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ARTICLE INFO ABSTRACT

Handling Editor: Dr P. Vincenzini In this paper, we demonstrated the fabrication of new phosphate-based composites with green persistent lumi-
nescence after being charged with near-infrared light using the direct doping method. The composites are
composed of a phosphate glass and phosphors. The 75NaPO3; — 25CaF2 and 90NaPOs — 10NaF (in mol%) were
the 2 glasses of investigation. The intense blue up-conversion emission between 450 and 500 nm upon 980 nm
pumping is obtained by adding CaWO4: Tm®*, Yb®* crystals in the glass melt before quenching whereas the
green persistent luminescence is from the SrAl,04:Eu®",Dy>* phosphors also added in the glass melt. The green
persistent luminescence above 0.3 med/m? is observed for ~30 min after charging with 980 nm due to energy
transfer between the upconverter crystals and the persistent luminescent phosphors. Here, the challenges related
to the fabrication of such composites are discussed. While it is important for the blue UC emission to be intense to
charge the SrAl;04:Eu®",Dy>" crystals, we demonstrate that the glass matrix should not crystallize upon the
addition of the different crystals. Additionally, the composites should remain translucent with limited light

scattering for the blue UC emission to charge the persistent luminescent phosphors.

1. Introduction

Persistent luminescent materials have been of great importance as
they can emit light for hours once the excitation source, responsible for
charging it, is removed [1]. Such materials have found uses in emer-
gency signalization, thermal sensors and bioimaging [2-4]. This
persistent luminescence, also called afterglow, is a consequence of en-
ergy storage in the material during excitation. The absorption of the
excitation light induces a charge transfer process which finally leads to
charge trapping at defect sites. The spontaneous release of the trapped
charges at room temperature leads to the delayed emission of a photon
after recombination [5].

Since the discovery of the first so-called modern PeL phosphor
SrA1204:Eu2+,Dy3Jr [6,71, efforts have been focused on developing new
PeL materials, including PeL glasses [8,9]. Such PeL glasses have been
prepared by adding the PeL phosphors in the glass melt. However,

* Corresponding authors.

dissolution of the phosphors was reported to occur during the glass
preparation leading to degradation in the PeL properties [10]. The de-
gree of dissolution was found to depend not only on the temperature of
the melt but also on the glass composition [11]. When the SrA1204:Eu2+,
Dy>* PeL phosphors are added in passive glass matrix, green afterglow
can only be obtained when the material is exposed to UV, blue or even
white light. Recently, we demonstrated that if the SrAl,04:Eu®",Dy>*
particles are added in Yb%*, Tm3* codoped oxyfluorophosphate glass
[12], green afterglow can be seen after 980 nm illumination. This is
achieved due to an upconversion process using Yb>* and Tm>* ion pair:
the NIR photons are absorbed by Yb%' which, then, populate Tm>*
energy levels via an energy transfer mechanism. This process leads to an
emission of UV/blue light which can be used to charge the SrAl,04:Eu?t,
Dy>" as in Ref. [13].

It is well known that the spectroscopic properties of rare-earth (RE)
ions can be greatly enhanced if the RE are embedded in crystal with
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specific crystalline phase [14]. Additionally, the most efficient upcon-
version media are crystals with low phonon energy, as the low phonon
energy of the host decreases the rate of nonradiative multiphonon
relaxation from upper levels, leading to high efficiency of the
up-conversion process [15]. Thus, efforts have been focused on RE
doped fluoride crystals due to their low phonon energy and thus high UC
efficiency. Among various fluoride crystals, NaYF4 crystals have been
considered the most efficient UC materials [16,17]. Upconverter glasses
were successfully prepared by adding Er®*, Yb®* codoped NaYF4 crys-
tals in the 90NaPO3-10NaF (in mol%) glass melt at 550 °C prior to
casting the glass [18]. However, the evaporation temperature of the
NaYF, crystals is low (750 °C) [19] limiting the number of glasses in
which such crystals can be embedded. For example, the NaYF, crystals
completely decompose when added in the glass melt of the
75NaP0O3-25CaF; (in mol%) glass due to the high melting temperature
(>950 °C). CaWO4 is another efficient luminescent host due its low
phonon threshold energy [20]. Recent studies showed that solid-state
method can be used to synthesize Tm®", Yb®" codoped CaWOy, crys-
tals with structures of the scheelite oxide type, uniform morphology and
blue upconversion under 980 nm pumping [21].

