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. silica glass with different 3D geometries is produced via
1 Introduction a selective laser melting (SLM) and precision glass
molding (PGM) technologies *°). Meanwhile, microscale
silica structures are often fabricated using a surface wet
etching (SWE) approach ", However, each method
possesses limitations: PGM, while capable of producing
complex, large and high-precision components, it suffers
from low-to-medium productivity and high-energy
consumption. On the other hand, SLM produces glass
with poor precision, high-surface roughness, and slow
printing speeds. Furthermore, SWE technique requires
additional surface polishing to achieve smoothness and it
has limitations in terms of shape complexity, precision,
and production rate. Despite the commercial availability
of fused silica glass, the manufacturing of high-quality
silica glass with high-throughput, low shaping

Among all glass families (e.g., metallic, organic,
inorganic, and organic-inorganic hybrids), fused silica
glass is characterized by the most stable and non-toxic
network ', Silica glass is an amorphous 3D network,
consisting of Si—O bonds, where each silicon atom is
covalently bonded to four oxygen atoms in a tetrahedral
arrangement. The oxygen atoms act as bridging units,
linking two silicon atoms and forming a highly
cross-linked and rigid 3D network. This unique structure
gives silica glass exceptional physicochemical properties,
such as high-transparency, outstanding chemical and
thermal stabilities, non-toxicity, high hardness, low
thermal and electrical conductivities, and minimal

. [ JoN
tliermal beXpaI_lZlOIll ) T_hfiF adv.antages lfsnable silica temperatures, minimal energy consumption and low cost,
glass to be an ideal material for various applications (e.g., especially at micrometer and centimeter scales—remains

.. . 1 . [3-5] . .
medlcm.e, mlCI‘Oﬂul.d.ICS, and photoplcs) . I.n 1ndustr~1a1 a challenge for SLM, PGM, and SWE techniques 1%
production, fused silica glass is typically fabricated using

melting-quenching technique, which requires extremely
high-temperatures (~2000 C ), making the process
energy-intensive > ®71. For example, centimeter-scale

The primary obstacle is associated with the high-melting
temperature of silica, which complicates shaping
processes and increases energy demands.
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To address these technical challenges, researchers
have recently developed innovative methods that
facilitate the fabrication of complex-structured silica
glass at low temperatures, achieving high-quality and
productivity suitable for commercial applications ',
These methods involve combining amorphous silica
nanopowder with different types of photopolymers or
thermopolymers to create silica-polymer nanocomposites.
The resultant composites are then structured into intricate
micro and centimeter-sized components using a heat
(<150 °C) or an ultraviolet (UV) light through different
additive manufacturing (AM) techniques "?. The printed
silica-polymer nanocomposites with designed structure are
called as green parts. Remarkably, after undergoing a
series of thermal debinding processes at 600 C to
remove the polymeric binders from the green parts,
followed by sintering at temperatures below 1300 C, the
amorphous silica nanoparticles are transformed into a
bulk glass. It is noteworthy that the preparation of
silica-polymer nanocomposites enhances the shaping of
complex-structured silica glass at low temperatures with
a high-precision. This is due to the sufficient polymer
content in nanocomposites that allows for molding
through various AM techniques !"*). Furthermore, the
densification of amorphous silica nanoparticles into bulk
glass during sintering process at temperatures below
1300 C significantly reduces the needed energy for
silica glass industry, which typically requires 2000 C
for glass melting. Overall, AM/sintering approaches
enable the production of high-quality silica glass with
complex geometries that cannot be achieved through the
conventional methods such as SLM, PGM, and SWE ['2!.

To fabricate centimeter-sized silica glass, several
structuring techniques such as soft replication, direct ink
writing (DIW), thermal imprinting, laser ablation,
mechanical subtractive machining, origami, fused
deposition modeling (FDM), and injection molding (IM)
were employed to customize green parts with desired
shapes, resulting in high-quality and transparent silica
glass after the debinding and sintering processes ['* "),
However, the production of micro-sized silica glass was
accomplished through various methods, including
stereolithography (SLA)/sintering, two-photon lithography
(TPL)/sintering, and microscale computed axial
lithography (uCAL)/sintering technologies 3. By
utilizing AM/sintering techniques, silica glasses in both
micro and centimeter sizes have been successfully
manufactured with high-transparency and intricate
designs such as woodpile scaffolds, 3D towers, skeletal
gyroid lattices, hierarchical lattice structures, hollow
castle gates, and microlenses. The as-prepared
silica-polymer nanocomposites were easily shaped using
AM method at temperatures below 150 “C then
converted into bulk silica glass products at low sintering
temperatures (<1300 °C ) " Additionally, various
silica-organic  photopolymers, including polyhedral
oligomeric silsesquioxane, hydrogen silsesquioxane, and

