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First Tellurite Composite Fiber with NIR-Driven Green

Persistent Luminescence

Evellyn Santos Magalhdes, Khaldoon Nasser,* Arjun Vakkada Ramachandran,
Mikko Ncirhi, Minnea Tuomisto, Catherine Boussard-Plédel, Johann Troles,

Philippe F. Smet, Mika Lastusaari, and Laeticia Petit

Expanding the excitation range of persistent luminescent (PeL) materials into
the near infrared (NIR) region is critical to enable remote, flexible, and
compact advanced optical systems. In this study, the fabrication of the first
composite fiber based on SrAl,0,:Eu?*, Dy** phosphors embedded in

Yb3* /Tm3* co-doped tellurite glass is reported. The fiber is drawn from a
translucent, crack-free composite preform prepared with 0.5 wt.% PelL
phosphors. Light propagation in the fiber is demonstrated despite the
presence of the PeL phosphors. Long-lasting green emission from the preform
and fiber is driven by 980 nm and suggests the survival of the PeL phosphors
during the preform preparation and fiber drawing processes. The presence of
the PeL phosphors in the glass matrix is confirmed using SEM/EDS
composition analysis. This work offers a practical and scalable approach for
integrating NIR-excitable PeL materials into fiber-based platforms, opening
new opportunities for their application in advanced photonic technologies.

1. Introduction

Persistent luminescence (PeL), also known
as afterglow, refers to the continued emis-
sion of light even after the excitation
source has been removed. This effect oc-
curs after absorbing high-energy radiation,
such as X-rays, UV, or visible light, fol-
lowed by trapping charge carriers (elec-
trons or holes) in the crystal structure, ei-
ther locally around the luminescent cen-
ter or in defects over the lattice. These
trapped carriers are then released by ther-
mal energy, leading to sustained emis-
sion lasting for minutes or even hours.!'

Interest in the PeL phosphors arose in
the 1990s, after the groundbreaking re-
port on the long-lasting afterglow from
SrAl,O,:Eu**, Dy** phosphors by Mat-
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suzawa et al.’! Since then, the field has
expanded rapidly, with numerous studies reporting dozens
of new Pel materials, such as Zn;Ga,GeOg:Cr’* %]
ZnGa,0,:Cr** 7l LiGasO4:Cr**, MgGeO;:Pr*t, just to cite a
few.[®] Today, the PeL materials are used in diverse domains,
including roadway markings, dye-sensitized solar cells, radi-
ation dosimetry, and photocatalysis.”!% Among the known
PelL materials, the SrAl,O0,:Eu**, Dy** phosphor is remark-
able for its characteristic green emission and long decay time
after UV charging.[>’! The mechanism of the afterglow in
SrAl,0,:Eu**,Dy** involves a sequence of charge carrier exci-
tation, trapping, and delayed recombination. Upon excitation
with UV or short-wavelength visible photons, Eu?* ions absorb
energy and transition to an excited state. The Dy** ions act as
trap centers, capturing electrons generated by the excitation of
Eu?t.["1] After the excitation source is removed, ambient thermal
energy slowly releases (detraps) electrons from these traps over
time. The trap depth determines how quickly or slowly the
carriers are released. Once released, the carriers recombine at
the Eu?* luminescent centers, resulting in the characteristic
blue-green emission.['#13]

Fibers with PelL have emerged as promising tools for ad-
vanced biomedical imaging and heath monitoring due to their
ability to store and gradually release light energy. For exam-
ple, bio-integrated PeL fibers provide non-invasive optical sens-
ing and enable long-term tracking of cells, tissues, or drug
delivery pathways.["*°] PeL fibers open new opportunities for
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multifunctional textiles and security technologies.['”!8] In anti-
counterfeiting, they enable luminescent authentication patterns
that can be woven directly into fabrics. These fibers can carry
unique optical signatures or encrypted luminescent codes that
become visible only under specific conditions, providing a reli-
able method for fraud prevention and secure identification.['”18]

