon side bands (PSB), which ranged from 707 to 717 nm, and anti-
Stokes PSB, which ranged from 666 to 678 nm. The N2 lines at 694.3 nm
correspond to Cr* ions with a neighboring antisite defect [29,32]. The most
important feature of these two spectra is that the emission band from ZAGO2
become broader than the emission band from ZAO. This phenomenon may
have resulted from the increasing disorder of the Cr3* ions in the host material
induced by the incorporation of Ge. The PLE spectra at 686 nm emission cover
a very broad spectral region and consist of three main excitation bands. The
bands at approximately 530 nm (band 1) and 385 nm (band 2) correspond to
the 4A2—4T2 and *A2—*T1 (*F) transitions of Cr3* ions. The band (band 3)
between 280 nm and 320 nm is ascribed to the electronic transition from 4Az to
the CB of the host [10,18]. Band 3 obviously shifts to lower energy with an
increase in x (Fig. S1 Supporting Information). This phenomenon is consistent
with the reduction in the optical band gap with increasing x (Fig. S2) [17]. The
low-energy side of bands 1 and 2 slightly redshifts with increasing x. This shift
can be attributed to the weakening of the crystal field with increasing x (Table

S1 and Fig. S3) [19].



Interestingly, after removal of the excitation source, strong and super-long-
persistent NIR luminescence can be observed from the Ge-substituted samples.
Fig. 2 shows the change in the brightness of NIR persistent luminescence with
the decay time and the decay curve of the persistent luminescence for the
ZAGO2 discs monitored at 690 nm after irradiation by a 280 nm xenon lamp for
15 min. The persistent luminescence intensity decreases quickly in the first 30
min and then decays slowly. The intensity of the NIR persistent luminescence
is very strong such that it can be clearly observed with the naked eye and easily
imaged by a normal camera phone even after 30 min of decay, as shown in Fig.
2 (b). After 120 h of decay, the intensity of the persistent emission remains
significantly high. This result indicates that the NIR persistent luminescence
should last much longer than 120 h. This behavior is completely different from
that observed for ZAO, where no persistent luminescence can be found after
280 nm excitation.

PersLE spectra were examined to determine the effective excitation
wavelength region for persistent luminescence. The PersLE spectrum of
ZAGO2 monitored at 690 nm is shown in Fig. 3, which is acquired using
different excitation wavelengths between 260 nm to 650 nm in 10 nm steps.
The PersLE spectrum exhibits an intense band ranging from 260 nm to 340 nm
that corresponds to the transition from Az to the CB. This result demonstrates
that the NIR persistent luminescence from ZAGO2 can be effectively triggered

by 260-340 nm excitation, which is considered to occur because of the



assistance by the host CB. A weak PersLE band ranging from 450 nm to 550
nm, which is associated with the “A2—*T> transition, can also be detected for
ZAGO2. This implies that visible light from the blue region to the yellow region
can still charge the phosphor and induce persistent NIR emission. This weak
PersLE band becomes more intense and extends to 610 nm in ZAGO3. Thus,
the persistent luminescence can be more efficiently excited with visible light
from the blue region to the orange—red region after appropriately increasing the
Ge concentration in phosphor. It is noticed that no persistent luminescence can
be found from phosphors at x = 0 UV and Vis as the excitation light. This result
implies that the incorporation of Ge plays an important role in the production of
persistent luminescence.

Fig. 4 (a) presented XRD patterns of Zn1+xAl22xGex04:Cr3* (x = 0-0.4)
samples. All diffraction peaks of the samples are in agreement with those of
ICSD No. 75098, and no impurity can be detected. Increasing the value of x
results in the gradual deviation of the diffraction peaks from the standard peaks
and the movement of these peaks to lower 26 side [38,39]. It's probably
ascribed from the lattice expansion induced by the replacement of Zn?* (r = 0.88
A, CN (coordination number) = 6) for AI** (r = 0.675 A, CN = 6) in the octahedral
sites. Considering the close ionic radius of Ge** (r = 0.67 A, CN = 6) and AI**,
AIP* in the octahedral sites are presumably substituted by Ge**. Besides, there
is a possibility that Ge** enter into the tetrahedral sites. The classical spinel

structure that comprises two types of coordination polyhedra with octahedral



and tetrahedral sites is also shown in Fig. 4 (b). Thus, this non-equivalent
substitution probably creates positive octahedral defects (Ge, ), negative
octahedral defects (Zn,) and positive tetrahedral defects (Gey, ) in the spinel
structure [19,26]. The antisite defects may act as effective traps, contributing to
the strong and super-long-persistent luminescence.