poly(dimethylsiloxane) served as photoresins for 3D
printing through the TPL technique, which was
subsequently converted into silica glass at low sintering
temperatures (< 900 ‘C) %! The application of AM
and sintering process was not limited to the
single-component silica glass, but it allowed for the
fabrication of multicomponent glasses *°?%. By
comparing the reported AM/sintering techniques,
IM/sintering technique presents a novel approach for the
manufacturing of centimeter-sized silica glass with
complex structures, varying sizes and precise
specifications, meeting the industry's demands for high
productivity and low energy consumption ! "I A
significant limitation of other AM/sintering technique is
the lengthy printing duration, which ranges from several
hours to a day, depending on the size and complexity of
the printed object ''"'* ' In contrast, TPL/sintering
technique could produce intricate silica glass
microstructures with resolutions between 100-200 nm,
demonstrating significantly higher resolution than those
achieved through SLA/sintering and pCAL/sintering
technique, which typically yield resolutions around
50 pum MY,

Silica glass is a highly robust material for serving as
a stable matrix for luminescent inorganic
phosphors®' 3%, This is attributed to its excellent
transparency in the visible (Vis) and near-infrared (NIR)
regions, along with its remarkable chemical and thermal
stabilities, and low thermal conductivity. Inorganic
phosphors, which include oxides, halides, chalcogenides,
and nitrides, are a category of luminescent materials
capable of emitting light efficiently across spectral ranges
from UV light to NIR light*®". Due to their high internal
quantum efficiency (IQE) and robust stability, these
luminescent phosphors find several applications in
diverse areas such as lighting, sensing, optical
thermometry, photovoltaic cell, and bioimaging "\, In the
lighting applications, high-power phosphor-converted
light-emitting-diodes  (pc-LEDs) are produced by
integrating a transparent, efficient, blue-excitable
phosphor converter with a blue InGaN chip (typically
emitting at 420-460 nm), resulting in the generation of
high-power and bright Vis-NIR light ** **. To ensure
light extract from the phosphor converter, luminescent
phosphors are usually embedded in silicone resin or glass
matrix, or synthesized as single crystals or transparent
ceramics ** ),

Given that glasses exhibit superior chemical and
thermal stabilities compared to silicone resin,
phosphor-in-glass (PiG) is often favored as a spectral
converter. Furthermore, PiG is significantly more
cost-effective than single crystals and transparent
ceramics. Consequently, luminescent phosphor powders
have been integrated into various oxide glasses such as
borates, phosphates, tellurites, borosilicates and pure
silica glasses, to create transparent PiG with effective
luminescent characteristics > *'. Among several PiG
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color converters, phosphor-in-silica glass (PiSG) stands
out as the most effective spectral converter, as it
combines the advantages of luminescent phosphors (i.e.,
high IQE) with the beneficial properties of silica glass
(i.e., high-chemical and thermal stabilities) ®' . The
incorporation of luminescent phosphor into silica glass
enhances the lifetime of LED devices and facilitates the
production of high-power LEDs. Recent studies have
demonstrated the creation of transparent PiSG converters
using spark plasma sintering (SPS), SLA/sintering, and
IM/sintering techniques *'>>**. Among these methods,
IM/sintering technique is considered as a cost-effective
and energy-efficient solution for large-scale production
of PiSG with desired designs, thereby supporting the
development of high-power, low-cost, and stable
pe-LEDs [1%33-351,

Owing to the significance of IM/sintering technique
in the efficient manufacturing of glass and crystal-glass
composites, this review aims to summarize the latest
advancements in the production of transparent silica glass
and PiSG composites through IM/sintering technique for
lighting applications. We first provided a detailed
discussion of the IM/sintering process for the
high-throughput fabrication of transparent silica glass,
including the impact of debinding processes on the quality
of the glass. Subsequently, we discussed the production of
PiSG composites and their potential applications in
photonics. Finally, we addressed the existing challenges
and outline the future prospects for the fabrication of
glass and PiSG using IM/sintering technique.