There are different approaches to create Pel fibers. For
example, SrAl,O,:Eu’*, Dy**, Sr,ZnSi,0,:Eu**, Dy**, and
Y,0,S:Eut , Mg** Ti** were synthesized and incorporated into
luminous polymer fibers using the one-step extrusion wet-
spinning process.[') Ge et al. examined microstructure, compo-
sition, and afterglow properties of luminescent fibers by using
polyethylene terephthalate (PET) polymer as a matrix through a
melt spinning process.[? SrAl,0,:Eu**, Dy** phosphors were
also mixed with PET to produce luminescent fibers using a twin-
screw extruder.[?!] Chen et al. experimented with the preparation
of SrAl,O, doped with 0.1% to 1.4% of Eu?* and Dy** to ana-
lyze the effect on the luminescent effect of the fiber melt spin-
ning process when incorporating into polyamide-6, which also
exhibited persistent luminescence in the visible spectrum.!?]
Barbosa et al. incorporated Zn,GeO,:Mn?* into polyvinyl al-
cohol (PVA) fibers which showed green PeL.)] The above-
mentioned polymer-based methods for fabricating PeL fibers
are attractive due to their scalability and simplicity, but they
come with significant drawbacks. High processing tempera-
tures can degrade the temperature-sensitive phosphor, while
poor dispersion may lead to phosphor agglomeration, caus-
ing uneven luminescence. Additionally, incorporating inorganic
fillers often compromises the mechanical properties of the fibers.
The well-known moisture sensitivity of the phosphors can fur-
ther reduce the long-term stability of the fiber. These limita-
tions suggest that alternative approaches should be developed,
such as embedding phosphors in glass matrices which may
offer superior luminescent and better structural performance.
Lemiere et al. prepared preforms by remelting the bioactive glass
with the composition 50P,0,—40SrO-10Na,O (in mol%) with
SrAl,0,:Eu**, Dy** PeL phosphors.['* These preforms were then
drawn into fibers, resulting in composite fibers exhibiting green
afterglow after UV charging. The duration of the remelt step
was minimized to limit the decomposition of the PeL phos-
phors, and despite some changes in the site of Eu?* occur-
ring during drawing, the fibers exhibit green afterglow after UV
charging.

Recent studies have investigated the potential of near-infrared
(NIR) light (650-1000 nm) to charge the PeL phosphors, to
broaden their applicability. Unlike ultraviolet (UV) light, NIR
light penetrates more deeply into biological tissues, enabling ad-
vanced in vivo applications such as bioimaging, disease track-
ing, and therapeutic monitoring.['#1>24-2¢] A promising strategy
involves incorporating upconversion ion pairs, such as Yb**,
Tm?3*, alongside PeL phosphors.?-2] Cheap 980 nm commer-
cially available laser diodes can be used to excite Yb** ions, due
to their large absorption cross-section at this wavelength. The
excitation energy can then be transferred to Tm?* ions, which
then emit UV/blue light through upconversion, leading to charg-
ing of the SrAl,0,:Eu**, Dy** PeL phosphors.[?#27-3% While NIR
chargeable PeL phosphors and bulk have been achieved,[1*1>-2430]
there have been no published studies to date demonstrating PeL
fibers that can be charged using NIR light.
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Selecting an appropriate glass matrix to host the PeL phos-
phors is essential to preserve the luminescence properties of
the PeL phosphors and enable further processing, such as fiber
drawing. An ideal host should possess a high refractive index to
closely match that of the phosphor crystals (~1.76) and the phos-
phors must be uniformly dispersed throughout the glass ma-
trix without aggregation to guarantee the preparation of trans-
parent composite fibers with minimized light scattering.®! Tel-
lurite glasses are particularly well-suited to host PeL phosphors
as they offer high refractive index (~2.0). They also possess low
phonon energy (600-800 cm™') and a broad transmission win-
dow (0.38-6 um). Moreover, tellurite glasses exhibit high solu-
bility for rare-earth (RE) ions, and relatively low melting temper-
atures when compared to silica glasses.?’3* These characteris-
tics make them highly suitable for diverse applications, ranging
from fiber amplifiers and supercontinuum generation to medi-
cal devices such as endoscopes.!*-3#] Tellurite glasses co-doped
with Yb** and Tm3* have become attractive for upconversion ap-
plications. Particularly, the tellurite glass with the composition
70Te0,-20Zn0-10BaO (in mol%) has demonstrated great stabil-
ity against crystallization, making them excellent candidates for
fiber drawing.3%#2]

Therefore, this work aims to develop and investigate PeL com-
posite fibers by incorporating SrAl,O,:Eu?*,Dy** Pel phosphor
into Yb**, Tm** co-doped tellurite glass, which is then drawn
into a fiber. This Yb** and Tm>** codoping approach enables the
charging of the PeL material using NIR via upconversion pro-
cess. In this study we explore this pathway for creating new NIR-
rechargeable PeL fibers for possible applications in advanced
biomedical imaging, for example.

2. Results and Discussion

Tellurite glasses, due to their low phonon energies, have been
considered promising candidates for upconversion lumines-
cence, especially the 70TeO,-20Zn0-10BaO glass composition
(in mol%).[*?]

