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Near-infrared persistent luminescent materials have great potential for in vivo bioimaging and
night-vision surveillance due to their long-lasting autofluorescence-free emission through deep
tissues and multi-cycle photo-stimulated luminescence by releasing energy from captured traps
using high-intensity 808 nm or 980 nm lasers. However, phosphors combining both near-
infrared persistent luminescence and photo-stimulated luminescence are found mostly in
chromium doped gallates hosts, other emitters are rarely reported. Herein, a new material
system with near-infrared persistent luminescence is achieved in tetravalent manganese doped
double-perovskite alkali-earth metal tungstates via the aliovalent substitution of calcium ions
with lanthanum ions. Persistent luminescence could be generated via X-ray irradiation,

providing great promise in long-term deep-tissue ultrasensitive imaging, information storage



and X-ray detection. Photo-stimulated de-trapping is successfully demonstrated using a
common 420 nm light emitting diode instead of a high-intensity 808 nm or 980 nm laser. The
traps distribution is proved to be re-shuffled upon this laser-free visible light stimulation. Re-
shuffling of trap distributions upon visible light stimulation may be promising for optical
information storage applications. This work is expected to broaden the range of near-infrared
persistent material systems and provides new insights into manipulating photo-stimulated traps

via laser-free light stimulation.

1. Introduction

Persistent luminescence, also known as long-lasting afterglow, is a particular optical
phenomenon where light emission continues for seconds, minutes or hours after the excitation
source ceases. Thermally assisted de-trapping with the probability depending on ambient
temperature and trap depth, is the key process dominating persistent luminescence in glow-in-
the-dark phosphors or persistent phosphors. To date, persistent phosphors have been widely
applied in the fields of luminous paints, safety displays, emergency signage, information
storage, alternating current-driven light emitting diodes and artificial synapsest® 2 24 51 The
utilization of near-infrared (NIR) persistent luminescence for in vivo imaging brought NIR
persistent phosphors into the bio-imaging field. By using a high-intensity 808 nm or 980 nm
laser, repeated long-term imaging can obtained from photo-stimulated luminescence via
releasing energy from captured traps(® 1. A large number of phosphors showing long-lasting
persistent luminescence in the NIR region have been synthesized, and ultraviolet (UV) light has
been widely applied to excite persistent luminescencel®l. Recently, red or deep-red light (600-
800 nm) has also been investigated to serve as excitation source for multi-cycle long-term

bioimaging!® 1% 1112 However, there is still a limitation for deep penetration and high signal-



to-noise ratio imaging due to the lack of phosphors allowing NIR in vivo excitation. Persistent
luminescence excited in situ by X-rays was reported in chromium-doped gallatest*: 14 151,
Compared to light, X-rays have deep penetration of tissues and show great promise in long-

term deep-tissue ultrasensitive imaging!*2 1,

Cr* and Mn** transition metal ions, with 3d° electron configurations, are ideal NIR emitters‘”
18 Cr¥* or Mn** ions are usually stabilized and situated in octahedral symmetry environment
of many host matricest*¥). In regard to NIR persistent luminescence, great progress has been
made in the development of Cr®* doped NIR persistent phosphors and there is a long list of
candidate NIR emitters [2% 21221 For instance, the gallate system with octahedral coordination
environments is regarded as the preferred host for preparing Cr* doped NIR persistent
phosphors(2® 241, Some representative examples are ZnGa,04:Cré*2], MgGa,04:Cr3+[26],
LiGasQs:Cr3*12], Zn14xGaz-2x(Ge/Sn)xO4: Cri+[28], MQ1:+xGaz-2xGex0a:CritZ], and
Y3AlGaz012:Cr¥* 9. In contrast, the numbers of the Mn*" doped candidates with NIR
persistent luminescence are very limited. To the best of our knowledge, only aluminates and
germanates have been explored®> %1, The search for new candidates is prerequisite and the

development of Mn** doped NIR persistent materials is still an ongoing challenge.