2 Injection-molded silica glass

2.1 Fabrication of complex silica glass components

via IM technology

IM is a manufacturing technique that involves the
injection of molten material into a mold to create
designed parts. This process is characterized by its
versatility and efficiency, makes it a popular choice in
numerous industries for the mass production of
high-quality components . Therefore, IM is
predominantly utilized for fabricating plastics, metal,
ceramic, and glass products"” “* The IM process is
distinguished by its high-production rates and its ability
to create intricate shapes at a low cost. To produce silica
glass, the IM technique has been adapted specifically for
the creation of glass components, aligning with the
demands of the large-scale glass industry !'**.

In 2021, Mader et al. utilized IM for the pre-shaping
of a silica-plastic nanocomposite intended for the
high-throughput production of silica glass "> **!. The
authors used polyethylene glycol (PEG, 400-4000 g/mol)
and polyvinyl butyral (PVB, 11 000-30 000 g/mol) as
thermoplastic materials and amorphous silica nanopowder
(particle size of 50—-100 nm) as the silica source. As
shown in Fig. 1, PEG, PVB and silica nanopowder were
mixed in the presence of tetrahydrofuran. After

homogenizing the mixture, the solvent was removed by
evaporation, resulting in the formation of a solid
silica-thermoplastic nanocomposite. At 130 C, this
silica-thermoplastic feedstock was plasticized then
extruded using a double twin screw extruder, forming the
final feedstock as granules with a high silica loading of
60% (in volume fraction). The molten silica-thermoplastic
nanocomposite at 130 C demonstrated a viscosity
below 1000 Pa-s, which was necessary for successful IM
process 1. Subsequently, the as-prepared silica-
thermoplastic granules were melted then injection-molded
at a moderate temperature of 130 “C and injection
pressures of 700—1000 bar, resulting in the formation
silica-thermoplastic green parts with the designed shape
and size. After molding process, two step debinding
processes were performed to remove the PEG and PVB
binders from the green part and to form the polymer-free
samples (i.e., brown parts). At first, a green part (< 2 mm
thickness) was immersed in water at 40 ‘C for 3 h to
remove more than 95% (in mass fraction) of PEG binder.
For green parts with larger thicknesses, the water
debinding duration should be increased to eliminate the
majority of PEG. In the second debinding step (called as
thermal debinding), the remained PEG and PVB in the
water debound green parts, were decomposed through
heating the samples in air at 270, 460 C, and 600 C
for 1 h at each temperature (heating rate of 1 “C/min).
Finally, the resultant brown part was sintered in a vacuum
at 1300 ‘C for 3 h to obtain the high-quality and transparent
silica glass. The total time to produce injection-molded
silica glass with a 2 mm thickness is 24 h, including all
the IM/debinding/sintering steps " **3>*]. However, the
process duration for larger samples is increased because
of the increase of water debinding period to remove PEG
from green parts.

To demonstrate the high-throughput production of
IM technology, the authors prepared more than 200 parts
with complex shape within only 18 min (Fig. 2a), at a
molding time of 5 s/piece. In addition, by using various
molds, different transparent silica glasses with complex
structures and high-precision were fabricated via
IM/sintering technique as shown in Fig. 2b. While the
molding rate can be as high as 5 s/piece, this technique
allows for high-throughput fabrication of complex green
bodies. This molding rate was the fastest among all AM
processes that have been employed to fabricate silica
glass "% The injection-molded silica glasses exhibited
excellent optical properties, with a transparency of 90%
and a low surface roughness of 3.74 nm. Additionally, the
results showed that the density of the injection-molded
silica glass is 2.204 g/cm’, which was close to that of the
commercial fused silica glass. A key advantage of the
IM/sintering method was its environmental sustainability.
Unlike thermal decomposition, the water debinding
process allows for the recycling of PEG, thus reducing
environmental pollution. Furthermore, the silica-
thermoplastic feedstock consists of non-toxic, widely
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available polymers and silica powders, ensuring safer
processing. Moreover, the shaping process was
performed at a moderate temperature of 130 C, while
the conversion to transparent fused silica glass required a
sintering process at 1300 C, which was significantly
lower than the melting temperature of silica glass

Fig. 1 Schematic representation of the fabrication of silica glass using IM/sintering technique

