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Near-infrared (NIR) persistent phosphors have attracted extensive research interest owing to their distinct
wavelength features and self-sustained luminescence properties. However, the high-energy ultraviolet
light that is consistently used to charge these phosphors has compromised some promising applications,
especially for biomedical imaging. Herein, we have successfully utilized long-wavelength 635 nm red-
light to achieve intense NIR persistent luminescence in a MgGeOsz:Mn?* Yb*" phosphor. Seconds to
minutes of 635 nm red-light charging can result in long-lasting NIR afterglow at around 680 nm for
longer than 12 h. The photon trapping and detrapping processes in the MgGeogzMnZJ’,Yb3+ phosphor
were investigated in detail by varying the 635 nm red laser output power and the excitation duration,
which indicate that a two-photon upconversion charging process is responsible for NIR persistent
luminescence upon red-light illumination. The red-light-charging capability and self-sustained NIR
luminescence properties make this material perfectly suited to applications across a wide number of
fields, such as acting as ideal optical probes for deep-tissue bio-imaging and developing optical data
storage technology for information security systems.
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NPs, in contrast to the conventional optical probes, such as
semiconductor quantum dots,"”>'* organic dyes,”'® and

1. Introduction
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Persistent luminescence materials can store excitation energy
like “optical batteries” and slowly release energy as light emis-
sion when the external excitation is switched off."™ In the past
decades, the research and development of persistent phos-
phors emitting in the visible and near-infrared (NIR,
650-900 nm) spectral regions have been given substantial
attention, in consideration of the increasing demands for
many advanced applications ranging from night-vision surveil-
lance to optical data storage to biomedical imaging.”™"" In par-
ticular, for in vivo bioimaging, NIR persistent luminescence
phosphors in the form of nanoparticles (NPs) are highly attrac-
tive imaging probes based on their inherent chemical and
photophysical properties.'> These persistent luminescence
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upconverting NPs,'” not only show excellent photochemical
stability and low toxicity, but also could continue emitting
light for an extended time (from minutes to hours) at room
temperature without the need for external irradiation."®"® The
complete separation of photo-excitation and emission pro-
cesses enable the imaging to be conducted in an excitation-
free manner, and thus the optical interference (e.g., tissue
autofluorescence) can be completely eliminated, which will lay
the foundation for high-quality bioimaging applications.*® On
top of this, the longer-wavelength red-to-NIR light that corres-
ponds to the first biological window usually shows low light
absorption and reduced light scattering in biological tissues
when applied in biomedical imaging, producing a significantly
improved imaging depth and a signal-to-noise ratio.*"**

The past decade has witnessed significant progress of NIR
persistent luminescence NPs in biomedical applications, since
Chermont et al. first introduced these NPs as imaging probes
to visualize the mouse tumor.>® Particularly in recent years,
stimulated by the discovery and development of a series of
Cr’* doped gallate based NIR persistent phosphors with
unique NIR emission and a very-long afterglow of up to hun-
dreds of hours,** ™ Cr’" doped gallates in the form of NPs
have quickly attracted significant interest and are now acting
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as ideal probes for in vivo deep-tissue bioimaging.**** However,
the limited NIR afterglow time based on the consumption of
stored energy and the rigorous excitation conditions (typically
high-energy ultraviolet light) are the main roadblocks with
regard to their application in long-term cell tracking and tumor
targeting. To circumvent the limitations of the persistent
luminescence-based imaging method, a photostimulated per-
sistent luminescence (PSPL) technique has been introduced to
liberate the stored energy in the deep energy traps, thus greatly
prolonging the NIR afterglow time to achieve long-term tracking
capability.>>** But the PSPL signal continues to weaken after
each photostimulation cycle, due to the gradual consumption
of stored energy during pre-irradiation, and the stored energy
could be eventually extinguished. As a result, in situ charging of
NIR persistent luminescence probes repeatedly with deep tissue
penetrable red-to-NIR light is highly desired to address the
above-mentioned issues.**”