Tungstates with facile synthesis, low cost and good chemical stability are suitable host materials
for rare earth metal and transition metal doping. Recently, a facile strategy was reported for co-
doping Ln®* (Ln = La, Gd, Y, Lu) and Mn** in the double-perovskite Sr.CaWOgs compound41,
Efficient steady-state luminescence and extraordinary thermal stability were achieved. In this
work, near-infrared persistent luminescence was reported in tetravalent manganese doped
double-perovskite alkali-earth metal tungstates via the aliovalent substitution of calcium ions
(Ca?*) with lanthanum ions (La®*"). A detailed spectral characterization and a series of

thermoluminescence (TL) measurements were made to shed light on trapping and de-trapping
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processes of this Mn** doped new material system with long-lasting NIR emission. From an
application point of view, it is important to get a grasp of the manipulation of photo-stimulated
traps in a laser-free way. Manipulation of traps in an optical write-in and read-out approach is
necessary for optical information storage, but the effect is often underestimated. By employing
a 420 nm light emitting diode, photo-stimulated de-trapping was successfully demonstrated.
Moreover, the trap distribution was proved to be re-shuffled upon this laser-free light
stimulation. More importantly, re-shuffling trap distributions upon visible light stimulation may
be promising for optical information storage applications. In addition, persistent luminescence
could be generated via X-ray irradiation, showing great promise in long-term deep-tissue
ultrasensitive imaging, information storage and X-ray detection. This work offers an example
of the exploration of novel NIR persistent phosphors and provides new insights into

manipulating photo-stimulated traps in a laser-free way.

2. Results and Discussion

2.1. Photoluminescence, persistent luminescence and thermoluminescence

The chemical composition of SraCaoglao.1Wo.0506:0.005Mn** was investigated as a
representative example. Photoluminescence excitation and emission spectra as well as the
persistent luminescence excitation spectrum of Sr2Cao.glag.1Wo.99506:0.005Mn** phosphors are
shown in Figure 1. Upon 336 nm excitation, the emission spectrum presents narrow-band
profiles centered at 677 nm typical for Mn**® 2 (Figure 1a). However, the individual
components of the zero phonon R line with their Stokes and anti-Stokes phonon side bands
cannot be resolved in SroCag.glao1Wo.99506:0.005Mn** phosphors mainly due to instrument
resolution and insufficiently low temperature. The emission is attributed to the parity and spin-

forbidden 2Eq — “Ayq transition of Mn** ions located in WOs octahedra. The broad excitation

spectrum (Aem = 677 NmM) ranging from 250 to 550 nm with a maximum at 336 nm originates
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from the contribution of Mn*—0? charge transfer, spin-allowed *Axq — *T1g, spin-forbidden
*Aog — 2Tag and spin-allowed “Azq — 4Toq transitions of Mn**, consistent with the Tanabe-

Sugano diagram for a d3-configuration in an octahedral environment!®® 2738 The main peak at
336 nm can be assigned to the overlap between the Mn**—0? charge transfer band and the spin-

allowed *Ayq — 4Taq transition of Mn** ions. The persistent luminescence excitation spectrum

of Sr2Cao gl ao.1Wo.99506:0.005Mn** (in Figure 1b) presents the wavelength range for charging
NIR persistent luminescence. Decay profiles were monitored at 677 nm after 3-min excitation
with monochromatic light ranging from 240 to 600 nm. The persistent luminescence intensity
was plotted as a function of the excitation wavelength by integrating the decay profiles during
the first 2 minutes of afterglow (see details in Figure S1). Although the steady state
photoluminescence of the Sr.Cao.glao1Wo.99506:0.005Mn** phosphor can be excited upon UV
and visible excitation spectral range (from 250 to 550 nm, as seen in Figure 1a), NIR persistent
luminescence can only be effectively obtained in a narrow range of excitation wavelengths
(ranging from 250 to 330 nm). The cutoff wavelength (Acutorf) for activating persistent
luminescence is estimated around 340 nm, which is the lowest cutoff value among Mn** doped
persistent phosphorst. It is worth mentioning that a commonly used 365-nm ‘black light’ UV
light source cannot induce persistent luminescence in the Sr2Cao.slao.1\Wo0.99506:0.005Mn**
phosphor, in spite of the bright steady-state NIR emission under 365 nm irradiation (as shown
in Figure S2). This excitation wavelength dependent persistent luminescence is also proved by
the thermoluminescence measurements upon different charging sources (254, 365 and 420 nm)
in Figure S3. Upon 365 nm or 420 nm charging, there were no TL peaks and traps were not
filled. In contrast, it can be seen that 254 nm UV charging can effectively fill traps with the