(2)
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(>2000 C), thereby reducing energy consumption.
These benefits demonstrated that IM/sintering is a
sustainable, energy efficient, and mass-productivity
method for the manufacturing of high-quality silica
glass, making it highly promising for industrial and
commercial applications.
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Fig. 2 (a) Photograph for the injection-molded green parts, demonstrating the high-throughput production of IM technique;

(b) Photographs for different complex-structured and centimeter-sized silica glasses prepared by IM/sintering technique

(191
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In the same report, the authors did not only fabricate
a centimeter-sized silica glass via IM/sintering technique,
but also manufactured spherical and cylindrical microlens
arrays. This could be occurred through the replication of
microlens on the surface of the molded green parts,
which formed glassy microlens after performing a series
of debinding and sintering. As shown in Fig. 3a—Fig. 3b,
the scanning electron microscope (SEM) images confirmed
that the replicated microlens possess high-quality with
ordered structures. Furthermore, well-resolved refraction
pattern was observed when illuminating the cylindrical
microlens array with a green laser (532 nm) as shown in
Fig. 3c. To embed silica glass in microfluidic application,
the authors fabricated an injection-molded fused silica
component containing a microfluidic channel structure
(e.g., an exemplary serpentine channel) as shown in Fig.
3d. The width and height of the microchannel are 240 um

and 580 pm, respectively. The as-fabricated microfluidic
device based on injection-molded silica glass was filled
with dyed water (Fig. 3e¢), confirming the fabrication of
closed and leak-proof microfluidics. Although the
IM/sintering technique can produce silica glass with different
microstructures (e.g., microlens and microchannels) at the
surface, the fabrication of more complex micro-structures
is challenging, therefore this technique is more appropriate
for the centimeter-sized silica glasses with various shapes
and high-precision. To fabricate optically active glass,
metal nanoparticles, transition metal ions and rare earth
ions were introduced into the injection-molded silica
glasses, yielding luminescent or strong colored glasses as
shown in Fig. 3f. These results suggest that the
injection-molded silica glass is promising for novel
applications in diverse fields from packing, lighting, optics
and microfluidic reactors ¥ 6],

e Py i
@ o N e B

~— —
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Fig. 3 SEM images of the injection-molded silica glasses containing (a) spherical and (b) cylindrical microlens arrays; (c) The
observed refraction pattern when illuminating the cylindrical microlens array with a green laser (532 nm); (d)
Injection-molded fused silica component with a microfluidic channel structure; The inset showed a magnification of the
channel; (¢) Bonded fused silica microfluidic device filled with dyed water; (f) Photographs of the injection-molded silica
glass doped with Au nanoparticles, Co*", Ni**, Ce*", and Eu®" ions taken in the daylight (up) and under UV light (down) !'”)

2.2 Importance of water debinding process
Researchers have studied the impact of debinding
process on the silica glass formation using IM/sintering
technique ' *>*7. In 2024, Guo et al. revealed that the
water debinding process is essential for producing
high-quality injection-molded silica glass *). They
observed that the reduction in the amount of decomposed
polymer through water debinding process not only
decreases the environmental pollution, but also reduced
the formation of cracks in the brown part after thermal
debinding. Hence, the quality of injection-molded silica
glass was much improved when they employed
water/thermal debinding for the green parts. On the other
hand, the as-fabricated injection-molded silica glass
without water debinding step led to the formation of low
quality sample contains many cracks as shown in Fig. 4.
In this report, the composition of silica-thermoplastic
green part was 20% PEG-20% PVB-60% silica (in mass

fraction). This means that the direct thermal debinding of
the green parts results in the loss of 40% of their weights,
which is relatively high and induce the formation of
cracks in the brown part during heating process at
600 C. However, after removing PEG by water
debinding process at 40 C, the decomposed amount of
polymers during thermal debinding significantly
decreases from 40% to 25% (in mass fraction),
prohibiting the formation of cracks in the brown part and
thus improve the glass quality.