Herein, we present an alternative approach to prepare NIR
rechargeable glass-based materials with green persistent luminescence
by adding Tm>*, Yb®" codoped CaWOy crystals and SrAl,04: Eu?t,Dy>+
phosphors in phosphate glasses with the composition 90NaPO3-10NaF
and 75NaP0O3-25CaF; (in mol%). These glasses were selected due to
their different melting temperature.

2. Experimental

CaWO,: Yb3t, Tm3* crystals were prepared via solid-state reaction
with 0.5 mol% of TmyO3 and the YbyO3 content ranging from 5 to 25
mol% as in Ref. [22]. The trivalent dopants substituting divalent host
ions Ca®" were compensated for charge with monovalent Na* with
equal percentage as both trivalent dopants as in Ref. [23]. The raw
chemicals were CaCOs3 (Alfa-Aesar, technical grade), WO3 (Honey-
well-Fluka, 99%),Yb,03 (Sigma-Aldrich, 99,9%), TmyO3(Honeywell,
>99%) and NayCOj3 (Sigma-Aldrich, 99,9%). The chemicals were mixed
and heated to 1200 °C using a 3 'C/min heating rate in ambient atmo-
sphere. The duration of the thermal treatment was 4 h. Crystals were
prepared with different amount of Yb,O3 (from 5 to 25 mol%) and 0.5
mol % of Tmy03. They are labeled as YbxTmO0.5.

Phosphate glasses with the composition (in mol%) 75NaPOs —
25CaF; (labeled as Ca glasses) and 90NaPO3 — 10NaF (labeled as Na
glasses) were prepared with different amount of CaWO,:Tm>*, Yb3* (0,
2.5, 5 and 7.5 wt%) and of SrAl,04:Eu®", Dy>t (Realglow®) (1 and 2 wt
%). NaPOg (Alfa Aesar, tech.), NaF (Sigma-Aldrich, 99.99%) and CaF,
(Honeywell-Fluka, 99%) were used as the raw materials. The Na glasses
were melted in quartz crucible at 750 °C whereas the Ca glasses were
melting in Pt crucible at 950 °C. All melting were performed in ambient
atmosphere. The CaWO,:Tm>", Yb3* and SrAl,04:Eu?t, Dy3+ were
added in the glass melt after the melting and prior to quenching. After
quenching, the glasses were annealed at 40 °C below their respective
glass transition temperature for 5 h to release the stress from the quench.
The Na and Ca composites are labeled according to their CaWOy4 - PeL wt
%.

NETZSCH STA 449 F1 Differential Scanning Calorimeter (DSC) was
used to measure the thermal properties of the glasses. The heating rate
was 10 °C/min. The glass transition temperature (Tg) was taken as the
inflection point of the first endothermic signal. The crystallization
temperature (T},) corresponds to the exothermic peak maximum and the
onset of crystallization (Tyx) to the intersection of the tangent of the
exotherm peak with the baseline.

Scanning Electron Microscopy (SEM) (Crossbeam 540, Carl Zeiss,
Oberkochen, Germany) with an EDS detector (X-MaxN 80, Oxford In-
struments, Abingdon-on-Thames, UK) were used to image and analyze
the composition of the samples which were coated with a conductive
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carbon layer to reduce charging of the samples.