By combining the unique properties of upconversion lumine-
scence and persistent luminescence, the upconverted persistent
luminescence concept was first proposed by Liu et al.,*® in which
the energy traps can be successfully charged upon long-wave-
length 980 nm NIR laser excitation by using the energy transfer
of a “Yb**-Er**-Cr*"” system. However, the persistent lumine-
scence from Cr*" after 980 nm laser charging is not strong
enough, and is orders of magnitude weaker than that produced
by UV light. Afterwards, the Pan group reported a two-photon
upconversion charging (UCC) concept by using visible-light laser
diodes for effectively charging a LiGa;Og:Cr’" NIR persistent
phosphor, which could emit intense persistent luminescence at
the same magnitude as that produced upon high-energy UV exci-
tation.>® The upconversion charging strategy offers a new way to
study persistent luminescence properties and develop new
applications.”®*" However, by far, the common UCC behaviors in
Mn**-doped NIR persistent luminescence phosphors, including
the energy absorption, upconversion kinetics, and trap charging
and detrapping processes, have not been well characterized and
understood, even though these Mn**-doped materials systems
show significant promise in practical applications.

In this contribution, we report the detailed investigation on
the UCC behaviors of an MgGeO5;:Mn**,Yb*" (hereafter referred
to as MGO:Mn,Yb) NIR persistent phosphor. The generation of
long-lasting NIR persistent luminescence after being charged
with long-wavelength 635 nm red-light is demonstrated. The
trapping and detrapping processes with a 635 nm red laser as
the excitation source have been comprehensively studied by
spectroscopic  characterization and thermoluminescence
measurements, suggesting that the MGO:Mn,Yb phosphor
holds great potential for bioimaging and optical information
storage applications.

2. Experimental section
2.1. Sample preparation

The MGO:Mn,Yb phosphors were fabricated using a high-
temperature solid-state reaction technique. Stoichiometric
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amounts of MgO (99.99%, Aladdin), GeO, (99.99%, Aladdin),
MnO (99.99%, Aladdin), and Yb,0; (99.99%, Aladdin) powders
were thoroughly mixed and ground in an agate mortar. The
mixed powder was then pressed into performed discs with a
diameter of ~11 mm using a dry pressing machine. After that,
the discs were fired at 1250 °C in air for 2 h to obtain the final
samples. For the phosphor film, the synthesized phosphor
powders were homogeneously mixed with the silicone elasto-
mer in a weight ratio of 1:1 to form the phosphor slurries.
Then the slurries were molded on a thin copper sheet. Baffle
plates were used to control the size and thickness of the phos-
phor slurries. The phosphor films were obtained after heating
at 80 °C for 0.5 h and 120 °C for 2 h in an oven.

2.2. Characterization

The crystal structures of the as-synthesized MGO:Mn,Yb phos-
phors were characterized on a DMAX-2500PC powder X-ray
diffractometer with Cu Ko, radiation (1 = 1.5406 A). The
Rietveld refinement was achieved using general structure ana-
lysis system (GSAS) software. The spectral properties of the
phosphors, including photoluminescence emission and exci-
tation spectra, persistent luminescence decay curves, and per-
sistent luminescence excitation and emission spectra, were
analyzed using an Edinburgh FLS1000 spectrofluorometer
which was equipped with a 450 W xenon arc lamp and a
photomultiplier tube (measurement range, 200-900 nm). A
500 mW 635 nm laser diode was used to excite the samples.
All spectra were corrected for the optical system responses.
The fluorescence decay curves were obtained from the same
fluorescence spectrophotometer with a pF900 flash lamp as
the excitation source. The thermoluminescence spectra were
recorded using an SLO8 thermoluminescence setup
(Guangzhou Rongfan Science and Technology Co., Ltd;
heating rate, 4 °C s™'). Before all the spectral measurements,
the samples were heat-treated in a furnace at 400 °C to comple-
tely empty the energy traps in the material. The 635 nm red
laser was used as the excitation source in all of the imaging
experiments. Several conditions were evaluated for the in vitro
experiments. NIR persistent luminescence images of a pre-irra-
diated MGO:Mn,Yb sample are recorded using an IVIS
imaging system after being covered with a 1 cm pork slice. The
sample was pre-excited with the 100 mW 635 red laser for
1 min. The exposure time of the imaging system is 5 s. The
in situ red-light charging and imaging experiments were per-
formed by covering the MGO:Mn,Yb phosphor powders with a
~0.5 cm thickness pork slice. The exposure time of the
imaging system is set to be 15 s. A commercial micro-laser
engraving machine loaded with the 635 nm red laser
(maximum output: 1.20 W) was used to demonstrate the appli-
cation of optical information storage on the prepared phos-
phor discs and phosphor films. The laser engraving machine
was driven by a computer program and worked in a bit-by-bit
mode. The phosphor discs and phosphor films after data
recording were heated up to 200 °C for the encoded pattern
readout. The write-in and read-out processes were recorded
using a Canon EOS 800D digital camera.
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3. Results and discussion

