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White Light Generation From YAG:Ce-Doped Phosphate

Glass-Based Composite Fibers

Khaldoon Nasser,* Hiing Nguyén Trdn, Arjun Vakkada Ramachandran, Mikko Ndrhi,
Turkka Salminen, Catherine Boussard-Plédel, Johann Troles, Tian-Long Guo,

Matthieu Roussey, and Laeticia Petit

The growing demand for next-generation lighting technology is driving efforts
to develop white light-emitting fibers for potential applications in medical
endoscopy, sensing, telecommunication, and integrated photonics. In this
work, a new white light-emitting composite fiber based on YAG:Ce*+
phosphors embedded in a phosphate glass is developed. The glass matrix
composition is precisely tailored to enhance the thermal stability of the glass
to allow fiber drawing while matching the refractive index with the phosphors
to ensure the transparency of the composite. Comprehensive analyses of the
spectroscopic and structural properties reveal significant interfacial reactions
between the glass and YAG:Ce3* phosphor particles during composite

1. Introduction

The development of next-generation light-
ing technologies has increasingly focused
on the generation and delivery of white
light via optical fibers. White light-emitting
fibers (WLEFs) form a transformative solu-
tion for a broad range of applications, in-
cluding medical endoscopy, artificial light-
ing, remote sensing, light fidelity (LiFi), and
communication technologies.'”>! Unlike
conventional broadband sources, WLEFs of-
fer the unique advantage of flexible and lo-

preparation, including phase changes, elemental diffusion, and partial
decomposition. Despite these effects, the YAG:Ce** phosphors retain their
white light emission properties throughout both preform melting and fiber
drawing. Light propagation in the fiber, despite the presence of the phosphors
in the fiber, as well as white light emission upon blue excitation are

demonstrated.
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calized light delivery while maintaining the
high brightness and spectral continuity. The
growing demand for compact, robust, and
high-efficiency white light sources that can
reach over long distances has stimulated in-
tensive research on novel material systems
and fabrication methodologies.!®’]

Rare-earth (RE) doped fibers have be-
come a primary option for broadband light
sources. They are known for their high
brightness and good beam quality, making them suitable for
applications like sensing, optical coherence tomography (OCT),
imaging, and fiber optic gyroscopes.®?! Despite their advan-
tages, RE-doped fibers typically exhibit emission bandwidths be-
low 100 nm, primarily obtained using energy transfer between
donors (Nd**, Yb**) and acceptors (Eu*t, Tm**, Er**).[511] The
use of energy transfer to obtain broadband emission in opti-
cal fibers raises the issue of optimizing the concentration and
ratio of RE donors and acceptors.['!l The glass matrix should
allow fiber drawing and also should have low phonon energy
to avoid concentration quenching, which negatively affects en-
ergy transfer efficiency.'>13] For applications requiring broader
spectral coverage, researchers have been exploring various ap-
proaches, including supercontinuum fiber lasers. Supercontin-
uum sources offer exceptionally broad spectral coverage, from
400 to 1700 nm, making them ideally suitable for spectroscopy,
imaging, and metrology.>'*] However, the cost of supercontin-
uum laser systems remains a major barrier; even low-power mod-
els often exceed thousands of dollars, limiting their practicality
and applications.

Another approach for realizing WLEFs involves embedding
quantum dots (QDs) or nanoparticles within fiber structures,
offering promising potential for flexible white light emission.
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Recent studies have demonstrated the successful integration
of CdSe/CdS colloidal QDs into polymer optical fibers, achiev-
ing stable luminescence and high photoluminescence quan-
tum yields.[>1] These composite polymer fibers, fabricated via
thermal drawing or electrospinning techniques, maintain me-
chanical flexibility and exhibit uniform light emission along the
fiber length. However, they have significant drawbacks; poor sta-
bility leading to degradation of the temperature-sensitive QDs
under the high processing temperatures, poor dispersion, and
QD agglomeration, causing uneven luminescence. Additionally,
the moisture sensitivity of the QDs in the polymer fiber can fur-
ther reduce the long-term stability.!!718]

One of the most promising approaches to generate high-
quality white light involves the use of cerium-doped yttrium
aluminum garnet (YAG:Ce?*) phosphors.l*2!] YAG:Ce** is an
inorganic, ceramic-based down-conversion phosphor, which is
easy to synthesize, integrate, mass-produce, and is available
commercially.[2122] YAG:Ce** efficiently converts blue or UV ex-
citation into broad-spectrum green-red emission, and when com-
bined with a blue light-emitting diode (LED) or laser diode, bright
white light can be produced.[?*?*] YAG:Ce** shows excellent lu-
minous performance with high quantum efficiency (x90%).124]
YAG: Ce** phosphors are thermally and chemically stable, non-
toxic, and maintain brightness and spectral properties under
high-power excitation from LED.[?]