Water debinding process enhances the packing of
silica nanoparticles in the brown parts through the
increase in both the surface charge and the molecular
structure ordering of silica nanoparticles *>*”. This could
decrease the number of micro-sized pores in the brown
parts and thus facilitate the densification process of silica
nanoparticles during sintering (Fig. 5a). As shown in
Fig. 5b and Fig. 5c, the molecular structure ordering and
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the surface charge of silica nanoparticles in the brown
part were examined by a Fourier-transform infrared
(FTIR) spectroscopy and a Zeta potential analyzer. The
FTIR results indicated that the molecular structure
ordering of silica nanoparticles in the brown part is
increased after water and thermal debinding, while the
nanoparticles in the brown part that prepared only by
thermal debinding demonstrated higher disordering

(Fig. 5b). This is inferred based on the fact that the
absorption resonance peak of SiOy4 units in the prepared
brown part by water/thermal debinding becomes sharper
compared with that fabricated by thermal debinding only.
Additionally, the Zeta potential data showed that the
surface charge negativity of silica nanoparticles in the
brown part increases with increasing water debinding
duration as show in Fig. Sc.

With water debinding

P ——

Fig. 4 Schematic illustration of the fabrication of the silica glass using IM and sintering technique, demonstrating the impact of

water debinding on the quality of the sintered glass [**
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Fig. 5 (a) Schematic illustration for the change in the surface charge and the packing of silica nanoparticles after water and/or
thermal debinding; (b) FTIR spectra of the silica nanopowders and the as-prepared brown parts with/without water
debinding; (c) Zeta potential values of the as prepared brown parts obtained at different water debinding durations **!
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Interestingly, the surface charge and the molecular
structure ordering of silica nanoparticles in the brown
part became close to that of the silica nanopowder after
performing water and thermal debinding for the green
part 7). These observations suggest the formation
high-quality injection-molded silica glass after water
debinding. Generally, this study confirmed the
importance of water debinding step for the fabrication of
high-quality silica glass via IM/sintering technique and
examined the role of water debinding on the
improvement of glass quality [*>*7].

3 Injection-molded PiSG for photonic

applications

3.1 PiSG spectral converters for high-power and

stable LEDs:

Due to the high-transparency of silica glass in
Vis-NIR spectral regions, along with the high-chemical
and thermal stabilities and high-hardness, such glass is
regarded as an excellent host for efficient phosphors ',
The embedding of phosphors particles into silica glass
enabled the formation of stable and efficient PiSG
spectral converters, which were used for the fabrication
of high-power and stable LEDs **!. Since pure silica glass

Raw materials

460 nm On 460 nm Off

Sintering

Phosphor-in-silica glass

b i i i
q Y - ‘ ‘;( Y

Mixture

Brown parts

(a)

v

id

EEENEF ¥

(b)

high-throughput fabrication of PiSG via IM/sintering technique

was fabricated at low temperatures (< 1300 ‘C) based on
the IM technique, several oxide phosphors were
incorporated into glass without interacting with silica
during sintering. Owing to the importance of PiSG color
converters for lighting and bioimaging applications,
different luminescent phosphor particles have been
incorporated into the injection-molded silica glass ®'>*.
In this section, we discuss the recent progress in the
fabrication of PiSG via IM/sintering technique. In 2024,
Moushira, et al fabricated the first PiSG spectral
converter via IM/sintering technique. They mixed the
most efficient and stable Y;Als0;,:Ce*" (YAG:Ce)
phosphor powder together with PEG, PVB, and silica
nanopowder in order to prepare silica-YAG:Ce-
thermoplastic feedstock. YAG:Ce has been widely served
as a spectral converter for the manufacture of high-power
white LEDs (WLEDs) *¥). After plasticizing and molding
(@ 130 C) the silica-YAG:Ce-thermoplastic mixture
followed by debinding (@ 600 C) and sintering (@
1150 C), luminescent YAG:Ce-PiSG was obtained as
shown in Fig. 6a. To avoid the conversion of Ce’" into
Ce*", which leads to the reduction in IQE of YAG:Ce, the
sintering process was performed under H,/N, gas. After
polishing the PiSG and decreasing the sample thickness to
0.3 mm, the PiSG spectral converters became transparent,
and the transparency gradually decreased with increasing
the content of YAG:Ce in PiSG as shown in Fig. 6b.