As outlined in our previous work,?! the UV/blue emis-
sion must reach sufficient intensity to effectively charge the
SrAl,O,:Eu**, Dy** PeL phosphor. Herein, the tellurite glasses
were synthesized with varying concentrations of Yb,0O; (1.5-4.5
mol%) and Tm, O, (0.025-0.1 mol%) in order to prepare a glass
with strong UV/blue emission while ensuring thermal stability
suitable for fiber drawing. Table 1 shows the thermal and physi-
cal properties of some of the investigated glasses. When the con-
centration of Yb,0,; and Tm, O, increases, the glass transition
temperature (T,), the onset of crystallization (T,), and the crys-
tallization temperatures (T,) increase due to changes in the glass
structure as evidenced by the Raman spectra shown in Figure 1a.
An increase in RE content induces a slight depolymerization of
the glass network, as evidenced by the enhanced intensity of the
band at 745 cm™!, attributed to TeO, /TeOs, ; structural units, rel-
ative to the band at 664 cm™!, which corresponds to TeO, units.[*?]
Elkhoshkhany et al. reported similar changes in the glass struc-
ture when adding Yb,O; into the tellurite network due to the
breakage of the (Te,,—O) bonds of the TeO, units by Yb,O, lead-
ing to the progressive formation of TeO, /TeO,,; units.[*}] A sim-
ilar trend was also observed in other works when adding La,O,
or Yb,0; in tellurite glass.[***] As the atomic packing factor is
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Table 1. Thermal and physical properties of selected glasses.
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Sample Code T, [+3'C T [Cl+3°C T,[q AT =TT, [°C] +6 °C plgem™>]+0.02gcm=? V,,[em3 mol=1] + 0.1
+3°C cm? mol™!
1.5Yb0.1Tm 353 481 515 128 5.56 26.47
2.5Yb0.05Tm 360 496 524 136 5.60 26.73
3.5Yb0.1Tm 372 534 550 162 5.67 26.85
4.5Yb0.1Tm 382 560 570 178 5.71 27.11

higher in the TeO, structural units than in the TeO; units, a de-
crease in the refractive index of the glasses when adding the RE is
expected.[**] The decrease is confirmed in Figure 1b. One should
point out that all of the investigated glasses exhibit excellent ther-
mal stability against crystallization as indicated by the large AT
(>100 °C), making them great candidates for fiber drawing.[*”]
The density of the glass was also found to be increasing with an
increase in the RE content and the same happened to their molar
volume, due to the higher molar mass of Yb,0; (394.07 g mol™!)
and Tm,0, (385.87 g mol™') compared to that of TeO,
(159.60 g mol 1), ZnO (81.39 g mol~?), and BaO (153.33 g mol}).

The absorption spectra of the glasses (Figure 1c) clearly dis-
play the characteristic bands of Yb*" in the 850-1050 nm range,
corresponding to the °F,, — F;), transition. The glasses, inde-
pendently of their RE content, exhibit similar absorption cross-
sections at 980 nm (1.03 x 1072° cm?), calculated using Equa-
tion (1), which aligns with the values reported for other Yb**
doped tellurite-based glasses.[*8] The absorption band at 808 nm,
associated with the *H, — 3*H, transition of Tm?*, is present but
appears with low intensity due to the low Tm, O, content in the
glasses. All the glasses exhibit similar bandgaps independently
of their RE content.

The upconversion spectra of the glasses were obtained using
a 980 nm laser excitation. The upconversion spectrum of the
3.5Yb0.1Tim glass, taken as an example, is shown in Figure 2a.
The spectrum exhibits the typical upconversion emission bands
from the Tm3* ions in the blue (~ 475 nm) and the red regions (~
650 nm), corresponding to the 'G, — *H; and 'G, — 3F, transi-
tions, respectively; one should notice the absence of the emis-
sion bands at 360 nm ('D, — *H,) and 450 nm (D, — 3F,).
No changes in the shape of the upconversion emission bands
were observed when varying the RE concentration. As shown in

(b)