Various forms of YAG:Ce**-based light sources have been ex-
plored, including bulk crystals,[?! ceramics, 2!l and films.?¢]
However, each configuration has inherent drawbacks that limit
its integration into fiber systems. Bulk crystals and ceramics are
difficult to shape and integrate into fiber architecture, whereas
film structures face challenges, including poor moisture resis-
tance and thermal degradation, just to name a few.[2?52 Or-
ganic resin adhesives or silicon are usually used to encapsulate
YAG:Ce** phosphors or films. However, these materials have
poor heat resistance. Under the high-power excitation from the
LEDs, the internal organic matter becomes yellow or black due
to heat accumulation, resulting in a degradation in transparency
and luminance.[?728]

To overcome these limitations, researchers have been focus-
ing on using sintering methods to embed YAG:Ce** phosphors
in different glass systems, such as tellurite,[2*?] silicate,*%! and
phosphates.l®132] The phosphor-in-glass approach offers signif-
icant advantages over the traditional resin-encapsulated phos-
phor, including enhanced chemical and thermal stability and uni-
form phosphor distribution, which leads to improved luminous
efficacy, better heat dissipation, and greater long-term reliabil-
ity for high-power lighting applications.[?*-*2] Phosphate glasses
are considered promising candidates to host YAG:Ce3** phosphor.
They have relatively low melting temperatures, which minimizes
the risk of thermal degradation of embedded phosphors, thereby
preserving luminescent performance during both composite fab-
rication and fiber drawing.[#3132] Additionally, phosphate glasses
show excellent luminous performance with high quantum effi-
ciency under blue excitation when doped with YAG:Ce3*.12431]
However, the most fundamental issue in the sintering method
is how to preserve the intactness of the embedded phosphors
during the heat treatment and calcination so that the composites
could retain the luminescence properties of the raw phosphors
and allow for further fabrication processes like fiber drawing. Be-
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sides, this method demands complex processes as well as special,
costly equipment.

Many studies have focused on the addition of pre-synthesized
crystals to the molten glass before quenching.[*** This method
allows for control over the spectroscopic properties of the incor-
porated crystals independently of the glass composition. An ideal
host should possess a refractive index closely matching that of
the phosphors, thereby enhancing transparency and minimizing
scattering.3¢37] Additionally, the phosphors must be uniformly
dispersed throughout the glass matrix without aggregation to en-
sure consistent optical performance.[*®! To enable further pro-
cessing, such as fiber drawing, the glass should maintain high
thermal stability after adding the crystals. Zhao et al drew low-loss
fiber from a transparent tellurite glass doped with upconversion
nanocrystals.3°! Lemiere et al prepared preforms by remelting a
glass with SrAl,O,:Eu**,Dy** phosphors,*! and these preforms
were then drawn into fibers, resulting in composite fibers exhibit-
ing green afterglow after UV charging. Lee et al drew tellurite
fiber doped with Er-doped YAIO, microcrystals from a preform
prepared using volumetric interface doping.[**! Recently, Vakula
et al prepared a composite fiber from phosphate glass preform
containing LiNbO;:Yb** crystals.[**]

To the best of our knowledge, there have been no reports on
composite fibers made of glass with embedded YAG:Ce3*. The
challenge lies in the combination of thermal stability, mechanical
robustness, and optical properties. In this work, we successfully
fabricate an optical fiber from a YAG:Ce?* containing composite.
First, we precisely tailor the phosphate glass composition to ob-
tain a thermally stable glass with a refractive index similar to that
of the phosphor. Second, we add the YAG:Ce>** phosphors to the
glass and investigate the structural and spectroscopic properties
of the resulting composite to understand the interaction between
the phosphor and the glass host. Finally, we draw the composite
fiber and demonstrate successful light propagation in the fiber
despite the presence of the phosphors in the fiber as well as white
light emission upon blue excitation.