presence of a broad TL peak spanning from room temperature to 100 <C.



The persistent luminescence decay profiles of SroCao.glao.1Wo.95506:0.005Mn** phosphor after
3-min xenon arc lamp excitation were recorded at room temperature, as shown in Figure 2. The
logarithmic plot of the afterglow intensity was given as a function of time in the main figure,
and the reciprocal plot of intensity was also inserted in Figure 2. Measuring afterglow intensity
in radiometric units instead of arbitrary units, makes it possible to compare the afterglow decay
performance among other persistent phosphors. Usually, 0.32 mcd/m? is defined as threshold
for the visible afterglow emission, and this value is replaced by the equivalent radiometric unit
of mW/sr/m? for NIR emissiont¥. Hereby, 10 mW/sr/m? is roughly equivalent to 0.32 mcd/m?.
The afterglow duration of SroCao.sLao.1Wo.99506:0.005Mn** is estimated at around 20 minutes
when the intensity drops below the threshold value of 10 mW/sr/m?. Such afterglow duration
is the longest among all reported Mn** doped persistent phosphors in literature, such as
La,MgGeOs:Mn*E2 LaAIOz:Mn* 0 and La;xGdxAlOs:Mn**141, Persistent luminescence,
steady-state photoluminescence and thermoluminescence spectrum of
Sr,Cag gl ao.1Wo.99506:0.005Mn**  phosphor were recorded using the same detector and
compared in Figure 3. After ceasing the UV excitation source, the afterglow spectra were
collected at 105,30 s, 60 s, 150 s and 200 s, respectively (in Figure 3a). The photoluminescence
spectrum was obtained upon 365-nm UV source excitation (in Figure 3b), and the
thermoluminescence spectrum was recorded at 25 <C during the linear heating stage (Figure
3c). TL glow curves represent the plot of integrated emission intensity as a function of the
temperature (the linear temperature rises with a constant heating rate). However, a TL spectrum
provides the plot of emission intensity as a function of wavelength at a certain temperature. It
is clear that all the positions of emission peaks are located around 677 nm. Chromatic
coordinates for persistent luminescence, photoluminescence and thermoluminescence were
given in Figure S4. All CIE coordinates were sited in deep-red region, suggesting their potential
for LEDs in agricultural applications. The almost same CIE coordinates and similar features

among three kinds of spectra indicate that the NIR emissions (photoluminescence, persistent
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luminescence, and thermoluminescence) originate from the same Mn**-emitting centers in each

luminescence process.
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Figure 1. (a) Photoluminescence (PL) and photoluminescence excitation (PLE) spectra of
Sr2Cao.slao1Wo.99506:0.005Mn** phosphor. The blue line is the excitation spectrum
probed at an emission wavelength of 677 nm, and the red line is the emission spectrum
obtained with excitation at 336 nm. (b) Persistent luminescence excitation spectrum of

Sr2Cao.slao.1Wo.99506:0.005Mn** phosphor.
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Figure 2. Persistent luminescence decay of Sr2Cao.olao.1Wo.90506:0.005Mn#* as a function

of time. The inset shows the inverse intensity as a function of time.
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Figure 3. Persistent luminescence (a), photoluminescence (b) and thermoluminescence

spectrum (c) of Sr2Cao.olao.1Wo.00506:0.005Mn** phosphor.