3.1. Crystal structure and phase purity of MGO:Mn,Yb
phosphors

The XRD patterns of the as-synthesized MGO:Mn,Yb phos-
phors are shown in Fig. 1a. All XRD peaks are in line with the
standard card of MgGeO; crystals (JCPDS No. 76-1387). The co-
doping of Mn®" and Yb** ions has no obvious influence on the
crystal structure of the MgGeO; host, indicating the successful
synthesis of MGO:Mn,Yb phosphors. The MgGeO; compound
crystallizes in the orthorhombic system with a space group of
Pbca (61), which is composed 6-fold coordinated Mg>" and
4-fold coordinated Ge*", forming [MgO,] octahedra and [GeO,]
tetrahedra, respectively, as shown in Fig. 1b. In this structure,
the Mn”" emitters (r = 0.072 nm, CN = 6) prefer to substitute
for the octahedral sites of Mg”* ions (r = 0.067 nm, CN = 6) in
the host lattice, considering their similar ionic radii and same
valence states, while the Yb®>" ions most probably occupy the
sites of Mg”* ions in the host structure.

Rietveld XRD refinement was performed to further under-
stand the crystal structure and extract the lattice parameters of
the as-synthesized MGO:Mn,Yb phosphors. The experimental
XRD data, the corresponding Rietveld refinement results, the
Bragg reflections and the profile difference between the experi-
mental and calculated values are shown in Fig. 1c. It is found
that the observed and calculated XRD patterns coincide well
with each other. The refinement results converge well and
yield an Rwp value of 8.61% and an R, value of 6.12%, indicat-
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Fig. 1 (a) XRD patterns of MgGeOz:x%Mn?*,0.1%Yb** (x = 0.5, 1, 2, 3

and 5) phosphors. (b) Schematic diagram of the crystal structure of
MgGeOs. (c) Rietveld refinement of the MGO:Mn,Yb phosphor.
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ing the formation of a single phase with no evidence of an
impurity phase. The calculated lattice parameters of MGO:Mn,
Yb are presented in Table S1 in the ESL¥

3.2. Photoluminescence properties of the MGO:Mn,Yb
phosphor

The photoluminescence emission and excitation spectra of the
MGO:Mn,Yb phosphor at room temperature are shown in
Fig. 2a. When exciting with 295 nm light, the MGO:Mn,Yb
phosphor exhibits a broadband emission band covering a
wavelength range over 600-800 nm with an emission peak at
680 nm. The intense NIR emission is the characteristic of
Mn** ions that are located in an octahedral environment in
the host compound and can be attributed to the T, - A,
transition of Mn?".**** The photoluminescence excitation
spectrum monitored at 680 nm contains several bands in the
UV and visible spectral regions. The broad absorption band
peaking at 295 nm can be assigned to the charge transfer tran-
sition of Mn*".** The weak excitation peaks in a wavelength
range of 340-460 nm can be attributed to the typical electron
transitions of Mn>" from the °A; ground state to the “T;(P), ‘E
(D), "T('D), “A("G)/'E("G) and "T,(G) excited states,
respectively.”>*® The decay time measurement of the Mn**
emission in the MGO:Mn,Yb phosphor under 295 nm exci-
tation at room temperature is shown in Fig. 2b. The decay
curve follows single exponential kinetics perfectly and the
decay time of the Mn>" emission is determined to be
10.71 ms, which is consistent with those of other typical Mn>*-
activated phosphors.*”*°