2. Results and Discussion

Selecting the right glass matrix for YAG:Ce** phosphors is cru-
cial for achieving desired optical properties. The key consider-
ations include the glass’s refractive index and thermal stability.
Matching the refractive indices of the glass matrix and the phos-
phors is essential to obtain a transparent composite and reduce
the scattering,3%37] whereas the good thermal stability against
crystallization enables fiber fabrication.[*!l The phosphate glass
system 75NaPO;-25Ca0 (in mol%) is known for its good thermal
stability with AT > 100 °C.[“?] However, its refractive index (~1.5)
is much lower than that of YAG phosphor (1.83).1}) Increasing
the refractive index of a glass can be achieved by adding high-
polarizability oxides such as Nb,O,.1*¢] Therefore, phosphate
glasses with the composition of (75-x/2)NaPO, — (25-x/2)CaO —
xNb,O5 (in mol%), where x = 10, 20, 25 mol% (referred to as
Nb10, N20 and Nb25, respectively), were prepared by the melt-
quenching process to produce glass with a refractive index closely
matching that of YAG:Ce3*. The amorphous nature of the glasses
was confirmed from their XRD patterns that show broad humps
without any sharp peaks (Figure Sla, Supporting Information).
As expected, increasing the concentration of Nb,Os leads to
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Figure 1. a) Refractive index dispersion of the glasses and the YAG:Ce3*. b) Transmittance spectra of the glasses in the 300-650 nm region. c) Thermo-

gram of the glasses.

significantrises in the refractive index, thereby reducing the mis-
match in the refractive indices between the glass matrix and
YAG:Ce**, as shown in Figure 1a.

Increasing the Nb,Os content shifts the UV absorption edge
toward longer wavelengths (Figure 1b). The redshift of the UV
absorption edge is evidenced from the yellow coloration of the
glasses when increasing the Nb,Os content (inset of Figure S1a,
Supporting Information). The incorporation of Nb,Os into the
glass network does have an impact on the thermal properties of
the glass (Figure 1c and Table 1). Increasing the concentration
of Nb,Os in the glass composition leads to a rise in T,. No crys-
tallization signals are observed in the Nb10 and Nb20, whereas
the thermogram of Nb25 shows an exothermic peak, indicating
that this glass is more prone to crystallization compared to the

others. Nonetheless, Nb25 is expected to still possess good ther-
mal stability against crystallization as evidenced by its large AT
(T,—T,) = 194 °C. All glasses are thus excellent candidates for
fiber drawing.[*!l As the Nb,O; concentration increases, the den-
sity of the glass increases (Table 1), which is expected due to the
higher molecular weight of Nb,Os (265.81 g mol™') compared
to that of NaPO; (101.96 g mol™!) and CaO (56.08 g mol~!). As
expected, the molar volume (V,,) of the glass increases as well
when increasing the Nb, O concentration. This is due to the large
amount of oxygen atoms that have a high ionic radius (0%": 1.40
A) compared to the other ions (Na*: 0.99 A, P5+: 0.17 A, Ca?*: 1
A, Nb**:0.64 A).[47]

The structural changes induced by the addition of Nb,O; are
evident from the Raman and FTIR spectra of the glasses, shown

Table 1. Physical and thermal characteristics of the glasses. p is the glass density, V,,, is the glass molecular weight, T, is the glass transition temperature,
T, is the onset crystallization temperature, T, is the peak crystallization temperature, and AT is defined as T,—T,.

-3 -3 3 -1 o o o ° o ° _ o °
Glass plgem™]+0.02 gcm V,, [ecm? mol™'] Tg[ Cl+3°C T, [’ +x3°C T, [°x3°C AT_TX—Tg[ Clx6°C
+ 0.05 cm® mol™!
Nb10 2.96 36.88 484 - - -
Nb20 3.21 39.83 561 - = -
Nb25 3.32 41.32 592 786 842 194
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Figure 2. a) Raman spectra of the glasses (4., = 785 nm). b) ATR-FTIR spectra of the glasses.