2.2. Trapping and de-trapping.

The influence of charging temperature during 254 nm UV excitation on the trapping efficiency
of Sr,Capglag1Wo.99506:0.005Mn**  phosphor was evaluated using thermoluminescence
measurements, as shown in Figure 4a. Two main TL glow peaks (Peak | centered around -
25 <T and Peak Il around 50 <C) were present when charging was performed at very low
temperature (-60 <C). Increasing the charging temperature from -60 <C to 0 T, led to the
increase of TL intensity, but the shallow trap (Peak 1) started to be emptied due to the elevated
ambient energy. A shift of the TL glow peak towards higher temperature was observed with
further increasing charging temperature, indicating only the deeper traps remained filled at
elevated ambient condition. These observations are consistent with what can be expected for
phosphors with multiple trap depths and broad trap distributionst? 43I, Figure 4b presents the
total trapping storage capacity as a function of charging temperature by integrating TL glow
curves of Figure 4a. The charging temperature of 20 <C displayed yielded the most trapping
storage. In addition, by employing a longer charging duration, trapping storage was improved
and the position of TL peaks moved to higher temperature (deeper traps were filled, as shown

in Figure 4c).

The temperature dependent afterglow output (de-trapping process) was studied using a series
of fading experiments (with a fading time of 15 min or without fading between irradiation and
heating stage) at variable ambient temperatures in Figure 5. TL glow curves of
Sr,Cag gl ao.1Wo.99506:0.005Mn** at variable charging and fading temperatures (starting from -
25 T to 37 <C) are given in Figure 5a, b and Figure S5. Obviously, a 15-min fading between

irradiation and heating stage leads to the thermal release of charge carriers (de-trapping at
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fading ambient temperatures). The low-temperature side (the lower trap energy levels) was
initially emptied and the position of TL peaks moved to higher temperature with elevated fading
conditions. The trapping storage capacity (the number of charge carriers trapped), with and
without fading, can be obtained from Figure 5a and b. It has been reported that
Sr,Cap.9Lag.1Wo.99506:0.005Mn** shows a good thermal stability and has a limited luminescence
thermal quenching (94.8% of the RT intensity remaining at 478 K)[4l. Thus, the area under TL
glow curve without fading can be regarded as a measure for the total number of charge carriers
filled during charging, while the area below the TL glow curve after 15-min fading is
proportional to the number of charge carriers remained. Figure 5c plots two curves for the
number of charge carriers trapped before and after 15-min fading, as a function of fading
temperature. The difference between the two curves (Figure 5c¢) provides the fading temperature
dependent afterglow output in Figure 5d. The afterglow output at 25 <C or 37 <T is quite high,
indicating that most of trapped charge carriers are de-trapping with light emission, which is in
line with the temperature dependent afterglow decay curve in Figure 5e. Although there is a
strong initial afterglow intensity at 37 T (AG 37 <T, red line), the afteglow intensity drops and
the decay curve falls below that at 25 <(AG 25 <C, green line) in Figure 5e. These afterglow
decay observations are consistent with the fact that the amount of de-trapped charge carriers at
37 <T is fewer than that at 25 <C during the 15 min fading (Figure 5d). From an application
point of view, it is important to get a grasp of the trapping and de-trapping behavior. When
persistent phosphors are applied in outdoor conditions, it is essential to know their afterglow
performance at variable working environments. Considering the discussion above, however,
Sr,Cag gl ao.1Wo.99506:0.005Mn** is not favorable for low-temperature (< 0 <C) working

conditions due to the low trap filling efficiency and limited afterglow output.
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(a) TL glow curves at different charging temperatures from -60 <C to 40 <C; (b) Total
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Sr2Cao.slao1Wo.99506:0.005Mn**. TL glow curves with (a) no fading, or (b) fading for 15
minutes at ambient temperature; (c) charge carriers trapped before and after 15-min
fading as a function of fading temperature; (d) fading temperature dependent afterglow
output; (e) afterglow decay curves at different ambient temperatures (-25, 0, 25, and