3.3. Red-light-activated NIR persistent luminescence
properties

Besides intense NIR photoluminescence, the excitation with
high-energy UV light can effectively charge the MgGeO;:Mn>*
phosphor and result in long-lasting NIR afterglow, as reported
in previous research.’®>> However, in comparison with the
most common high-energy UV lamp used for achieving NIR
afterglow, it is demonstrated here that long-wavelength
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Fig. 2 (a) Photoluminescence emission and excitation spectra of the
MGO:Mn,Yb phosphor. The emission spectrum is acquired upon 295 nm
excitation and the excitation spectrum is obtained by monitoring at
680 nm emission. (b) Fluorescence lifetime decay of the MGO:Mn,Yb
phosphor under 295 nm light excitation.
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635 nm red-light can also induce exceptional NIR persistent
luminescence in the MGO:Mn,Yb phosphor. Moreover, the
NIR persistent luminescence performances are strongly depen-
dent on the concentrations of Mn>" emitters and Yb*" co-
dopants. The optimum persistent luminescence performance
is achieved in the MGO:1%Mn,0.1%Yb phosphor, as shown in
ESI Fig. S1.f Fig. 3a shows the NIR persistent luminescence
decay curve of the MGO:Mn,Yb phosphor after being charged
with the 635 nm red laser for 15 min. The afterglow duration
was recorded as 12 h, which is comparable to that produced by
the standard 254 nm UV lamp. As can be seen in Fig. 3a, the
afterglow intensity is still considerably high after 12 h decay,
indicating that persistent NIR light emission after red-light
charging could last much longer than 12 h. The persistent
luminescence decay curve was also plotted as a function of the
NIR afterglow intensity (I) versus decay time (¢) in a double-log-
arithmic coordinate system, as shown in ESI Fig. S2.f The
slope of the decay curve is determined to be 1.49, indicating
that the tunneling mechanism occurs during the persistent
luminescence process.’*”* The upper inset of Fig. 3a shows a
persistent luminescence emission spectrum acquired at 1 h
after stopping excitation, which shows the characteristic broad-
band emission of Mn*" and an identical profile to the photo-
luminescence emission spectrum, indicating that the NIR
afterglow originates from the Mn>" emitting center.

The long-lasting NIR persistent luminescence of MGO:Mn,
Yb after red-light charging was also visually evaluated by
imaging experiments, as shown in Fig. 3b. After exposure to
the 635 nm red laser for 15 min, the NIR persistent lumine-

Intensity

600 700 800
Wavelength (nm)

awi} Aeosg

Persistent Luminescence Intensity (a.u.) o

Decay Time (h)

Fig. 3 (a) NIR persistent luminescence of the MGO:Mn,Yb phosphor at
room temperature. NIR persistent luminescence decay curve monitored
at 680 nm after irradiation with the 635 nm red laser for 10 min (output
power, 500 mW). The inset shows the NIR persistent luminescence
emission spectrum recorded at 1 h after stopping irradiation. (b) NIR per-
sistent luminescence images of the MGO:Mn,Yb phosphor taken at
different decay times (5 min to 12 h). The images were taken using a
digital camera that was connected to a night vision monocular. The
imaging parameters are manual/ISO 400/1 s (5 min) and manual/ISO
400/10 s (1 h, 3 h and 12 h), respectively.
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scence signal can be seen with the naked eye for only 10 min,
because the NIR persistent emission peaking at 680 nm from
the material is less efficiently sensed by the human eye in a
dark environment. However, with the help of a night-vision
monocular, the changes of NIR emission brightness with a
decay time up to 12 h could be clearly observed. The decay
time-dependent persistent luminescence images clearly show
that the MGO:Mn,Yb phosphor can be effectively charged by
the long-wavelength 635 nm red-light, inducing a remarkable
NIR afterglow for more than 12 h.