in Figure 2a,b, respectively. The Raman spectra show broad bands
centered around 250, 425, 630, 820, 890, 1170, and 1315 cm™.
The band at 1315 cm™! corresponds to the asymmetric stretch-
ing vibration modes of the non-bridging oxygen (NBO) in the
(Q?) unit, and the band at 1170 cm™! corresponds to the sym-
metric stretching vibration of (PO,)” in metaphosphate (Q?2)
units.[*¥] The intense band at 890 cm™ is assigned to the short
Nb—O bonding in isolated NbO, octahedra.l*! The band at 820
cm~! corresponds to the NbO, octahedra linked into chains, 4648
The band at 630 cm™ is attributed to the Nb—O stretching
mode of corner-shared NbO, octahedra and to the NbO, oc-
tahedra linked into a 3D network structure.[*643-51 The bands
at 425 and 250 cm™! correspond to O—Nb—O resonance bond-
ing and Nb—O—Nb bonds in NbO, octahedra, respectively.!*®]
The Raman spectrum of the Nb10 glass exhibits three additional
bands at 740, 990, and 1040 cm~! which correspond to stretch-
ing modes of P—O—P linkages, stretching of Q° (PO,)*", and
vibration of Q' (PO,)?~ groups in the polyphosphate chains,
respectively.’2*3] The increase in Nb,Os concentration leads to
an increase in the intensity of the bands at 250, 425, 630, and 820
cm~! while the intensity of the bands at 740, 990, and 1040 cm ™!
decreases.

The FTIR spectra (Figure 2b) show absorption bands cen-
tered around 530, 575, 630, 720, 850, 970, 1060, and 1130
cm~!. The absorption band at 1130 cm™' corresponds to the
symmetric stretching vibration of PO, entities.>*] The absorption
band around 1060 cm™! is assigned to the asymmetric and sym-
metric stretching vibration modes of non-bridging oxygen associ-
ated with Q! tetrahedra.>* The band near 970 cm™! corresponds
to Q° (PO,)*~ groups.l®! The bands near 850 and 720 cm™" corre-
spond to the asymmetric and symmetric stretching of pyrophos-
phate (Q!) units, respectively.>>! The band at around 630 cm™! is
attributed to Nb—O bonding from the NbO, octahedra.l>* The
absorbance band around 575 cm™! is related to the coupled
modes of O—Nb bonds and O—Nb—O—P, and the band around
530 cm™! and vibration related to the bending of O—P—O bonds
of (PO,)*~ groups.>®! The increase in Nb,Oy concentration leads
to an increase in the intensity of the bands at 630, 575, and 530
cm~! and a decrease in the intensity of the bands at 720, 850, 970,
1060, and 1130 cm™.

From the changes in the Raman and IR spectra, the addi-
tion of Nb,O; leads to the formation of strong linkages such as
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P—O—ND and Nb—O—ND at the expense of P—O—P bonds. The
incorporation of Nb,Os promotes the formation of NbO, octa-
hedra linked to a 3D network at the expense of the 2D phos-
phate network. Such structural reinforcement of the vitreous net-
work is confirmed by the observed increase in T, with increasing
Nb,Os concentration. Additionally, the increase in Nb,Os con-
centration leads to a redshift of the UV absorption edge (see
Figure 1b). This shift of the optical band gap to longer wave-
lengths with increasing Nb,O, content can be attributed to the
increase in the refractive index and the difference in the ionic
radii; since Nb>* possesses a larger ionic radius than P, its
outer electron cloud interacts more strongly with the nearby
non-bridging oxygens, facilitating electron-transfer at lower
energy.5>%7]

Composites were fabricated by adding 1 and 2.5 wt.% of
YAG:Ce** crystals in the Nb25 molten glass, selected due to its
high refractive index. It is worth pointing out that the concen-
tration of the crystals in the composites is below the sensitivity
threshold of the diffractometer, and no corresponding peaks are
observed in the XRD curves (Figure S1b, Supporting Informa-
tion). The composite prepared with 1 wt.% of YAG:Ce** crys-
tals is translucent, whereas the other composite with a larger
amount of crystals is opaque. The composites are more colored
than in the as-prepared Nb25 glass, which might be a sign of
the phosphor-glass reaction during the composite preparation.
The transmittance significantly decreases by ~70%, after embed-
ding the YAG:Ce** crystals in the glass matrix due to the mis-
match of the refractive index between the YAG:Ce** crystals and
the glass, the large size of YAG:Ce*" crystals (expected to be up
to 10 um as per the supplier) and probably cluster of YAG:Ce**
crystals in the glass forming during the melting process
(Figure 3a). Figure 3b shows the excitation spectra of the com-
posites compared to those of the as-received crystals for an emis-
sion at 600 nm. The two excitation peaks at ~345 and ~460 nm
correspond to the 4f ' (*F, ) — 4f°5d" (*B,,) and 4f" (°F;,) —
4f°5d" (*A,,) electron transitions of Ce’* ions, respectively.”*>]
Noticeable mismatches are evident between the excitation bands
of the composites and those of the as-received crystals. The re-
duction of the excitation band intensity at 345 nm is mostly at-
tributed to the high absorption of the glass matrix in the UV
region. The slight broadening of the band ~460 nm when in-
creasing YAG:Ce** content is not fully understood; it might
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Figure 3. a) Transmittance spectra of the composites and undoped glass. b) Excitation spectra of the composites and as-received YAG:Ce3* crystals
collected at 600 nm. c) Emission spectra of the composites and as-received YAG:Ce3* crystals under 460 nm excitation.