37 C).

De-trapping is usually believed to be a thermally activated process with the aid of ambient
thermal energy!*2 43441, Figure S6 provides TL glow curves of Sr2Cao slao.1\Wo.99506:0.005Mn**
after different low-temperature fading durations (0, 5, 10, and 15 min) at -50 <C. There was
little difference between the TL glow curves and energy was barely released due to the
insufficient thermal energy at low temperature of -50 <. In Sr2Cao.sLao.1Wo.99506:0.005Mn**,
both thermally activated de-trapping and optically stimulated de-trapping can be achieved, as

identified in Figure 6. Optically stimulated de-trapping is performed using a second light source
12



with a longer wavelength (for instance, a common 420 nm LED) rather than the 254 nm
charging source. Typical thermally activated de-trapping can be found from TL glow curves
after 5-min fading. On the other hand, the contribution from optically stimulated de-trapping
can also be clearly seen when the 420 nm LED was on during the 5-min fading. In Figure 6a,
the drop of TL intensity for 5-min fading (LED On) indicates the coexistence of thermally and
optically activated de-trapping in Sr.Cao.gLao1\Wo.99506:0.005Mn**. Increasing the illumination
intensity by increasing the current of the 420 nm LED, the amount of released charge carriers

increased accordingly (thus the TL intensity decreased in Figure 6b).
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Figure 6. De-trapping process of Sr2Cao.sla01W0.99506:0.005Mn** upon 420 nm
illumination. (a) TL glow curves were recorded without fading or with 5-min fading

(LED Off). Hlumination from 420 nm LED was also shed on sample (LED On) during
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the 5-min fading; (b) TL glow curves after variable illumination intensities from 420 nm

LED.

2.3. Re-shuffling traps distribution.

Charge transfer processes among traps have been observed in several defect-involving
luminescent materials“> 46 471, To evaluate the possibility of charge transfer processes among
traps, a low-temperature thermoluminescence experiment was designed (Figure 7). Trap filling
of the SroCap.9Lao.1Wo.99506:0.005Mn** was initially executed using 254 nm UV light at room
temperature. Subsequently, the sample was quickly cooled down to -60 <C, at the same fading
temperature to allow a comparison. Prior to recording the TL glow curve, a 420 nm LED
illumination source was turned on (LEDon) or off (LEDor), respectively, during the entire 3-
min fading time at -60 <C. TL glow curves with LEDon or LEDorr were then measured, shown
in Figure 7. In this way, the recorded TL glow curves can provide reliable information about
which defect levels are influenced by light stimulation (420 nm LEDon), together with
comparison to the initial trap depth distribution from the TL glow curve in the absence of light
stimulation (420 nm LEDorr). The presence of the re-shuffling events is identified based on the
changes of the TL glow curves (in Figure 7). Only one main TL peak centered around 50 <C
ranging from room temperature to 120 <C was present if the 420 nm LED was off (as a
reference), while multiple TL peaks appeared covering the range from -60 <C to 120 <C if the
420 nm LED was on. It is worth noting that the 420 nm LED illumination source cannot fill the
traps as discussed above, thus the number of traps distributed from -60 <C to 0 <C (the red area)
mainly comes from the charge transferred from the traps that are normally emptied from 20 C
to 120 <C (the green area). Such charge transfer process by a 420 nm LED is not common, and
re-shuffling of a trap distribution has not been reported in Mn** doped persistent phosphors so

far. Such re-shuffling event implies charge carriers are released under the influence of the
14



optical stimulation and occupy shallow-lying trap levels instead of leading purely to
recombination at luminescent centers (the NIR emitter, Mn** ions in this case). In most re-
shuffling events upon mechanical stimulation, the increase in the occupation of deep traps was
observed> 41 |n contrast, the occupation of shallow-lying trap levels of
Sr,Cag.9Lag1Wo.99506:0.005Mn** was increased under 420 nm LED light stimulation. A partial
emptying of the deep traps by photo-stimulation and re-trapping within defect energy levels
contribute to the re-shuffling of trap occupations in the presence of light stimulation (such as

light of 420 nm LED)