To further understand the charging process upon 635 nm
red-light illumination in the MGO:Mn,Yb phosphor, we
studied the relationship between the NIR afterglow intensity
and the output power of the 635 nm red laser. In our experi-
ment, we excited the MGO:Mn,Yb phosphor using the 635 nm
red laser with the output powers ranging from 5 mW to
100 mW. The phosphor was irradiated for 1 min at each fixed
power and the NIR afterglow decay curves monitoring at
680 nm were recorded after each excitation, as shown in
Fig. 4a. The persistent luminescence intensity at a decay time
of 30 s in each decay curve was selected as the reference point
to obtain the plot of persistent luminescence intensity (I3os)
versus the excitation power of the 635 nm laser (P), as shown
by the In(I)-In(P) coordinates in Fig. 4b. As shown in Fig. 4,
the NIR afterglow intensity increases as the excitation power
increases. It is found that the dependence of the afterglow
intensity and output power can be expressed by the formula I-
P'? as the excitation power changes in the range of
5-100 mW, which is in accordance with the characteristic of
the upconversion process.>® Such a quadratic relationship indi-
cates the occurrence of an upconversion charging process, in
which two 635 nm red photons are absorbed to pump the
Mn>" to the delocalization state and then fill the energy traps
(generally lattice defects or impurities®®), as presented in the
energy level diagram in Fig. 4b. The absorption band of Mn**
in the red part (550-650 nm) of the excitation spectrum paves
the way for the successful absorption of a low energy 635 nm
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Fig. 4 (a) NIR persistent luminescence decay curves of the MGO:Mn,Yb
phosphor irradiated with the 635 nm red laser with different output
powers (5-100 mW) for 1 min. (b) Double-logarithmic plot of NIR per-
sistent luminescence intensities at 30 s (/50s) versus the laser powers (P).
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photon due to the °A; — *T; transition of Mn>" emitters, as
shown in ESI Fig. S3.f Meanwhile, the long stable-state
luminescence lifetime of the “T; energy level of Mn”>* can act
as a metastable state (Fig. 2b), and a second 635 nm red
photon further pumps the Mn”" to the high-energy delocalized
state, owing to the excited-state absorption phenomenon, as
observed in in a LiGas0;,:Cr*" phosphor.*® The delocalized
electrons could be captured by and stored in the energy traps
below the bottom of the conduction band, thus enabling the
occurrence of intense NIR persistent luminescence in the
MGO:Mn,Yb phosphor due to thermal or other physical
stimulations.

3.4. Thermoluminescence properties of the MGO:Mn,Yb
phosphor

The above experimental results have revealed that 635 nm red
laser excitation can generate intense NIR persistent lumine-
scence in the MGO:Mn,Yb phosphor via the upconversion
charging process. To gain further insight into the trap pro-
perties and the interactions between the Mn** emitters and
the traps in this phosphor, we conducted thermoluminescence
measurements under the excitation of a tunable 635 nm laser
(output power, 5-400 mW), which can provide information
related to the trap density and trap distribution in the phos-
phor. Two excitation conditions were systematically tuned
when measuring the TL curves: varying the laser output power
between 5 mW and 400 mW with a fixed excitation duration of
60 s and varying the excitation duration between 10 s and 900
s with a fixed output power of 40 mW and 400 mW, respect-
ively. Fig. 5a shows the TL spectra of the MGO:Mn,Yb phos-
phor after illumination with the 635 nm red laser with
different output powers. The obtained TL curves in Fig. 5a
show varied TL intensities but almost identical spectral
shapes. Each TL curve exhibits two broad bands peaking at
~365 K (peak 1, low temperature band) and ~430 K (peak 2,
high temperature band), respectively, suggesting that two
kinds of traps, shallow traps and deep traps, exist in the MGO:
Mn,Yb phosphor. To figure out the details of these traps, the
TL curves of MGO:Mn and MGO:Mn,Yb phosphors were
recorded after 635 nm laser excitation, as shown in ESI
Fig. S4.7 After co-doping Yb®" ions, the integrated TL intensity
is greatly enhanced along with the appearance of an additional
TL band at 365 K, which is in good agreement with a previous
study.®” Therefore, the shallow traps in the MGO:Mn,Yb phos-
phor can be attributed to the Yb*" co-doping, while the deep
trap located at 430 K is probably related to the intrinsic defects
of the host (e.g., oxygen vacancies). It is also noted that the TL
spectrum after 635 nm red-light illumination is almost consist-
ent with that after irradiation with the 254 nm UV lamp (ESI
Fig. S5T). However, a small peak shift to higher temperature
and an obvious increase in deep trap intensity are observed,
indicating that the 635 nm red laser cannot depopulate the
deep-trapped electrons while the 254 nm UV lamp can. As the
output power increases from 5 mW to 400 mW, the TL inten-
sity shows a rapid increase, while the positions of two band
maxima are independent of the laser power. By fitting the inte-
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Fig. 5 (a) TL spectra monitored at 680 nm over 300-550 K after
irradiation with the 635 nm red laser with different output powers
(5—400 mW). The exposure time is 60 s for each measurement. The TL
curves are recorded at 60 s after excitation. (b) TL spectra after exci-
tation with the 40 mW red laser for different durations from 10 s to 900
s. Each spectrum is recorded at 60 s after excitation. (c) TL spectra after
excitation with the 400 mW red laser for different durations from 10 s to
900 s. (d) TL curves monitored at 680 nm emission over 300-550 K for
samples with different decay times from 10 min to 24 h.

grated TL intensity versus excitation power in the log-log plot
(upper inset of Fig. 5a), the I-P curve is in good agreement
with a quadratic relationship (I-P'*’) when the excitation
power increases over 5-100 mW, further indicating that the
two-photon upconversion excitation process is involved in the
NIR persistent luminescence process upon red-light excitation.
The upper inset in Fig. 5a also shows that the slope of the
fitting line starts to decrease as the excitation power further
increases in the range of 100-400 mW, which is probably due
to the photostimulated detrapping process during red-light
charging.*>*!