Granules

Molding

e e e

Debinding

Green parts

- - —a - —a - —-a p— P

Vil

- - —a - —-a P —-a - —a
(©)
Fig. 6 (a) Schematic illustration for the fabrication of YAG:Ce-PiSG via IM/sintering technique; (b) Photograph of the injection-
molded YAG:Ce-PiSG (0.3 mm thickness) at different YAG:Ce loadings starting from 10% (left) to 70% (in mass fraction)
(right); (c) Photograph of 90 pieces of the injection-molded YAG:Ce-PiSG (10%, in mass fraction), showing the capability of

[33]
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They molded 90 pieces of green parts made of
silica-YA:Ce-thermoplastic with different shapes within
7.5 min with a cycle time of 5 s/piece, which is easily
converted into YAG:Ce-PiSG after debinding and
sintering processes as shown in Fig. 6¢c. The results of
this study confirm the high-throughput manufacturing of
YAG:Ce-PiSG via IM/sintering technique, which is needed
for mass production of high-power LEDs "> %1, In this
report, the structure, luminescence, and stability of the

injection-molded YAG:Ce-PiSG spectral converter were
examined by X-ray diffraction (XRD), SEM/energy-
dispersive X-ray spectroscopy (EDS), photoluminescence
(PL)/PL excitation (PLE), IQE, temperature-dependent
PL, and chemical durability measurements. Briefly, the
XRD and SED/EDS data (Fig. 7a, Fig. 7b) suggested that
the YAG:Ce particles are preserved and the interfacial
interaction between YAG:Ce and silica network is well
inhibited during sintering process ' 3>,
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Fig. 7 (a) XRD patterns of the injection-molded silica glass and YAG:Ce-PiSG compared with simulated YAG:Ce pattern; (b)
SEM/EDS mapping of the injection-molded YAG:Ce-PiSG; (c) PLE (dashed line) and PL (solid line) spectra of the
YAG:Ce-PiSG and YAG:Ce powder; (d) IQE of the YAG:Ce powder and YAG:Ce-PiSG at different content of YAG:Ce; (¢)
A contour plot of the temperature-dependent PL spectra for the YAG:Ce-PiSG; (f) HCI consumption per gram and IQE
before/after autoclaving in water for the YAG:Ce-PiSG at different YAG:Ce content (33]

In addition, the XRD patterns of the PiSG didn’t
show any diffraction peaks related to secondary phases
and the SEM/EDS mapping showed YAG:Ce
micro-particles were homogeneously distributed within
silica network ®*°1. Consequently, the YAG:Ce-PiSG
exhibited comparable PL/PLE spectra and IQE value to
that of the YAG:Ce powder as shown in Fig. 7c, Fig. 7d.
Furthermore, the YAG:Ce-PiSG illustrated excellent
thermal and chemical stabilities (Fig. 7e, Fig. 71),
retaining its structure and luminescence efficiency (IQE >
90%) after autoclaving in water at high-temperature and
high-pressure or even after heating the YAG:Ce-PiSG up
to 200 ‘C, showing the high PL thermal stability at
high-temperature.

To enable YAG:Ce-PiSG for lighting applications,
a high-power wLED (10 W) was fabricated in this
work using the injection-molded YAG:Ce-PiSG as
shown in Fig. 8a, Fig. 8b. The luminous efficiency
(LE), correlated-color-temperature (CCT), and color-
rendering-index (R,) of the wLED device were improved

by covering a layer of commercial CaAlSiN;:Eu*
(CASN:Eu) red phosphor-in-silicone resin
(CASN:Eu-PiS) on the surface of YAG:Ce-PiSG
(Fig. 8a)**’ They used CASN:Eu-PiS in the fabrication
of wLEDs because of the difficulty of fabricating PiSG
based on CASN:Eu. This is because the low structural
stability of CASN:Eu during sintering, which is easily
oxidized, losing its high IQE. The as-fabricated wLED
based on YAG:Ce-PiSG/PiS-CASN:Eu demonstrated
warm white light with a LE = 107 Im/W, CCT =4161 K,
and R, = 90.7 at 50 mA as shown in Fig. 8a, Fig.8c.
These results indicated that the as-fabricated
injection-molded YAG:Ce-PiSG could be a promising
spectral  converter for high-power wLEDs P>,
Compared with the fabricated wLED devices using the
expensive YAG:Ce single crystal or transparent
ceramics, it is possible to fabricate stable and
high-power wLEDs with a lower cost by incorporating
YAG:Ce phosphor into chemically and thermally stable
silica glass 1% 441,
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(a) Schematic illustration for the as-constructed wWLEDs device fabricated using YAG:Ce-PiSG/CASN:Eu-PiS; (b)