In addition, it is known that 254 nm UV light source usually works for the trap filling of
persistent phosphors. Interestingly, 254 nm UV light is also able to reshuffle traps distributions
in the case of SroCag.gLao.1Wo.99506:0.005Mn**. A comparison of TL glow curves was made by
tuning on or off 254 nm UV illumination during 3-min fading at -60 <C in Figure 8 (here
phosphor was initially charged at room temperature, and 254 nm UV light source act as both
charging source and stimulation source). Moreover, a direct 254 nm UV charging at -60 <C was
also displayed for comparison. Although the increase in the number of traps distributed from -
60 T to 0 <T should be partly attributed to the direct trap filling at -60 <C by UV light, it can
be seen that 254 nm light source is also possible for traps distributions re-shuffling due to the
decrease of the number of traps covering from 20 <C to 120 <C. That is to say, the excitation of

254 nm light played dual roles — trap filling and trap re-shuffling.

15
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2.4. X-ray induced persistent luminescence and traps manipulation.

X-ray induced persistent luminescence and thermoluminescence from
Sr,Cap.9Lag1Wo.99506:0.005Mn** were investigated (Figure 9). In general, persistent phosphors
require UV light to charge, which limits the energy enrichment and long-term signal tracking,
especially in bioimaging purpose. By contrast, X-ray charging of persistent phosphors has been
employed in deep tissue ultrasensitive imaging, and photodynamic therapy™3l. Apart from UV
light (as discussed in the section on the persistent luminescence excitation spectrum), NIR
persistent luminescence can also be induced using high-energy X-rays in
Sr,Cag gl ao.1Wo.99506:0.0056Mn**. Figure 9a presents a comparison of TL glow curves after UV
and X-ray excitation. The shape of the TL glow curves and TL peak positions were similar, but
a stronger TL intensity was found after X-ray charging, suggesting more traps were filled by
X-rays presumably due to a stronger absorption cross section in the case of X-ray charging.
NIR persistent luminescence was recorded as a function of time in Figure 9b. There is also a
X-ray-dose effect, and more traps were filled with increasing X-ray irradiation durations (from
30 s to 300 s, as given in Figure 9c). These observations suggest a satisfactory light storage
capacity in SroCapglao1Wo.99506:0.005Mn** charged by X-rays, which may provide
opportunities to biomedical technology and optical information storage. More impressively,
trap distribution re-shuffling was also identified with charge transferred by using 420 nm LED
stimulation.  An initial 300 seconds X-ray irradiation was employed on
Sr,Cao.glao.1\Wo.99506:0.005Mn** at room temperature. In order to allow a comparison, the 420
nm LED illumination source was turned on or off, respectively, during the entire 1-min fading
time at -60 <C (Figure 9d). Similar to previous observation upon UV irradiation in Figure 7,
charge carriers induced by X-ray were released under the influence of the optical stimulation
(420 nm LED) and the occupation of shallow-lying trap levels (covering from -60 <C to RT)

was seen in Figure 9d. All these findings imply its possibility of manipulating photo-stimulated
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traps upon laser-free visible light stimulation in this case of tetravalent manganese doped alkali-

earth metal tungstates system (see the schematic diagram in Figure 10).
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Figure 9. X-ray induced persistent luminescence and thermoluminescence of
Sr2Caonolao1Wo.99506:0.005Mn**. (a) TL glow curves upon X-ray or 254-nm UV
irradiation, respectively; (b) persistent luminescence decay curves induced by X-ray; (c)
TL glow curves upon different X-ray irradiation durations; (d) trap distribution re-

shuffling by 420 nm LED stimulation.
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Figure 10. Schematic diagram of manipulating photo-stimulated traps via light

stimulation in Sr2Cao.sLao.1Wo.99506:0.005Mn** NIR persistent phosphor.