To gain more insight into the effects of the antisite defects, the band
structure of a typical supercell and various antisite defects states are calculated
with the screened exchange hybrid functional. The typical Cr-doped supercell,
which is based on the spinel structure of ZnAl204 with Ge and Cr taking six-fold
sites, is shown in Fig. S5 (a). The DOS of the perfect cell in Fig. 5 shows a clear
band gap of 4.3 eV, which is close to the measured value of 4.1 eV based on
the Kubelka-Munk transformed diffuse reflectance spectra shown in Fig. S2 [40].
The CB minimum is mainly composed of d electrons from Ge/Zn and p
electrons from O. The increase in the Ge concentration shifts the CB edge down
and thus narrows the band gap, which is in good agreement with the
experimental results shown in Fig. S2. The different antisite defects were further
analyzed in Fig. 5, and the corresponding atomic structures are given in Fig.
S5. Zn, and Al;, antisite defects can introduce deep levels in the mid-gap
region. The Ge, antisite defect introduces shallow defect states just 0.5 eV
below the CB. Interestingly, the Ge;, antisite defect can produce defect states
spanning from the mid-gap region to the CB edges.

To further elucidate the role of Ge substitution in the trap properties, TL



spectra of Zn1+xAl2-2xGex04:Cr3* are examined. Figs. 6 (a) and (b) show TL glow
curves of the Cr3* emission from the ZAGO2 phosphors. Under irradiation by
high-energy light (280 nm), a broad TL peak, which reflects the trap depth, is
located at 405 K. With an increase in decay time, the TL peak position gradually
moves toward the high-temperature region. This phenomenon indicates that
the detrapping process gradually shifts from the shallow traps to the deep traps
over the decay time. Moreover, the TL peak intensity, which reflects the
concentration of charge carriers stored in the traps, becomes gradually weaker.
The TL band peak at 445 K remains obvious after 120 h of decay, implying that
a considerable number of charge carriers remain stored in the deep traps even
after 120 h of natural decay. The charge carriers released from the deep traps
contribute to the super-long-persistent luminescence shown in Fig. 2 (a). Based
on the spectral shape of the TL band, the trap depth energies were estimated
using an initial rising analysis method [22]. This approach assumes that the
concentration of trapped electrons on the low-temperature side of a TL glow

curve is relatively constant. Thus, the TL intensity can be written as:

—E
I (T)=Cxexp(ﬁj
where [ is the TL intensity, T is the temperature, k is Boltzmann constant,
and C is the fitting constant. Therefore, by plotting the TL curve as In (T) versus
1/T, the trap depth can be estimated from the slope of the straight fitting line on
the low-temperature side. When the decay time increases from 10 min to 120

h, the trap depth energy gradually increases from ~0.57 to ~1.50 eV (Fig. S6),



and this increase verifies the presence of a continuous and wide trap depth
distribution in ZAGO2. Moreover, as the irradiation shifts toward low-energy
light, the low-temperature band of the TL peak gradually disappears, and the
high-temperature band still exists. Consequently, the TL peak shifts to 445 K
after irradiation at 540 nm, and this behavior is identical to that of the TL peak
after 120 h of decay. This result implies that visible-light irradiation is unable to
activate shallow traps but promotes the filling of deep traps. Notably, under
irradiation at 540 nm, the active energy that enables the “A>—*T> transition is
much lower than the active energy that enables the “A>—CB transition. This
result indicates that electron trapping and detrapping recombination processes
in the deep traps of ZAGOZ2 do not occur through band assistance but rather
through energy-matched tunneling channels. This tunneling process proceeds
slowly, resulting in the super-long-persistent luminescence at room temperature.