The XRD patterns of the crystals and of the composites were
measured using PANalytical EMPYREAN multipurpose X-ray
diffractometer (PANalytical, Almelo, The Netherlands). A Ni filtered Cu-
Ko radiation was used and the diffractograms were measured from 26 =
15°-80° with a step of 0.013°. The Na and Ca composites were crushed
into powder prior to the measurement.

The transmission spectra of the Na and Ca glasses and composites
were measured using polished samples from a range of 200 nm-600 nm.
The spectra were obtained using a UV-VIS-Near-IR Spectrophotometer
(UV-3600 Plus, Shimadzu). The reflectance measurements were con-
ducted with Avantes AvaSpec HS-TEC using Avantes AvaLight-DHc as
the light source. 1000 pm VIS/NIR 0.37NA PC04 fibers were connected
to the spectrometer and the light source. The white reference was MgO
powder. The detector’s integration time was kept at 500 m s with 5
averages per measurement.

The upconversion (UC) spectra of the composites, crushed into
powder, were recorded using a TEC-cooled fiber-coupled multimode
laser (II-VI Laser enterprise), with Aexe = 980 nm, 1 A. The emission
spectra were measured in a range of 400-700 nm by means of a Spectro
320 optical spectrum analyzer (Instrument Systems Optische Mes-
stechnik GmbH, Germany). The measurements were obtained at room
temperature and on glass powder to allow the comparison of the UC
intensity.

The PelL spectra of the samples were acquired with a Varian Cary
Eclipse Fluorescence Spectrophotometer equipped with a Hamamatsu
R928 photomultiplier tube (PMT). The measurements were performed
at room temperature. The samples, crushed into powder to allow the
comparison of the PeL intensity between the composites, were irradiated
for 5 with a hand-held 254 nm UV lamp (UVGL-25, 4 W) after which the
PeL spectra were collected 1 min after stopping the irradiation. The
detector parameters were: Bio-/chemiluminescence mode, scan range
400-1000 nm, emission slit 20 nm, data interval 1.0000 nm, PMT
voltage 600 V (medium).

The PeL decay curve measurements were conducted by irradiating
the powdered sample for 5 min with a 254 nm hand-held UV-lamp
(UVGL-25), after which the luminance values were obtained by taking a
measurement every second starting 1 s after stopping the irradiation.
The equipment consisted of Hagner ERP-105 luminance meter coupled
with a Hagner SD 27 detector. The PeL decay after illumination with a
980 nm laser (200 mW) focused on 0.25 rnmz, was recorded using an ILT
1700 calibrated photometer (International Light Technologies) equip-
ped with a photopic filter (YPM). For these measurements a thick metal
plate with a circular hole (@ 5 mm) was inserted between the sample
(bulk form) and the detector in an attempt to exclude effects due to
differences in the sample’s lateral size and morphology.

3. Results and discussion

CaWOy, crystals were prepared with 0.5 mol% of TmyO3 and the
Yby03 content ranging from 5 to 25 mol% in order to optimize the
Tm3'/Yb®* ratio. The XRD pattern of the crystals are presented in
Fig. 1a. The XRD patterns of the as-prepared crystals exhibit peaks, the
position of which corresponds well to those of standard Powder
Diffraction File entry 04-008-6874 of CaWOy, confirming that the rare
earth dopant ions substitute Ca>", due to similar jonic radii — 112 p.m.
for Ca2*, 99.4 p.m. for Tm®", 98.5 p.m. for Yb®" [24] and 118 p.m. for
Na™ (all values of ionic radii are given for 8-coordinated ions, as present
in CaWOy4 [25]). The XRD peaks shift towards higher angles with an
increase in the YbyO3 content suggesting a contraction of the structure
due to the different ionic radii. The successful charge compensation with
Na® is also indicated by the lack of any secondary phases. The
morphology and size of the crystals were characterized using SEM. As
depicted in Fig. 1b, the crystals are small granules with various shapes
and their size ranges from ~10 pm to 30 pm, independently of the
rare-earth content.
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Fig. 1. (a) XRD pattern of the CaWO, crystals prepared with different amount of Yb,O3 and 0.5 mol% of Tm,03. (b) SEM image of the CaWO, crystal prepared with

15 mol% of Yb,03 and 0.5 mol% of Tm,0s.