be associated with dipole-dipole interactions and energy migra-
tion arising from aggregation of YAG:Ce** phosphor particles
at higher concentrations. At lower dopant densities, these inter-
actions are reduced, resulting in a sharper excitation band.[%0-¢1]
Figure 3c shows the normalized emission spectra of the com-
posites and of the as-received crystals when 460 nm is used as
excitation. The emission band covering the 500-700 nm range
consists of an overlap of two emission bands centered at 580 and
520 nm, which are attributed to the 5d (*A,) — *f (*F,,) and
5d (*A) — *f (*Fs),) transitions of Ce** ions, respectively.**>’!
No significant changes in the shape of the emission band
were observed after embedding the phosphors in the glass,
suggesting that the crystals survive the composite preparation
process.

Although no significant changes are observed in the emis-
sion properties of the composites, notable differences emerge at
the microscale. Figure 4a shows the micro-Raman spectra col-
lected from the surface of the composite prepared with 1 wt.%
of YAG:Ce**. The micro-Raman and micro-luminescence spectra
collected from the composite with 2.5 wt.% of YAG:Ce** can be
found in Figure S2 (Supporting Information). The Raman spec-
tra were collected from a crystal found at the surface of the com-
posite, from the glass region of the composite, and at the crystal-
glass interface. The Raman spectra were recorded in the 200-
3000 cm™! range using a 785 nm laser excitation. It is known
that for garnet crystals, there are no Raman-active modes above
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900 cm~1.1°2-64] The weak bands that appear in the wavenumber
range (< 900 cm™!) correspond to the internal modes related to
AlO, groups.[®*® 1t is interesting to point out that the Raman
spectrum of the crystal embedded in the glass is different from
the Raman spectrum of the as-received crystals. After embedding
the crystals in the glass, new peaks appear while others shift in
position, suggesting changes in the structure of the YAG:Ce**
crystals when embedded in the glass matrix. The Raman spec-
trum recorded from the glass region of the composite closely re-
sembles that of the YAG:Ce** free glass, suggesting that the ad-
dition of YAG:Ce** phosphors in the glass does not have a sig-
nificant impact on the structure of the glass matrix. The Raman
spectrum at the interfacial crystal-glass region shows an over-
lap between the glass and crystal spectra. Figure 4b displays the
micro-luminescence spectra of both the as-received and embed-
ded YAG:Ce3* crystals, revealing the typical emission band from
Ce3* ions that closely resembles the one observed in Figure 3c.
Figure 4b also shows the intensity mapping of the emission at
580 nm under 532 nm laser excitation, confirming that crystals
seen at the surface of the composite are YAG:Ce**. No changes
were observed in the shape of the emission band after embedding
the YAG:Ce3* crystals in the glass, except for the appearance of
two emission peaks at around 700 nm, which could be attributed
to Cr’* impurities (Cr**: *T,, — *A,, and *E,’T;, — *A,,).[®]
The Cr’* is likely due to trace impurities present in the starting
commercial YAG:Ce**+ powder, as is common for garnet hosts.
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Figure 4. (a) Microscope image (x50) of a crystal found at the surface of the composite prepared with 1 wt.% of YAG:Ce3* and micro-Raman spectra
collected inside a crystal found at the composite surface, in the glass part of the composite, and at the crystal-glass interface. Also shown is the micro-
Raman spectrum of a YAG:Ce3*-free glass and of as-received YAG:Ce3* crystals (Ae = 785 nm). b) Micro-luminescence mapping of intensity at 580 nm
and micro-luminescence spectra inside the crystal found on the composite surface and the crystal-glass interface. Also shown is the micro-luminescence

spectrum of the as-received YAG:Ce3* crystals (Aey

= 532 nm). ¢) SEM image and EDS line scan across a YAG:Ce3* phosphor particle found at the

surface of the composite. d) Elemental mapping of the YAG:Ce>* phosphor particle found at the surface of the composite.