T

Figure 2b, increasing the concentration of Tm** and Yb** ions
leads to an increase in the emission intensity at 475 nm, reach-
ing a maximum when doping the glass with 2.5 mol% of YD, O,
and 0.05 mol% of Tm,O,. The further increase in RE concen-
tration decreases the intensity of the blue emission due to con-
centration quenching, likely caused by the reduced interionic
distances between Tm?*-Tm3*, which enhance cross-relaxation
interactions.[*”] The number of photons involved in the upconver-
sion process in 3.5Yb0.1Tm glass was estimated from the slope
of the logarithmic plot of upconversion emission intensity ver-
sus excitation power (Figure 2c) and was found to be similar for
all the investigated samples. These slopes were found to be 2.41
and 2.37, respectively, indicating that the blue and red emissions
are most likely due to three-photon absorption processes.[*>-2
The upconversion mechanism can, then, be described as follows:
Yb** ions initially at the *F, , ground state are excited to the °F ,
state via ground-state absorption under the 980 nm excitation.
Yb** acts as a sensitizer and transfers the energy process from
excited Yb** to Tm**: °F;, (Yb**) + *H, (Tm’*) — °F;, (Yb**)
+ 3H; (Tm?**). Then, the populated Tm?** ions at *Hj excited
state relaxes non-radiatively to the lower 3F, level. Next, either
the same Yb** ion which absorbs a second 980 nm photon or an-
other nearby Yb** ion being still in the *Fs , level, transfers its
energy to the same Tm?*, and the mechanism in which the Tm?3*
in the excited state *F, absorbs a 980 nm photon is also possible.
The Tm** reaches the F, ; levels and then non-radiatively de-
cays to the *H, state. The Tm>?* ions at the *H, state are further
pumped into 'G, state by energy transfer process as follows: *H,
(Tm**) + °F5, (Yb3+) - 'G, (Tm**) + °F;, (Yb**). The radia-
tive transitions from the 'G, state to lower energy levels result in
the emission of visible light, including blue emissions ~ 475 nm
(*G, = *Hg), as well as in the red at 650 nm (G, —3F,).[*-52]
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Figure 1. a) Raman spectra (785 nm excitation), b) refractive index dispersion, and c) absorption spectra of some selected xYbyTm glasses.
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Figure 2. a) Upconversion spectrum of the 3.5Yb0.1Tm glass obtained using an excitation laser at 980 nm with a power of ~ 300 mW and spot size
~2 mm, together with the thermoluminescence excitation spectrum (TLES) of the SrAl,0,:Eu?*, Dy>* phosphors, taken from ref. [®] (b) blue upcon-
version intensity as a function of RE content, c) slopes on a log—log scale, which represent a power-law dependency on the blue and red upconversion
process in the 3.5Yb0.1Tm glass. d) Emission spectrum of the 3.5Yb0.1Tm glass obtained using excitation laser at 980 nm with a power of ~ 300 mW
and spot size &2 mm, e) intensity of the emission at 1810 nm as a function of RE content, f) slope on a log—log scale, which represents a power-law
dependency on the process of the emission at centered at 1810 nm in the 3.5Yb0.1Tm glass.

In contrast, the infrared emission spectrum (Figure 2d, mea-
sured for the 3.5Yb0.1Tm glass taken as an example) shows a
broad band centered at 1810 nm, corresponding to the *F, — *H
transition of Tm** ions, and a less intense band at 1460 nm which
can be related to the *H,—3F, transition of Tm**.>3] As shown
in Figure 2e, the intensity of the emission at 1800 nm is signifi-
cantly enhanced with the addition of Yb,0; and Tm, O;, reaching
a maximum intensity when using 4.5 and 0.1 mol%, respectively.
The changes in the doping concentration or the excitation power
do not affect the shape of the emission spectrum of the glasses.
The number of photons (n) was also calculated for the emission
at 1810 nm and it is presented in Figure 2f and it gives a slope of
~ 0.91, indicating that the IR emission originates primarily from
a single-photon absorption process.