Figs. 6 (c) and (d) further show TL spectra of Zn1+xAl2-2xGex04:Cr3* with
different x values. Under irradiation at 280 nm, the dominant TL peak shifts to
the lower temperature region as x increases from 0.1 to 0.4, indicating that the
trap depth becomes shallower. The trap depth estimated by an initial rising
approach gradually decreases from 0.73 eV to 0.36 eV (Fig. S7 (a)), which
exhibits the same variation as that of the optical band gap with x, as shown in
Fig. 7. This phenomenon suggests that the reduction in the trap depth is a result
of the decrease in band gap. This process is referred to as band gap

engineering [41]. However, ZAGO2 presents the most intense persistent



luminescence among all samples upon 280 nm excitation, as shown in Fig. S4
(a). The reduction in trap depth does not increase the persistent luminescence
intensity. These results imply that band gap engineering is not the key factor
determining the persistent luminescence intensity and duration in our case.
Under irradiation at 540 nm, the intensity of the dominant TL peak increases
with x and reaches a maximal value at x = 0.3. This result indicates that the
moderate incorporation of Ge can effectively increase the concentration of the
deep traps that can be filled from the energy-matched Cr3* energy levels via
tunneling. According to these TL results, the deep trap depth estimated by an
initial rising approach (Fig. S7 (b)) slightly decreases from 1.25 eV to 1.21 eV
with increasing x, as shown in Fig. 7.

Apparently, the trap depth distribution estimated by TL spectra coincides
well with the distribution of Ge;, and Ge, antisite defect states obtained by
the first-principles calculations. Therefore, the Ge;, and Ge, antisite defects
are considered to serve as the main electron trapping centers responsible for
the strong and super-long persistent luminescence. Under UV (260-340 nm)
excitation, the ground-state electrons of Cr3* ions are photoionized to the CB.
These electrons are subsequently captured by the traps induced by the Ge;,
and Ge, antisite defects. The captured electrons in shallow traps escape
thermally through the CB and recombine with the ionized Cr3* ions to generate
initial intense NIR persistent luminescence [31]. On the other hand, the

captured electrons in deep traps can be released through energy-matched



tunneling channels because of the wide trap distribution indicated in Fig. 5 [18].
This tunneling process proceeds slowly, yielding weak but super-long persistent
NIR luminescence. Under visible light (400-610 nm) irradiation, the electrons
are photoionized to the low-energy excited states and tunnel across a short
distance to the nearby energy-matched deep traps. The captured electrons
undergo reverse tunneling upon thermal disturbance at room temperature and
directly recombine with the ionized Cr3* ions, followed by NIR persistent
luminescence. Therefore, it is very easy to understand how visible light can still
activate the presented phosphor to produce NIR persistent luminescence even
though the energy of visible light is below the ionization threshold.

To further understand the persistent luminescence mechanism induced
by visible light excitation, low-temperature PL measurements are performed.
Fig. 8 (a) shows the PL spectra of Zn1+xAl2-2xGex04:Cr3* (x = 0-0.4) samples at
77 K under excitation by a 532 nm laser. The zero-photon R1 and R2 lines,
corresponding to Cr3* ions in unperturbed octahedral sites (referred as Crr ions),
are observed at 686.2 nm and 685.2 nm, respectively [28,29]. The N1 lines at
689.2 nm may be assigned to Cr3* ions close to Gej, antisite defects (Crn1
ions), whereas the N2 lines at 694.3 nm are presumably attributed to the
presence of Zn, and Ge;, antisite defects close to the Cr* ions as the first
cationic neighbor (Crnz ions) [29]. The low-temperature PL spectrum of Zn1+xAl2-
2xGex04:Cr¥* (x = 0) shows an intense R line with negligible N1 and N2 lines.