Figure 4c shows an EDS line scan across the YAG:Ce** crys-
tal located at the surface of the composite prepared with 1 wt.%
of YAG:Ce**. The composition analysis suggests that the crys-
tal retains its original composition in its center with an Al/Y ra-
tio of 1.6, which is in good agreement with the stoichiometry
of YAG (Y;Al;0,,). However, at the YAG:Ce?* crystal-glass inter-
facial region, this ratio deviates from the stoichiometric value.
Additionally, Nb rich area is suspected at the YAG:Ce3* crystal-
glass interface, promoting crystallization as seen in the SEM
image in Figure 4d, where needle-shaped features grow within
the glass matrix near the boundary. It should be noted that the
Ce mapping appears dark due to the low concentration of Ce**
ions in the phosphors (2%, as per the supplier). The interfa-
cial reaction between the glass and the embedded phosphors
was reported in previous studies.3%%71 Zhang et al suggested

Adv. Optical Mater. 2026, 14, 03741 e03741 (6 0f11)

that Na®™ and Ca’* ions cause intrinsically severe corrosive re-
action between the glass matrix and phosphors owing to the
high reactivity and diffusivity of those low-valence ions.[®®] Nev-
ertheless, the decomposition of YAG:Ce** phosphors during the
melting process remains partial and localized, as the glass struc-
ture closely resembles that of the undoped glass, as previously
discussed.

A crack-free composite preform (8 cm long and 1 cm in di-
ameter) was successfully prepared with homogeneous disper-
sion of the YAG:Ce?** crystals (1 wt.%) in the glass (Figure 5a).
The translucent appearance of the preform suggests the ab-
sence of crystal agglomeration in the glass. Despite the pres-
ence of YAG:Ce** crystals, this composite preform was success-
fully drawn into a single-index fiber with a diameter of 400 um.
Figure 5b presents an SEM image of the fiber cross-section,

© 2026 The Author(s). Advanced Optical Materials published by Wiley-VCH GmbH
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Figure 5. a) Picture of the composite preform prepared with 1 wt.% of the YAG:Ce** phosphors. b) SEM image of the fiber cross-section showing a
YAG:Ce3* crystal found at the cross-section surface, and c) micro-luminescence mapping of intensity at 580 nm of the crystal (4o, = 532 nm). d) EDS
Line scan composition analysis across the crystal. ) Micro-luminescence spectra inside the crystal found in the preform and in the fiber (4., =532 nm).
f) Micro-Raman spectra inside the crystal and glass parts of the fiber and preform (4., = 785 nm).

showing a YAG:Ce*" phosphor particle located at the surface,
the presence of which was confirmed from the mapping of the
intensity of the emission at 580 nm under 532 nm laser excita-
tion (Figure 5c) and the composition analysis performed across
the phosphors (Figure 5d). The EDS line scan (Figure 5d) shows
that both the glass matrix and the crystal maintain their orig-
inal compositions, with no significant elemental variations de-
tected following fiber drawing, suggesting that the YAG:Ce**
crystals survive the fiber fabrication process with no elongation
or breakup. Figure Se,f show the micro-luminescence and micro-
Raman spectra collected from the crystal found in the preform
and in the fiber, respectively. No significant changes in the shape
of the (emission and Raman) bands are seen after fiber drawing,
confirming that the drawing process has a limited impact on the
YAG:Ce** phosphors. The fiber drawing process does not sub-
stantially alter the glass structure, although some structural mod-
ifications are expected due to the intense quenching that occurs
during drawing stress, as discussed in Ref. [68,69]. The slight in-
crease in intensity of the Raman band at ~#425 cm™! compared to
the main band suggests an increased number of Nb—O bridging
in NbO, octahedra during the drawing process. Similar subtle

Adv. Optical Mater. 2026, 14, 03741 e03741 (7 0f11)

molecular unit re-orientation during the new thermal history of
the drawing process was reported during the drawing of tellurite
glasses.[¢]