The crystals emit blue light under 980 nm excitation which could be
seen with naked eyes. The UC spectrum of the crystal, Yb15TmO0.5 taken
as an example is shown in Fig. 2a. All the investigated crystals, inde-
pendently of the RE content, exhibit the same UC spectrum. The UC
spectra exhibit 3 main bands which are typical of the emission from
Tm®>* ions: the bands at 450, 475 and 650 nm corresponds to the p, -
3F4, 1G4 —>3H6 and 1G4 —>3F4 transitions of Tm3+, respectively. The in-
tensity of the emission centered at 650 nm is weaker than that of the
emission centered at 475 nm. Similar results were reported in Ref. [26].
The progressive addition of YbyO3 up to 15-20 mol% increases the in-
tensity of the blue emission at 475 nm (Fig. 2b) confirming the role of
Yb>" ions as sensitizers. However, for larger amount of Yb,O3 (>25 mol
%), the intensity of the blue emission decreases due to concentration
quenching. One should point out that the concentration quenching was
reported to occur already at 5 mol% of YbyO3 in CaWOy crystals when
prepared with 1 mol% of Tmy03 [26].

Composites were prepared by adding 1.25 to 7.5 wt% of CaWOy4
crystals (UC crystals) prepared with 0.5 mol% of Tmy03 and 15 mol% of
Yb,03 and 1 wt% of SrAl,04:Eu?*, Dy>* Pel phosphors in glass melt
prior to quenching. Fig. 3a and b shows the picture in daylight and after
stopping the UV of the Ca and Na composites, respectively. While the Na
composites remain glassy after adding the UC crystals and the PeL
phosphors, the Ca composites are opaque, especially when prepared
with a large amount of the UC crystals. The opacity can be related to the
crystallization of the glass matrix as evidenced in Fig. 4a which presents
the XRD pattern of the Na and Ca composites prepared with 7.5 wt% of
CaWOy4 crystals and 1 wt% of PeL particles. The XRD pattern of the two
composites exhibits the peaks which correspond to those of the CaWO4
crystals [04-008-6874]. No XRD peaks related to the PeL particles could
be seen due to their low amount of in the glass matrices. Additional
peaks, represented with *, can be seen especially in the XRD pattern of
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the Ca composites confirming the presence of additional crystalline
phase in large amount in the Ca glass matrix. However, the peaks are too
few and in too low intensity to identify the crystalline phase. The crys-
tallization of the Ca composites when adding various crystals in the glass
melt might be related to the thermal properties of the Ca glass. As shown
in Table 1, the Na glass can be considered as a stable glass against
crystallization based on its large AT (Tx-Tg). However, the AT (Tx-Tg) of
the Ca glass is ~43 °C revealing the poor resistance of this glass against
crystallization. The UC crystals and PeL phosphors are thus expected to
act as nucleation agent when added in the Ca glass melt.

The loss in transmittance after adding the crystals and PeL particles is
evidenced in Fig. 4b and c. As suspected from Fig. 3, the Na composites
are more transparent than the Ca composites when prepared with
similar amount of crystals and PeL particles.