The PeL SrAl,O,:Eu?*, Dy** phosphors were incorporated into
the 2.5Yb0.05Tm glass, as this glass exhibits the strongest blue
upconversion emission under 980 nm excitation. The phosphors
were added to the glass melt prior to quenching.[>*! Composites
with varying PeL concentrations (0.25, 0.5, and 1 wt.%) were pre-
pared. A picture of the composites in daylight and after stopping
the UV irradiation is shown in Figure 3a. An increase in the PeL
concentration leads to a loss in the transmittance of the compos-
ites due to scattering, which is expected due to the size of the PeL
crystals (50-150 um),>>! and the refractive index mismatch be-
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tween the glass matrix (~1.98) and the SrAl,O,:Eu**, Dy** crys-
tals (~1.76)(¢%7] (Figure 3b). Dark coloration of the composite
is also observed when increasing the PeL phosphors concentra-
tion, which might be due to the reaction between the PeL parti-
cles and the glass.[?®] Nonetheless, all samples exhibit uniform
green afterglow after being charged with UV light, with the in-
tensity of the emission increasing with the SrAl,0,:Eu**, Dy**
content. The green afterglow observed from the tellurite com-
posites confirms the phosphors’ survival throughout the melt-
ing process. The PeL spectra of the investigated Pel contain-
ing composites measured after 5-min charging at 254 nm and
the photoluminescence (PL) spectra under 365 nm excitation
are shown in Figure 3c,d, respectively. The spectra exhibit lu-
minescence characteristics which are typical of Eu?* ions, orig-
inating from the 4f°5d ' — 4f7 transition, with a broad emis-
sion band centered around ~520 nm. However, the lumines-
cence intensity is notably affected by the PeL doping concen-
tration; at low concentration, the emission intensity is relatively
weak due to the low amount of Eu?* luminescent centers avail-
able. The decay curves of the composites after being charged
with 254 nm for 5 min are shown in Figure 3e. All compos-
ites exhibit green afterglow above the visibility threshold of 0.3
mcd m~2 and last at least 40 min for the composite with 1 wt.%
of PeL.
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Figure 3. a) Picture of the composites with different SrAl,O,:Eu?*, Dy** content in the daylight and after stopping the UV charging for 5 min,
b) transmittance spectra of the composites (thickness of the composites being &1 mm), c) PeL spectra after stopping the UV charging at 254 nm, d)
PL under 365 nm excitation e), decay curve after stopping the UV charging at 254 nm, f) picture of the powder composites with different SrAl,0,:Eu?*,
Dy3* content under and after 980 nm irradiation for 30 min, and g) decay curve after stopping the NIR charging at 980 nm.
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Figure 4. a) SEM Backscattered image and EDS line scans composition analysis across a PeL particle found at the surface of the composite prepared with
0.5 wt% of PeL phosphors and b) Elemental mapping of a PeL particle found at the surface of the composite prepared with 0.5 wt.% of PeL phosphors.

More importantly, afterglow could be seen with naked eyes af-
ter charging for 30 min with 980 nm laser in the powder compos-
ites prepared with at least 0.5 wt.% of PeL phosphors, as shown
in Figure 3f, suggesting that the blue upconversion from the
2.5Yb0.05Tm glass is strong enough to charge the phosphors
in the composites, even though the blue emission at 475 nm
has only limited overlap with the thermoluminescence excitation
spectrum (TLES) of the SrAl,O,:Eu?*, Dy** phosphors as shown
in Figure 2a.8] It is worth pointing out that trapped charges can
be optically detrapped.®! It was found that trapped charges in
SrAl,O,:Eu’*, Dy** feature an optical absorption spectrum from
500 nm to ~ 950 nm, whereas at 980 nm there is no significant
absorption.*”! Using a 980 nm is thus essential in the present
work, since at this wavelength the upconversion process can yield
blue photons (inducing trapping in the PeL phosphor), while it
does not optically release already trapped charges, or at least in
a minimal way. Hence, irradiation with 980 nm leads to a net
trapping effect. The increase in the content of the PeL phosphors
increases the luminance as expected. After being charged with
NIR, all composites exhibit green afterglow above the visibility
threshold of 0.3 mcd/m? and last almost 30 min for the compos-
ite with 1 wt.% of PeL (Figure 3g).

Micro-scale investigation of the composites with embedded
SrAl,0,:Eu**, Dy*" particles was performed. The SEM backscat-
tered image and EDS line scans across a PeL particle found
at the surface of the composite prepared with 0.5 wt.% of PeL
phosphors confirm that the PeL particles survive the melting
process (Figure 4a). According to the line scan, the PeL phos-
phors are expected to maintain their composition in their cen-

Adv. Optical Mater. 2025, 13, €02249 €02249 (6 of 10)