Despite being a single-index fiber, light confinement is still
observed, and light propagation along the fiber is maintained
for a distance up to 4 cm, as seen in Figure 6a. Both broad-
band lamp light and 455 nm LED light were successfully guided
through the composite fiber. Light propagation over centimeter-
scale arises from a combination of factors, including guiding via
reflections at the glass-air boundary, high directionality of the
input beam, which allows light to remain confined over short
propagation lengths, as well as multiple scattering events and
redirection of light along the fiber by the embedded particles
and the surface defects. Figure 6b shows the transmitted out-
put power from fibers with different lengths under broadband
lamp excitation. As the fiber length increases, a clear reduction
in output power is observed across the spectral range. The fiber
attenuation loss is estimated to be between 3 and 5 dB cm™
at 600 nm, which is quite large compared to other phosphate
glass optical fibers.l”%’! The observed loss primarily originates
from the scattering of the light on the phosphor particles
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Figure 6. a) Pictures of the composite fibers containing 1wt.% of YAG:Ce3* phosphors. b) Transmission of fibers with different lengths under broadband
lamp excitation. c) Emission of fibers with different lengths under 455 nm LED excitation. d) Normalized emission spectra measured from fiber crushed

into powder (4

exc

embedded within the fiber, surface defects, microcracks, and
other imperfections, as well as the absence of the cladding and
coating. Figure 6¢ shows the measured emission spectra from the
fiber under 455 nm LED excitation. The high-intensity band ob-
served below 525 nm corresponds to the unabsorbed broadband
LED light passing through the fiber. The band covering the green-
red region can be related to the emission from the Ce** ions (tran-
sitions: 5d" — (*F, ,, *Fs ,).***?! It is worth noting that increasing
the length of the fiber does not lead to an increase in the overall
intensity of the emission band in the green-red region. This ob-
servation indicates that attenuation remains predominant, sup-

Adv. Optical Mater. 2026, 14, €03741 e03741 (8 of 11)

=460 nm) and collected at the output of a 1.5 cm long fiber under 455 nm LED excitation.

pressing the gain associated with in-fiber white light generation.
Consequently, the measured emission reflects the competing ef-
fects of optical attenuation and light generation within the fiber.
Figure 6d compares the normalized emission spectra measured
from a fiber crushed into powder (A, = 460 nm) and at the out-
put of the 1.5 cm long fiber under 455 nm LED excitation. Re-
gardless of the overlap with the broadband LED excitation spec-
trum, using slightly different excitation wavelengths does not
have a significant impact on the emission spectrum of YAG:Ce**.
Furthermore, comparison of the emission spectra confirms that
the spectral shape of YAG:Ce** emission is preserved even after
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propagation through the fiber. These results demonstrate both
white light generation and light propagation in the newly devel-
oped composite fiber.

3. Conclusion

In this work, we have developed a new composite that can
be drawn into a fiber. The composite was prepared by adding
YAG:Ce** phosphors in the molten glass prior to quenching.
To obtain a transparent composite, the glass composition was
custom-engineered to achieve a refractive index match with the
YAG:Ce** (1.83) by varying the Nb, O content in the NaPO,-CaO-
Nb,O; glass. A single-index fiber was successfully drawn from
a composite preform containing 1 wt.% of YAG:Ce** phosphor.
It was found that the emission spectra of the composite bulks
and fiber closely match in shape those of the as-receiving crys-
tals, confirming that the YAG:Ce** phosphor particles survive
both the fabrication and fiber drawing processes. However, the
micro-Raman, SEM, and composition analyses reveal significant
interactions between the YAG:Ce>** phosphors and the surround-
ing glass matrix. Despite these interactions, the characteristic
white light emission of the YAG:Ce*" phosphors is preserved.
The light propagation along the composite fiber is maintained
for distances up to 4 cm. When a blue light from an LED is cou-
pled into the fiber, the fiber exhibits visible emission in the range
(500-750 nm) at the output. Despite limited emission efficiency
from the fiber, this study serves as a proof of concept for inte-
grating luminescent YAG:Ce** phosphors into optical fibers for
white light generation.