As shown in Fig. 3, all the composites exhibit green afterglow after
stopping UV confirming the survival of the PeL particles during the
composites preparation as discussed in Refs. [10,11]. Homogeneous
afterglow can be seen from the composites revealing homogeneous
dispersion of the PeL particles in the glass matrices. Independently of the
amount of the UC crystals and of the glass composition, all the com-
posites exhibit similar PeL emission band which is due to 4f°5 d' — 4f”
transition of Eu®" (Fig. 5a) [27,28]. However, the composites exhibit
different intensity of the green PeL as depicted in Fig. 5b. Also shown in
Fig. 5b is the green PeL intensity of References (Ref), NaPO3; powder
mixed with the same amount of CaWOQ4 and PeL particles than those in
the composites. While the Na composites exhibit similar intensity of
green PeL than the references, weaker PeL is collected from the Ca
composites probably due to their poor transmittance properties. As
suggested in Refs. [10,11], it is possible that PeL particles also decom-
pose during the preparation of the Ca composite due to the high melting
temperature used to melt the Ca glass (950 °C). It is interesting to point
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Fig. 2. (a) Normalized upconversion spectrum of the Yb15TmO0.5 crystal, taken as an example (Aexc = 980 nm) and (b) relative intensity of the blue emission at 450

nm as a function of the Yb,O3 mol% in the crystals (Aexc = 980 nm).
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Fig. 3. Picture in daylight (top) and after stopping UV (bottom) of the Ca (a) and Na (b) composites prepared with different wt% of CaWO, (from 7.5 to 1.25) and 1

wt% of PeL SrAl,04:Eu®*, Dy>* particles.
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Fig. 4. (a) XRD pattern of the Na and Ca composites prepared with 7.5 wt% of CaWO4 and 1 wt% of PeL SrAl,04:Eu®t, Dy>" particles. Also shown are the reference
data for CaWOy crystals [04-008-6874]. Transmittance spectra of the Ca (b) and Na (c) composites with different wt% of CaWO, (from 1.25 to 7.5) and 1 wt% of

SrAl,04:Eu®*, Dy3+ PeL particles (thickness of 1 mm).

Table 1

Thermal properties of the Na and Ca glasses prepared with no crystals nor PeL
particles.

Ty +3(°C) Tx £ 3 (°C) AT (Ty-Tg) £6 (°C) T, £3(°C)
Na glass 266 358 92 404
Ca glass 277 320 43 332

out that an increase in the content of the CaWOy crystals from 1.25 to
2.5 wt% increases slightly the intensity of the PeL probably due to the
fact that under 266 nm charging, the UC crystals emit blue emission [29]
charging the PeL phosphors. However, as the concentration of the UC
crystals increases from 2.5 to 7.5 wt%, a slight decrease in the intensity

of the green PeL is observed. It is the decrease in the transmittance of the
glasses with the progressive incorporation of the UC crystals which is
thought to lead to less efficient UV charging and so to PeL with low
intensity. Another probable explanation to the afterglow reduction is the
self-absorption of the glass, occurring especially in the Ca glasses. The
reflectance spectra of the samples measured from powder are depicted
in Fig. 6. One should point out that the reflectance spectra were
collected from composites crushed into powder and cannot be related to
the transmittance spectra presented in Fig. 4b and c. Nonetheless, from
the reflectance spectra, it is shown that the amount of absorbed light
increases with an increase in the wt% of the UC crystals. While the
reflectance spectra of the Ca(1.25-1) and Ca(2.5-1) samples are almost
on the same level, the Ca(5-1) and Ca(7.5-1) composites show increased
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Fig. 5. — (a) Normalized PeL spectra of the Ca and Na composites prepared with 7.5 wt% of CaWO, and 1 wt% of SrAl,0,:Eu**, Dy>* PeL particles taken as examples.
Also shown in the normalized PeL spectrum of the PeL particles alone (Aexc = 266 nm). (b) PeL intensity of the Ca and Na composites prepared with 1 wt% of PeL and

different amount of CaWQy, crystals.
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Fig. 6. Reflectance spectra of the Ca (a) and Na (b) composites, crushed into powder and prepared with different wt% of CaWO, (from 1.25 to 7.5) and 1 wt% of

SrAl,04:Eu®", Dy*" PeL particles.

absorption throughout the whole visible spectrum. These observations
are in agreement with Fig. 3a, where it can be seen that the samples are
increasingly darker when a large amount of UC crystals is added to the
glass matrix.