LE, CCT, and R, values as a function of the drive current for the

as-fabricated wLEDs based on YAG:Ce-PiSG/CASN:Eu-PiS

Despite the as-fabricated high-power wLEDs based
on the injection-molded YAG:Ce-PiSG spectral converter
showed high LE and R, values, low chemically durable
CASN:Eu-PiS has been utilized to improve the optical
performance, which reduced the stability of the device.
While, the PL spectra of the as-fabricated wLED covers
only the visible spectral region (i.e., 400-700 nm).
Therefore, the IM/sintering technique was developed to
fabricate PiSG containing efficient yellow, red, and
NIR-emitting phosphors, improving the stability and
extending the spectral range of LEDs device **. In 2025,
Moushira et al. employed the IM/sintering technique to
manufacture transparent PiSG spectral converters
containing  yellow-emitting ~ YAG:Ce  phosphor,
red-emitting Mngl4815018:Eu2+ (MAS:Eu) phosphor,
NIR-emitting YAG:Cr phosphor, and a mixture of

YAG:Ce/MAS:Eu/YAG:Cr phosphors as shown in
Fig.9a % The fabrication of PiSG using
YAG:Ce/MAS:Eu/YAG:Cr phosphors exhibited the

formation of efficient and stable color converters, with
PL spectra covering the Vis-NIR spectral regions (i.e.,
400-900 nm) as shown in Fig. 9b. In addition, structural
characterizations  confirmed the inhibiting of
phosphor-phosphor ~ or  phosphor-glass  interfacial
interactions during sintering at 1200 ‘C. Moreover, the
injection-molded PiSG spectral converters demonstrated
high IQE (> 85%) and high-chemical/thermal stabilities,
retaining more than 90% of its emission intensity at
200 ‘C as shown in Fig. 9¢ B'7%. Consequently, the
fabrication of PiSG using a phosphor mixture enabled the
first construction of stable, high-power, and broadband
LEDs device based on phosphor mixture-PiSG (Fig.

9d-Fig.9f). The as-constructed broadband LEDs based on
PiSG (Fig. 9e) illustrated an excellent luminescence
performance, i.e., LE = 115 lm/W, CCT = 4531 K, and
R,=90.1 at 50 mA.

Compared with the fabricated LEDs using
YAG:Ce-PiSG (Fig. 9f), the incorporation of red-emitting
MAS:Eu phosphor and NIR-emitting YAG:Cr phosphor
together with yellow-emitting YAG:Ce phosphor into
silica glass extends the luminescence spectral range of
LEDs up to NIR region. Since the as-fabricated
Vis-NIR-LEDs based on PiSG could emit both white and
NIR light with high-power and high-color purity, the
color-rendering  capability of the as-fabricated
pc-Vis-NIR-LEDs was further demonstrated by the
photographs of cakes captured under the illumination
with the manufactured light source (Fig. 9g).
Additionally, by irradiating the human hand by the
as-fabricated Vis-NIR-LEDs, a clear black-and-white
photograph is taken for the hand veins using a
night-vision camera (Fig. 9g). These proof-of-concept
demonstrations disclosed the advantages of the
as-fabricated Vis-NIR-LEDs based on phosphor
mixture-PiSG in generating a high-power and broadband
Vis-NIR light with high efficiency and manifest their
great potential for applications from lighting to biological
imaging applications >, This work suggests that the
IM/sintering  technique can be employed for
high-throughput production of PiSG spectral converters
containing a mixture of phosphors and thus enables the
fabrication of stable and high-power broadband LEDs
with a low cost and outstanding optical properties for
lighting and bioimaging applications.
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Fig. 9 (a) Photograph of the injection-molded PiSG using different type of phosphor powders taken under illumination of daylight

and UV light (460 nm); (b) PL spectra and (c) temperature-dependent integrated emission intensity of the PiSG containing
different type of phosphors; (d) Schematic illustration and (e) electroluminescence spectrum for the fabricated 10 W
broadband Vis-NIR-LEDs based on PiSG containing phosphor mixture; (f) Electroluminescence spectra for the fabricated
LEDs based on PiSG containing YAG:Ce and phosphor mixture; (g) Photographs of cakes (left) and hand veins (right) taken
under the illumination with the as-fabricated Vis-NIR-LED based on PiSG (phosphor mixture), which were taken by a digital