ters (Figure 4a,b). However, a layer enriched in Al,O; and ZnO is
suspected to form at the particle-glass interface which suggests
partial decomposition of the PeL phosphors with the diffusion of
Al from the PeL phosphors to the glass during the preparation of
the composites. Similar partial decomposition of the PeL phos-
phors with a formation of Al-rich outer layer was reported when
preparing PeL phosphate composites.*®! It is worth noting that
the composition of the tellurite glass aligns well with the theoret-
ical values, within the measurement accuracy of +1.5 mol%.
Due to its promising combination of transparency and green
afterglow, the composite prepared with 0.5 wt.% of SrAl,O,:Eu?*,
Dy** was prepared as a crack-free preform with a 9 cm length
and a 1 cm diameter. The preform was subsequently drawn into
a fiber. Polymer coating was not applied upon drawing allow-
ing the characterization of the composite fiber. The pictures of
the preform and various fiber pieces in daylight and after UV
charging are shown in Figure 5a. The preform exhibits homo-
geneous green afterglow suggesting homogeneous dispersion of
the PeL particles in the glass rod. Green afterglow is also observed
from the fibers suggesting that the PeL particle also survived the
drawing process. The presence of the PeL particle in the compos-
ite fibers is further confirmed using SEM (image and elemental
mapping of the fiber cross section (Figure 5b). No elongation or
breakup of the PeL particles in the fiber was observed. No other
crystals were found in the fiber confirming the thermal stability
of the 2.5Yb0.05Tm glass against crystallization during the draw-
ing process. The PL and PeL emission bands measured from the
fibers crushed into powder remained unchanged, indicating that
the Eu?* sites in the PeL phosphors are not significantly affected
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Figure 5. Pictures of a) the preform and pieces of fibers in daylight and after UV irradiation for 5 min. b) Backscattered image (BSE) of the composite
fiber cross-section and in detail on the SrAl,0,:Eu?*, Dy3* phosphor, c) Normalized PL emission spectra of the bulk and fiber during 365 nm excitation,
inset is the peak intensities. d) Normalized afterglow spectra of the bulk and fiber after charging with UV for 5 min, inset is the peak intensities, ) bulk
and fiber afterglow decay curve after charging with UV for 1 min and f) bulk and fiber afterglow decay curve after charging with NIR for 30 min.

by the drawing process (Figure 5c,d, respectively). However, un-
der UV excitation at 365 nm and 254 nm, the photoluminescence
(PL) and persistent luminescence (PeL) emission intensities in
the fiber samples are ~ 50% lower than those observed in the bulk
counterparts. Additionally, the visibility threshold of the green
PeL afterglow decreases from 17 to 10 min post-drawing when
excited with UV (Figure 5e), and from 22 to 2.5 min when ex-
cited with the NIR light (Figure 5f). As no alterations in the shape
or intensity of the upconversion emission bands were observed
after the drawing, the changes in the PeL properties can be re-
lated to the drawing process. Indeed, it is well known that a ther-
mal treatment can play a significant role in altering the PeL and
PL characteristics of the SrAl,0,:Eu®*, Dy** phosphors.[?°! Ther-
mal processing affects the trap depth and density, thereby im-
pacting the duration and intensity of the afterglow.l®!] Addition-
ally, it can modify the PeL crystal structure, leading to variations
in defect sites and luminescent centers, which in turn influence
the efficiency of charge carrier trapping and recombination—key

Adv. Optical Mater. 2025, 13, €02249 €02249 (7 of 10)

elements for PeL.[®!] Therefore, the decrease in the PL and PeL
properties suggests that the drawing process, despite being fast,
affects the trapping and recombination mechanisms of charge
carriers within the PeL particles, leading to shorter afterglow du-
ration, not only after UV charging, but also after 980 nm charging
as shown in Figure 5e,f.

The fiber absorption and guiding properties were studied. Due
to the presence of PeL phosphors and various micro-cracks and
defects in the as-drawn uncoated fibers, the scattering losses of
the fibers are large. This can be observed in Figure 6a where the
fiber glows bright under broad-spectrum light source excitation
when photographed from the top. Nevertheless, the fiber retains
guiding properties. The absorption and emission measurements
were made by butt-coupling a multimode collection fiber to the
output of the sample fiber and measuring the transmitted light.
The absorption spectrum of the fiber, shown in Figure 6b exhibits
a very strong absorption band at 980 nm typical of Yb** ions
and another absorption band at 1400 nm characteristic of Tm3*.
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Figure 6. a) Pictures of the tellurite fiber (2.5Yb0.05Tm doped with 0.5 wt.% of SrAl,O,:Eu?*, Dy3*) under different light conditions. b) Absorption
spectrum of the fiber measured by a white light source. c) Emission spectrum of the fiber, the sharp peak at 980 nm is residual unabsorbed pump

passing through the fiber.

Other weaker bands centered at 680 nm (*H¢—>F,;), 793 nm
(*H¢—>H,), 1240 nm (*H — *Hj;) belong also to Tm** ions as
well as the very broad absorption starting at 1600 nm extending to
1800 nm (*Hg — F,). The emission spectrum of the fiber upon
980 nm excitation (Figure 6¢) exhibits the typical Tm** emission
bands at 1470 and 1800 nm,[®*63] as well as the upconverted Tm**
emission bands at 470, 650, and 808 nm. Additionally, the strong
broadband emission from the Yb** ions centered at 1030 nm can
be seen.