The normalized UC spectra of the Na and Ca composites prepared
with 5 wt% of CaWO, and 1 wt% of PeL SrAl,04:Eu?*, Dy>* particles,
taken as examples as all the composites exhibit the same shape of UC
emission bands, are presented in Fig. 7a. Under 980 nm pumping, the
spectra exhibit the same 3 emission bands located at 450, 475 and 650
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nm as those seen in the UC spectra of the as-prepared UC crystals
(Fig. 2a) revealing that the UC crystals also survive the melting process.
As expected, an increase in the wt% of the UC crystals increases the
intensity of the visible emission from 400 to 700 nm. However, as shown
in Fig. 7b, the Na and Ca composites exhibit lower intensity of the blue
emission at 475 nm than the References suggesting that some CaWOy,
crystals decompose in the glass melt during the preparation of the
composites as observed when adding crystals in glass melts [10,11]. As
for their afterglow properties, the Na composites exhibit more intense
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Fig. 7. (a) Normalized upconversion of reference, Na and Ca composites prepared with 2.5 wt% of CaWO,4 and 1 wt% of SrAl,O4Eu?t, Dy3’ PeL particles, (b)
Intensity of the blue emission from reference, Na and Ca composites prepared with 1 wt% of PeL phosphors as a function of CaWO4 wt%. (For interpretation of the
references to color in this figure legend, the reader is referred to the Web version of this article.)
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blue light than the Ca composites, probably due to the self-absorption
effects caused by the body color of the glass and their lower melting
temperature which limits the decomposition of the UC crystals during
the glass preparation.

When charged with 254 nm (6 mW/cm? irradiance) for 5 min, all the
Na and Ca composites emit green light above the 0.3 med/m? (the limit
set in the exit signage standards [30] as the practical limit of visibility)
for 45 and 35 min, respectively which is shorter than the 88 min
observed from the Reference samples (Fig. 8a and b). This difference in
decay time is due to the decomposition of the crystals and PeL particles
during the glass melting and to the less efficient UV charging due to
transmittance properties of the composites as already discussed. When
charged with 980 nm for 5 min, the composites emit, also, green light
due to the overlap between the UC emission (especially between 450
and 500 nm) and the thermoluminescence excitation spectrum of the
PeL particles [31]. The intensity of the green afterglow and decay time
to 0.3 med/m? (Table 2) is found to decrease with an increase in the
concentration of the UC crystals, probably due to the scattering of the
980 nm which leads to less efficient charging of the PeL particles. It is
also possible that the distance the blue light has to travel to the PeL
phosphors is longer when incorporating a larger amount of UC crystals
due to scattering. The decrease in the green afterglow for higher con-
centration of UC crystals might be also related to an increase in tem-
perature caused by the 980 nm laser during charging which induces
thermal detrapping or by stimulated light emission (optically stimulated
luminescence) from the PeL phosphors [32]. Since the IR laser used to
excite the glasses is focussed in a small spot to efficiently generate the
UC-emission, the low decay time for Na(1.25-1) is probably due to the
low concentration of UC crystals in the tested area indicating that a
compromise should be set between the amount of UC and transmittance
properties of the composites. As listed in Table 2, the Na composites
prepared with 2.5 and 5 wt% of UC crystals have an afterglow decay
time of 30 min which is longer than the 14 min afterglow decay time
reported for the Yb3*, Tm3* codoped oxyfluorophosphate glass-based
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Table 2

Time (min) to reach 0.3 med/m? after 980 nm charging for 2 min the Na and Ca
composites prepared with 1 wt% of PeL phosphors and various wt% of Con-
centration of CaWOg,.

Concentration of CaWO,4 (wt%)

1.25 2.5 5 7.5
Na composites (2 £ 1) min (~30 + 1) min (29 £+ 1) min (2 £1) min
Ca composites (11 £ 1) min (6 £ 1) min (5 £1) min (3 £ 1) min

composite (labeled as Yb3Tm0.05) reported in Ref. [12]. However,
the Yb3TmO0.05 composite was prepared with 2 wt% of PeL phosphors.
As shown in Fig. 9a, an increase in the amount of PeL phosphors reduces
the intensity of the UC emission probably due to scattering as mentioned
already, leading to less efficient pumping.