4. Experimental Section

Preparation of the Glasses, Composites, and Fiber: Phosphate glasses
with the composition of (75-x/2)NaPO; — (25-x/2)CaO — xNb,Os (in
mol%), where x = 10, 20, 25 mol% (referred to as Nb10, N20, and Nb25,
respectively), were prepared by the conventional melting process. The
raw materials of (NaPOs)g (Thermo Fisher, 99.99%), CaCO; (Thermo
Fisher, 99.99%), and Nb,Os (Thermo Fisher, 99.99%) were weighed and
well mixed with a mortar and pestle. The uniformly mixed stoichiomet-
ric compounds were melted in a platinum crucible at 1250 °C for 75
min in an air atmosphere with a 15 °C min~' heating rate. After melt-
ing, the glass melt was poured onto a brass plate and annealed in a
muffle furnace at 40 °C below the glass transition temperature (T,) for
8 h to release the residual mechanical stresses. It was challenging to ob-
tain mechanically stable glasses with Nb,Os concentrations higher than
25 mol%.

Composite bulks were prepared by adding 1 and 2.5 wt.% of the com-
mercial YAG:Ce3* crystals (Y, 44Ceo0sAlsOq,, from Baikowski) into the
molten glass with the composition 65.5NaPO; — 12.5Ca0 - 25Nb,O5 (in
mol%) (Nb25). The mixture was manually stirred and poured onto a brass
plate for rapid quenching to form the composite bulk. The composite pre-
form was prepared by adding 1 wt.% of the YAG:Ce3* crystals into the
molten Nb25 glass, and then the liquid mixture was poured into a graphite
mold preheated to 250 °C. The composites were then annealed at 40 °C
below the glass T, for 8 h.

The composite preform was polished and then drawn into a single-
index fiber with a diameter of 400 um as in Ref. [39]. The fiber was drawn at
a temperature of 775 °C while a helium gas flow of 2.5 L min~! was used
to ensure an inert environment. Polymer coating was not applied upon
drawing to allow for investigation of the fiber pieces in powder form by
external illumination. A schematic for the fabrication process is shown in
Figure S3 (Supporting Information).
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Characterization: The density of the glasses was obtained using
Archimedes’ method with ethanol as an immersion liquid. The results
were obtained with an accuracy of +£0.02 g cm™3.

For refractive index measurement, the prism coupling technique with
an Abbe refractometer (Model 2010/M, Metricon) was used at six different
wavelengths: 443, 633, 825, 1061, 1312, and 1533 nm. The refractive index
values were determined with an accuracy of +£0.001.

The transmittance spectra of the polished glasses and composites in
the visible region were obtained using the UV-vis—NIR Spectrophotometer
(UV-3600 Plus, Shimadzu), using samples of 1.5 mm thickness.

The FTIR spectra were measured using the FTIR2000 PerkinElmer spec-
trometer in attenuated total reflectance (ATR) model with a resolution of
2 cm~" and accumulation of 8 scans.

X-ray diffraction (XRD) patterns of the glasses and composites were
obtained with a PANalytical EMPYREAN multipurpose X-ray diffractome-
ter (PANalytical, Almelo, The Netherlands). The measurements utilized
Ni-filtered Cu-Ka radiation, and the diffractograms were collected over a
range of 20 (10°-80°), with a measurement step of 0.05°.

The micro-Raman and micro-luminescence spectra were obtained us-
ing a confocal Raman microscope (Renishaw inVia Qontor, Wotton-under-
Edge, UK) using 785 and 532 nm excitation lasers, respectively. The mea-
surements were performed with a 50x objective lens and 1200 lines mm™!
grating.

Emission spectra of the composite bulks and fiber were measured using
an Edinburgh FLS1000 photoluminescence spectrometer equipped with a
xenon lamp as an excitation source and a PMT-900 detector. Powder sam-
ples were used to perform the measurement. The emission spectra were
recorded under excitation at 460 nm, whereas the excitation spectra were
obtained at 600 nm. The emission and excitation spectra were obtained
with 1T nm bandwidths.

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.

For the composite fiber characterization, two fiber-coupled excitation
light sources were butt-coupled to the sample fiber. For white light gener-
ation, a fiber-coupled LED at 455 nm wavelength with 15 nm FWHM band-
width (M455F3, ThorLabs, 400 um multimode fiber) was used. For trans-
mission measurements, a fiber-coupled halogen lamp white light source
(Anritsu MG9224, 105 um multimode fiber) was applied. The output light
at the distal end was collected using a 200 um multimode fiber and ana-
lyzed with an Optical Spectrum Analyzer (OSA, ANDO AQ6315B), within
a spectral range of 350-800 nm.

The optical loss a (dB cm™') was estimated using the following
equation:

e (3)

=10
* =1

M
where P, and P are the transmitted output power of fibers with lengths L
and |, respectively.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
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