We further measured the TL spectra of the MGO:Mn,Yb
phosphor after illumination with a fixed output power (40 mW
and 400 mW, respectively), but with different durations from
10 s to 900 s. As shown in Fig. 5b, after illuminating the
sample with the 40 mW 635 nm red laser, the intensities of
the low temperature band and high temperature band kept
increasing, while the positions of the TL band maxima
remained almost constant with the increase of exposure time
from 10 s to 900 s. However, it is found that the TL intensity
ratio of the low-temperature band and high-temperature band
decreases monotonically from 6.09 to 4.73 as the excitation
duration increases, indicating that these two kinds of traps
have divergent increase trends and the intensity of deep traps
increases faster than that of shallow traps. When the output
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power of the red laser is fixed at 500 mW, as shown in Fig. 5c,
the increase of low temperature band intensity still does not
keep pace with that of the high temperature band. The TL
intensity ratio decreases from 7.48 to 5.83 with increasing exci-
tation duration, while the value at a fixed irradiation time is
always higher than that at 40 mW (Fig. 5b) due to the higher
excitation intensity. The divergent increase trend of shallow
traps and deep traps is probably due to different stimulation
effects of the 635 nm red laser.”® Under excitation with the
635 nm red laser, the shallow traps and deep traps in the
material are filled through the two-photon upconversion char-
ging process. Meanwhile, the long-wavelength 635 nm red-
light can also promote the trapped electrons in the shallow
traps to the delocalized conduction band via a photostimula-
tion process, which will cause the depopulation of electrons in
the shallow traps, while it is not very effective at delocalizing
the electrons in the deep traps. Thus, with the increase of the
excitation duration, the population in the deep traps increases
more rapidly than that in the shallow traps.

Decay time-dependent TL measurements by monitoring
680 nm emission were also recorded, and the TL curves are
shown in Fig. 5d. It is found that the intensity of shallow traps
at low-temperature decreases steeply, which is barely recogniz-
able after 12 h of natural decay. On the other hand, the inten-
sity of deep traps at high temperature decreases gradually as
the decay time increases, while the position of the peak
maximum almost remains unchanged with the increase of
decay time. After 24 h natural decay, the intensity of deep traps
also drops markedly because these deep-trapped electrons are
released at a very slow rate for long-lasting NIR afterglow of the
MGO:Mn,Yb phosphor.

3.5. Bioimaging and optical information storage applications

The developed MGO:Mn,Yb phosphor exhibits a unique red-
light chargeable capability and self-sustained NIR lumine-
scence, which enable it to have high promise for bioimaging
and optical information storage applications. For the MGO:
Mn,Yb sample pre-irradiated with the 635 nm red laser
(100 mW, 1 min), the NIR persistent luminescence signals
from the sample (50 mg) could be clearly detected using the
IVIS imaging system for more than 30 min when it was covered
with the 1 cm pork slice, which further indicates that the
MGO:Mn,Yb phosphor can be effectively charged with 635 nm
red-light. The afterglow intensity decreases gradually with
prolonging decay time and the imaging signals become
undetectable for about 60 min, as shown in Fig. 6a. Repeated
in situ charging through the pork tissue (0.5 cm) with 635 nm
red-light was further tested. The imaging results are presented
in Fig. 6b-e. It is found that the 635 nm red laser can effec-
tively charge the MGO:Mn,Yb phosphor in situ because of its
good tissue penetration capability. The MGO:Mn,Yb sample
can still provide high-quality and clear images within 30 min
after in situ excitation. More importantly, NIR persistent
luminescence signals from the sample have good reproducibil-
ity after repeatedly charging with the 635 nm red laser, as
shown in Fig. 6¢-e. In the 2nd, 3rd and 4th imaging cycles, the
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Fig. 6 Deep tissue in vitro imaging application by using the MGO:Mn,
Yb sample. (a) NIR persistent luminescence images of the pre-irradiated
MGO:Mn,Yb sample (50 mg) when covered with the 1 cm pork slice. The
sample was pre-excited with the 100 mW 635 red laser for 1 min. The
exposure time of the imaging system is 5 s. (b—e) Repeated in vitro
imaging after in situ excitation of the MGO:Mn,Yb sample (50 mg)
covered with the 0.5 cm pork slice using the 635 nm red laser (100 mW,
1 min). The time interval for repeated imaging is set to be 30 min. The
exposure time of the imaging system is 15 s.