Thus, in order to compare the PeL properties after NIR charging of
the new composites to those reported in Ref. [12], the Na and Ca com-
posites were prepared with 2 wt% of PeL phosphors as in Ref. [12]. The
concentration of the UC crystals was reduced to 1.25 wt% in the Ca
composites to reduce the risk of crystallizing the glass matrix when
adding larger amount of PeL phosphors. The composites exhibit homo-
geneous and strong green PeL (Fig. 9b). The Na composite exhibits the
most intense blue UC whereas similar intensity of the blue UC was
observed from the Ca composite and Yb3TmO0.05 (Fig. 9c). As shown in
Fig. 9d, the Ca composite exhibits higher PeL after NIR charging than
Yb3TmO0.05 and reaches 0.3 med/m? after 980 nm charging for 2 min
after more than 30 min, which is longer than the reported 14 min from
the Yb3TmO0.05, indicating that embedding crystals with blue upcon-
version in glass matrix is promising for the preparation of NIR
rechargeable composite with green afterglow. However, one should
point out that the intensity of the PeL from the Na composite is lower
than expected from Fig. 8d probably due to the different sample
morphology (including roughness) and dimensions of the sample,
clearly showing that it is crucial, in the future studies, to prepare
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Fig. 8. Decay curves obtained from the Ca composites (a and c¢) and Na composites (b and d) prepared with different amount of CaWO, and 1 wt% of SrAl,04:Eu’",

Dy>" PeL particles after 254 and 980 nm charging, respectively.
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Fig. 9. (a) Upconversion spectra of the Ca composites prepared 0, 1 and 2 wt% of PeL phosphors and 1.25 wt% of UC crystals, taken as an example. All UC spectra
were measured using Aexc = 980 nm; (b) Picture in daylight (top) and after stopping UV (bottom) of the Ca and Na composites prepared with 2 wt% of PeL phosphors
and 2.5 and 1.25 wt% of CaWOy,, respectively; (c) Upconversion spectra of the Yb3TmO0.05 from Ref. [12], Ca and Na composites with 2 wt% of PeL phosphors and
1.25 and 2.5 wt% of CaWOy,, respectively; (d) Decay curves obtained from Yb3TmO0.05 from Ref. [12], Ca and Na composites with 2 wt% of PeL phosphors and 1.25

and 2.5 wt% of CaWOy,, respectively after 980 nm charging.

composites not only with similar transmittance properties but also with
similar dimension and surface quality to allow for an absolute com-
parison of their PeL performances after NIR charging.

4. Conclusion

In summary, we demonstrated that phosphate glass-based compos-
ites with green afterglow after NIR charging can be prepared using direct
doping method. Here, CaWO4:Tm>*, Yb3" crystals were prepared by
solid-state reaction. For intense blue UC emission upon 980 nm excita-
tion, the concentration of YbyO3 and TmyO3 in the CaWQ4 should be
~15 mol% and 0.5 mol%, respectively. These crystals were added at the
same time as the SrAl,0,4:Eu?",Dy®" particles in the glass melt prior to
the quenching step. We showed that the concentration of the
upconverter crystals should be tailored so that the blue emission is
intense, while keeping high transparency of the composites. The glass
matrix should be chosen accordingly as no crystallization should occur
upon the addition of the CaWO,:Tm>", Yb®" crystals and SrAl,04:Eu?",
Dy>" particles into the glass matrix, in order to limit light scattering
which is detrimental to the charging of the SrAl,04:Eu?t,Dy®" particles.
After excitation with 980 nm, the afterglow intensity of the newly
developed scaffolds with optimized composition remains for ~30 min
above the threshold level of 0.3 med/m?.
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