Following 2 min of broad-spectrum light injection, the PeL
phosphors exhibit a visible afterglow extending up to 13 cm from
the light input in the case of the fiber presented in Figure 6a. Un-
der 980 nm pumping, blue emission is observed in the first few
centimeters of the fiber due to the high laser intensity, while red
emission is seen few cm from the 980 nm pump. This behavior is
attributed to the gradual reduction in excitation power along the
fiber and the fact that blue upconversion involves more photons
than red, thus requiring higher excitation power. After stopping
the 980 nm excitation, afterglow can be also seen by naked eye
up to 5 cm from the 980 nm input, demonstrating that the up-
conversion is strong enough to charge the PeL phosphors along
the composite fiber.

3. Conclusion

In this study, we demonstrate the successful fabrication of com-
posite fiber that exhibits green afterglow after the NIR charg-
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ing. The fiber was drawn from a preform made of SrAl,O,:Eu’*,
Dy** phosphors embedded in tellurite glass. The host glass was
codoped with Yb** and Tm3* to achieve the NIR-to-blue upcon-
version responsible for the charging of the PeL phosphors. First
the Yb**, Tm>** concentration was optimized to obtain the most
efficient upconversion under the 980 nm laser excitation. Sec-
ond, the composites were prepared by adding the PeL phosphors
in the glass melt prior to quenching, allowing for the PeL phos-
phors to be homogeneously distributed in the glass matrix. The
presence of the PeL phosphors in the composite bulks and fiber
was confirmed not only from the green afterglow, but also using
SEM/EDS. Despite the presence of PeL phosphors and defects on
the surface of the uncoated fiber, light propagation was demon-
strated, and the fiber exhibits visible green afterglow after NIR
charging.

These results provide a promising foundation for the develop-
ment of NIR-rechargeable PeL fibers for future use in advanced
photonic applications requiring remote excitation, long-lasting
luminescence, and integrated fiber-based design.

4. Experimental Section

Sample Fabrication—Glasses: Glasses with composition (100-x-y)
(70TeO, — 20ZnO- 10BaO) — xYb,0; — yTm, 05 where x = 1.5, 2.5, 3.5,
and 4.5 mol% and y = 0.025, 0.05, 0.075, and 0.1 mol% (labeled as xY-
byTm) were prepared using the melt-quenching method in an air atmo-
sphere. The batches were prepared using the following raw materials TeO,
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(Sigma-Aldrich, 99.99%), ZnO (Sigma-Aldrich, 99.99%), BaO (Sigma-
Aldrich, 99.99%), Yb,0; (Sigma-Aldrich, 99.9%), and Tm,0; (Sigma—
Aldrich, 99.9%). The 10 g batches were melted in platinum crucible at
825-875 °C, depending on the glass composition, for 1 h. The molten
glass was casted on a brass mold at room temperature followed by an-
nealing at 250 °C for 5 h and then slowly cooled down to room tem-
perature. Finally, the glasses were polished to perform the spectroscopic
measurement.

Sample Fabrication—Composites: The composites were prepared by
adding 0.25, 0.5, and 1 wt.% of the commercial SrAl,O,:Eu?*, Dy3* Pel
phosphors (from Realglow) into the molten 2.5Yb0.05Tm glass batch with
the 68.22Te0,-19.48Zn0-9.75Ba0-2.5Yb,053-0.05Tm, O3 composition (in
mol%). The mixture was manually stirred prior to the quenching. After
quenching, the composite bulks and preforms were then subjected to an-
nealing at 250 °C for 5 h.

Sample fabrication—Composite Fiber: A cylindrical composite preform
with a diameter of 1 cm and a length of 9 cm was prepared from the
2.5Yb0.05Tm glass prepared with 0.5 wt.% of PeL. The drawing process
was performed at 490 °C under a helium flow of 2.5 L min~" to ensure an
inert atmosphere. No coating was applied during the drawing process to
facilitate the measurement of their properties. Few-meter fiber pieces with
a diameter 400 um were produced as in.[??]

Characterization: The density of the bulk glasses was determined us-
ing the Archimedes method with ethanol as the immersion liquid. The
results were obtained with an accuracy of +0.02 g cm™3.

The thermal properties of the glasses were analyzed using differential
scanning calorimetry (DSC) with a Netzsch 214 Polyma instrument. Sam-
ples were heated in platinum crucibles at a rate of 10 °C min~". The glass
transition temperature (T,) was determined from the inflection point of
the endothermic peak, obtained via the first derivative of the DSC curve.
The crystallization onset (T,) and peak crystallization (T;,) temperatures
were identified from the exothermic peak. All thermal properties are given
with an accuracy of +3 °C. Thermal stability against crystallization was
evaluated as AT =T, — T,

Raman spectra were acquired using a Renishaw inVia Qontor Raman
microscope equipped with a cooled CCD camera. A 532 nm laser served
as the excitation source.