With an increase in x, the N1 and N2 lines become stronger and wider. This



phenomenon strongly indicates that the incorporation of Ge causes the non-
equivalent substitution and thus significantly increases the antisite defects
related to Crn1 and Crwz (Gey, , Gey, and Zn,,). This non-equivalent substitution
would inevitably enhance the inversion disorder of the host material [26,29,32].
This is further confirmed by the fact that the as-measured N1/R1 and N2/R1
line intensity ratios remarkably increase with x, as shown in Fig. 8 (b). The
evolution of the inversion disorder with x also exhibits a tendency similar to that
of the persistent luminescence intensity with x under 540 nm excitation (Fig. S4
(b)), indicating that the increasing disorder induced by the substitution
mechanism could contribute to the remarkable improvement in the persistent
luminescence properties induced by 540 nm excitation [26]. This assertion is
supported by Priolkar et al., who stated that a small degree of inversion disorder
is favorable for the enhancement of the persistent luminescence induced by
visible-light excitation [29]. Persistent luminescence would deteriorate with
increasing x over 0.3 upon 540 nm excitation. This phenomenon could be due
to the self-recombination of the excited states between neighboring defects [25].
4. Conclusion

We developed efficient NIR Cr¥*-doped non-gallate phosphors (Zni+xAlz-
2xGex04:Cré¥*, x = 0-0.4) using high-temperature solid-state sintering. The
substitution of Ge enables the Zni+xAl2-2xGexO4:Cr3* phosphors to possess
bright and super-long-persistent NIR luminescence for more than 120 h. This

luminescence can be triggered by UV and visible light (280-610 nm). The Ge**



non-equivalent substitution is demonstrated to produce Ge;, and Ge, in the
spinel structure, which introduces shallow and deep defect states in the band
gap to serve as new efficient traps, being mainly responsible for the strong and
super-long-persistent luminescence upon UV or visible light excitation. The
present results demonstrate that Zn1+xAl2-2xGexO4:Cr3* phosphors can be very
competitive candidate materials for use in biomedical imaging and night-vision
surveillance.
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Figure 1. PL spectra of ZnAl,O4Cr** (ZAO) and Zni2Al16Ge204:Cr¥* (ZAGO2)
samples (ZAGO2) acquired under excitation at 387 nm, and PLE spectra of ZAO and

ZAGO2 obtained with monitoring at 686 nm.
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Figure 2. (a) Persistent luminescence decay curve of the Zn 2Al16Geo 204:Cr** sample
(ZAGO2) at 690 nm emission with a decay time of more than 120 h after irradiation by
a 280 nm xenon lamp for 10 min. The inset shows the persistent luminescence spectra
acquired at different decay times. The persistent emissions peak at approximately
690 nm and the profiles of the persistent luminescence spectra do not change with the
decay time. (b) NIR afterglow images (photograph parameters: manual/ISO

1600/exposure time of 10 s) at different afterglow times (30 s to 30 min).
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Figure 3. PersLE spectra of ZAGO2 and ZAGO3 with emission recorded at 690 nm.
The solid circles represent the sum of the persistent luminescent intensity from 60 to
70 s after the stoppage of each excitation. The open circles represent the magnification

(%x30) of the corresponding solid circles.
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Figure 4. (a) XRD patterns of Zni+Al>2Gex04:Cr¥* (x = 0-0.4) samples and the

standard data for the ZnAl,O. phase, (b) Crystal structure of normal spinel, showing

octahedral and tetrahedral coordination.
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Figure 5. The partial DOS of various antisite defects: Ge},, Zna, Ge, , and Al;,. The
structure is based on the spinel structure of ZnAl.O4 with Ge and Cr taking six-fold
sites. The bottom panel shows the perfect supercell without any defects, producing a

band gap of 4.3 eV.
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Figure 6. TL curves monitored at 690 nm emission for the Zn1 2Al1 sGeo 204:Cr®* sample
(ZAGO2) for a) different decay times and b) different irradiation energies. TL curves
monitored at 690 nm emission for the Zn1.xAl-2xGex04:Cré* samples with x varied from
0.1 to 0.4 under irradiation at different wavelengths: c) Aex = 280 nm and d) Aex = 540

nm.
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Figure 7. Trap depths estimated according to the initial rise approach and bang gap
energy determined according to the Kubelka-Munk function for Zn1:xAlz-2xGexO4:Cr3*

(x =0-0.4) samples
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Figure 8. (a) PL spectra of the Zn1.xAl>..xGex04:Cr¥* (x = 0-0.4) samples acquired at
77 K under excitation by a 532 nm laser, (b) Intensity ratios of the emission peaks,

N1/R1 and N2/R1, as functions of x in the Zn1+Al,2«Gex04:Cr¥* (x = 0-0.4) samples.