3. Conclusion

Near-infrared persistent luminescence was achieved in tetravalent manganese doped double-
perovskite alkali-earth metal tungstates via the non-equivalent substitution of calcium ions with
lanthanum ions in the lattice matrix. By employing a 420 nm light emitting diode, a photo-
stimulated de-trapping process was successfully demonstrated. The trap distribution was proved
to be re-shuffled upon a laser-free low intensity light stimulation. Moreover, near-infrared
persistent luminescence could be generated via X-ray irradiation, providing great promise in
long-term deep-tissue ultrasensitive imaging. This work is expected to offer an important
guideline to design novel persistent luminescent material systems, and provides new insights

into manipulation of photo-stimulated traps via laser-free light stimulation.
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4. Experimental section and methods

4.1. Materials and Structural Characterizations

Phosphors with the chemical formula Sr,Cap.gLao.1Wo.99506:0.005Mn** were prepared via high-
temperature solid-state reaction according to the synthesis procedures described in our previous
workE4, Crystallographic phases of the samples were verified with powder X-ray diffraction
(PXRD) measurements using a Thermo Scientific ARLX’TRA diffractometer (40 kV, 40 mA)
equipped with Cu Kal radiation (A= 0.154 nm). The XRD data were collected using a scanning
rate of 59min with the scattering angle range (20) from 15° to 65° and the Rietveld refinement
was obtained from measurements using a scanning rate of 0.6 7min in the range 2 from 5°to
90< Details of crystal structural data and Rietveld refinements can be found in previous

literaturel®4,

4.2. Photoluminescence, Persistent Luminescence and Thermoluminescence
Characterizations

Photoluminescence excitation and emission spectra were obtained with a FS920 Edinburgh
fluorescence spectrometer using a monochromated 450 W Xe-arc lamp as the excitation source.
Persistent luminescence excitation spectrum was measured by monitoring at 677 nm after 3-
min excitation with monochromatic light ranging from 240 to 600 nm. Persistent luminescence
decay profiles were collected using a ProEM1600EMCCD camera equipped with an Acton
SP2300 monochromator or a photosensor amplifier (C9329, Hamamatsu, Japan) with a
Centronics OSD100-5T (Centronic Ltd., Croydon, UK) silicon photodiode. The decay intensity

was calibrated into the value of the absolute radiance in unit of mW/sr/m? to compare among
20



NIR persistent phosphors. Several irradiation sources were employed for sample excitation,
such as a 420 nm LED, monochromatic light at a wavelength of 365 nm, an unfiltered Xenon
arc lamp or 254 nm emission line of a 3W germicidal Hg-lamp, or even X-rays from a Siemens
D5000 X-ray diffractometer (Cu anode, not filtered, operated at 40 kV, 40 mA).
Thermoluminescence measurements were performed in a lab-built vacuum chamber with a
well-characterized cooling and heating stage. Identical size thin pellet samples (thickness ca.
2.0 mm, diameter 5.0 mm) were used and thermally conductive adhesive was added to assure
good thermal contact with the heat exchanger. Prior to each experiment, a thermal cleaning of
the traps was conducted by heating up to 225 <C to assure all relevant traps were empty at the
start of the experiment. After each charging by excitation sources above mentioned, the sample
was kept in the dark for a certain fading period with a controllable ambient temperature. A
constant heating rate of 1 K s was employed for the heating stage. A full emission spectrum
with spectral shapes and intensities was recorded at each temperature by using a
ProEM1600EMCCD camera connected to a 300 mm monochromator (Princeton Instruments).
TL intensity was recorded by integrating the TL emission spectra from 600 nm to 800 nm. The
maximum temperature of 225 <C was fixed and no higher temperature was applied to restrain

the deleterious thermal quenching effects.
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