A scanning electron microscope (SEM) (Crossbeam 540, Carl Zeiss,
Oberkochen, Germany) equipped with an energy-dispersive spectroscopy
(EDS) detector (X-MaxN 80, Oxford Instruments, Abingdon-on-Thames,
UK) was used to obtain images and analyze the composition of the sam-
ples. To reduce charging effects, the samples were coated with a conduc-
tive carbon layer.

Absorption spectra were recorded using a UV-vis—NIR spectropho-
tometer (UV-3600 Plus, Shimadzu) over the wavelength range of 750—
1200 nm with a measurement step of 0.5 nm. The absorption cross-section
0,4bs (4) was calculated with an accuracy of +£10% using the equation:

In (10) D (4)

Oabs (4) = NL

M

where D(/) represents the absorbance, N is the concentration of Yb3+
ions in the glass (ions/cm?), and L is the sample thickness.

The prism coupling technique with an Abbe refractometer (Model
2010/M, Metricon) was used to measure the refractive index of the in-
vestigated glasses at six different wavelengths: 443, 633, 825, 1061, 1312,
and 1533 nm. Each wavelength was scanned multiple times, ensuring an
accuracy of +0.001.

The upconversion emission spectra of the (bulk) glasses and com-
posites were measured using a Spectro 320-131 optical spectrum ana-
lyzer (Instrument Systems Optische Messtechnik GmbH), while the IR
emission spectra (1600-2400 nm) were obtained using a monochroma-
tor coupled with an amplified MIR detector (PCI-4TE-4-1 x 1, preamplifier
PIP-DC-200 M-F-M4, Vigo). The excitation was provided by a continuous-
wave 980 nm monochromatic single-mode fiber-pigtailed laser diode
(CM962UF76P-10R, Oclaro) with a power of ~ 300 mW and spot size
~2 mm. PL spectra were collected using a Varian Cary Eclipse Fluorescence
Spectrophotometer equipped with a Hamamatsu R928 photomultiplier

Adv. Optical Mater. 2025, 13, €02249 €02249 (9 of 10)

www.advopticalmat.de

tube (PMT) and 15 W xenon lamp. The emissions were measured by using
the phosphorescence mode with 0.005 s total decay time and 365 nm ex-
citation. The persistent luminescence (Pel) spectra were obtained before
and after the composite drawing process using a Varian Cary Eclipse Flu-
orescence Spectrophotometer with a Hamamatsu R928 photomultiplier
(PMT). A4 W UV lamp (UVGL-25, A.,.: 254 nm, 4 W) was used to excite
the powder samples for 5 min, the emission spectra were measured 1 min
after ceasing the irradiation. For Pel fading measurements, samples were
irradiated for 1 min using a 254 nm hand-held UV lamp (UVGL-25). The
PeL decay curves were done on crushed samples and recorded using a
Hagner ERP-105 luminance meter coupled with a Hagner SD 27 detector,
starting 5 s after excitation ceased, with luminance measured every 1s.
The decay time was defined as the duration for PeL luminance to decrease
to 0.3 mcd/m?, with an accuracy determined by the noise level of individ-
ual measurements. For the Pel properties measurement, the sample was
mounted in a dedicated sample holder, fixed to two orthogonal stepper
motors. One moves left-right over 4 mm in a fast way (a few seconds),
while in the other, perpendicular direction, the movement is a lot slower,
but also over 4 mm. In this way, and considering the beam size, the beam
covers most of the sample, with a diameter of 5 mm. Homogeneous af-
terglow was obtained from the samples with no visible damage observed.

All the measurements for the analysis of the spectroscopic properties
of the glasses and composites were performed at room temperature. The
glass and composite bulks were grinded into powder to allow the compar-
ison of the emission intensity and obtain homogeneous results.

The emission spectra of the fiber were measured using a fiber-pigtailed
980 nm laser diode (Coherent). The output light was collected with a
200 pum multimode fiber and analyzed using an optical spectrum ana-
lyzer (OSA, ANDO AQ6317B). Transmittance measurements were per-
formed using a fiber-pigtailed white light source (Anritsu MG922A). For
PeL-fiber characterization, either a 980 nm fiber-coupled single-mode laser
diode (CM96-500) or a fiber-coupled halogen white light source (Anritsu
MG9224, 105 um multimode fiber) was butt-coupled to the input end
of the sample fiber. The output light at the distal end was collected us-
ing a 200 pm multimode fiber and analyzed with two separate OSAs
(ANDO AQ6315B and Yokogawa AQ6375), covering a spectral range of
350-2400 nm.
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