MGO:Mn,Yb phosphor can be recharged iz situ and it continu-
ously emits NIR light for a desired time (30 min) to provide a
clear NIR afterglow imaging signal, suggesting the reliable
stability and repeatability of this material for deep-tissue
in vivo bioimaging. Furthermore, NIR persistent luminescence
imaging can also be realized by directly charging with long-
wavelength red-light when the MGO:Mn,Yb sample is covered
with the 1 cm thickness pork slice, as shown in ESI Fig. S6.t

A series of optical data recording and read-out experiments
were also carried out on MGO:Mn,Yb phosphor discs and flex-
ible phosphor films. A commercial micro-laser engraving
machine loaded with a 635 nm red laser is used to write in
specific patterns via a bit-by-bit mode, as shown in Fig. 7a.
After data recording, the encoded information on phosphor
discs and phosphor films are invisible in a bright indoor
environment because the NIR afterglow signal is submerged
by the overwhelming indoor light (Fig. 7b and c). Meanwhile,
these input records cannot be recognized with the naked eye
in the dark after a certain decay time (tens of seconds) owing
to the low sensitivity of the naked eye to the red-to-NIR after-
glow emission. However, these encoded patterns can be
observed clearly with human eyes when the phosphor discs
and phosphor films are heated to a higher temperature due to
the massive release of stored excitation energy as red-to-NIR
light emission. Fig. 7d and e show the photographs of
decoded patterns in red-to-NIR emission on different phos-
phor discs when heated to 200 °C after 1 h natural decay. The
input stick figures of a person when studying, smiling, playing
and thinking (Fig. 7d) and Chinese characters of Shandong
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Fig. 7 Application of the MGO:Mn,Yb persistent phosphor for optical
information storage. (a) Photograph of a commercialized micro-laser
engraving machine. (b and c) Phosphor disc and phosphor film of MGO:
Mn,Yb after data recording with a computer program controlled 635 nm
red laser under an indoor-lighting environment. (d and e) Optical read-
out of stick figures and Chinese characters on the phosphor discs after
heating at 200 °C in the dark. (f) Luminescence pattern read-out from
the flexible phosphor film when heating at 200 °C in the dark.

University (Fig. 7e) on different phosphor discs become visible
in the dark when heated at high temperature. Moreover, the
luminescence patterns of the Shandong University logo, SDU
letters (abbreviation of Shandong University) and Arabic
numbers (1901 and 2021) were also written in the phosphor
film by using the 635 nm red laser, and were invisible in
bright and dark environments. After heating at 200 °C, bright
luminescence images depicting the recorded information
clearly appear in the dark. This unique red-light write-in and
temperature-stimulated read-out mode provide great opportu-
nities for Mn>*-doped NIR storage phosphors in the field of
repeatedly erasable information security systems.

4. Conclusion

In conclusion, we have investigated a two-photon upconversion
charging process in MGO:Mn,Yb phosphors by using long-
wavelength 635 nm red laser excitation. The MGO:Mn,Yb phos-
phor exhibits single band NIR persistent luminescence
peaking at around 680 nm with a long afterglow time of more
than 12 h after 635 nm red-light illumination. A quadratic
relationship between the persistent luminescence intensity
and excitation power reveals that the sequential absorption of
two 635 nm red photons can promote the Mn*"-doped material
system from the ground state to the high-energy delocalized
state via an upconversion charging process. The two-photon
upconversion charging technique in these Mn**-activated NIR
persistent phosphors enables the in situ charging of persistent
optical probes via a tissue-friendly red-light source to achieve
long-term tracking capability in biomedical imaging.
Moreover, the unique write-in (by red laser) and read-out (by
thermal stimulation) modes also hold great promise for infor-
mation security applications.
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