camera and a night vision camera, respectively B

3.2 Long persistent luminescent materials based

on PiSG

The high-throughput fabrication of PiSG via
IM/sintering process was not limited to luminescent
phosphors for LED applications, but also it was employed
to produce persistent PiSG (PPiSG) **!. Long PPs possess
the unique ability to store light energy and emit
long-lasting afterglow, ranging from seconds to weeks
after excitation ceases **. PPs exhibit luminescence
across UV to NIR spectral regions with an afterglow

duration. These materials hold a great promise for diverse
applications, including security encryption, road
signaling, decorative lighting, fluorescent lamps, data
storage, sensing, anti-counterfeiting, and bioimaging *°'.
Among PPs, oxide-based PPs (e.g., silicates, aluminates,
etc) were characterized by their superior chemical and
thermal stabilities, along with extended afterglow
performance ****). However, integrating oxide-based PPs
into transparent bulk materials with customizable shapes
was proven challenging. Previous attempts using organic



HEBS4EFE 1Y Moushira A MOHAMED %

H Y N PRI B ] % A SR AN B 5 AT S - 281 -

polymers or low-melting inorganic glasses (< 1000 C)
as the host networks for PPs suffer from poor chemical
robustness, particularly in aqueous environments 491,
Conversely, incorporation of PPs into high-temperature
glass melts (> 1300 ‘C) often degrades their persistent
luminescence due to strong interfacial interactions
between the phosphor particles and the glass matrix. For
commercial applications, PPs must be produced as
monolithic,  transparent  forms  with  efficient
luminescence, ultralong afterglow, high-thermal/chemical
stabilities, and mechanical hardness "> *. A promising
solution is to incorporate the stable inorganic PPs into
pure silica glass, which offers exceptional durability and
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transparency. High-throughput fabrication of translucent
PPiSG in different shapes could meet market demands by
combining the long afterglow of phosphors with silica
glass’s robustness *>°1. To fabricate PPiSG, researchers
have developed the IM/sintering technique, which
successfully incorporates oxide-based PPs into silica
glass without structural deformation.

In 2025, Moushira et al. demonstrated the
IM/sintering technique using commercial blue-emitting
Sr,MgSi,0,:Eu*";Dy*", green-emitting SrAl,O4:Eu”";Dy*",
and red-emitting Y,0,S:Eu’";Mg?";Ti*" PPs as raw
materials for PPiSG fabrication (Fig. 10a) 3. After
molding followed by debinding process, the brown parts
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Fig. 10 (a) Schematic illustration for the fabrication of injection-molded PPiSG using different type of blue, green, and red PP
powders; (b) Photograph of 100 pieces of the centimeter-sized blue, green, and red PPiSG fabricated by the IM/sintering
technique, under daylight illumination (up) and after ceasing the illumination of UV light (down); (c) Temperature-time
protocol for the fabrication of 100 samples of injection-molded PPiSG; (d) HCl consumption per gram after heat-treatment
in water (@ 135 C) for the PP powders and the as-fabricated PPiSG at different loadings of PP; The insets are the
photographs of the extracted solutions from the PP powders (up) and PPiSG (down) after autoclaving, confirming the
high-chemical robustness of PPiSG; (e) Afterglow luminescence decay curves of the PPiSG and PP powders >
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were densified into transparent multicolor PPiSG samples
at 1135 C as shown in Fig. 10a. The structural
investigations by XRD, Raman, and SEM/EDS
measurements confirmed that the PP particles were
preserved during sintering process, retaining their
luminescence properties. In this work, they fabricated
different 3D shapes of multicolor PPiSG with blue,
green, and red emissions and high-productivity
(Fig. 10b). For example, 100 pieces of multicolor PPiSG
were fabricated within 35 h, including the durations of
green parts preparation and debinding/sintering processes
(Fig. 10c) " **1. Regarding the stability of multicolor
PPiSG, the chemical durability test demonstrated that the
stability of PP particles was improved after the
incorporation into silica glass, showing ultrahigh-
chemical durability compared with the PP powders as
shown in Fig. 10d®*"** Finally, the authors examined
the optical properties of the as-fabricated multicolor
PPiSG. Based on their investigations, the as-fabricated
PPiSG possessed comparable afterglow luminescence
decay performance compared with the raw PP powders as
shown in Fig. 10e. In summary, the development of
injection-molded and centimeter-sized PPiSG composites
featuring  multicolor  emissions, long afterglow
luminescence, high-stability, scalable production, and
shape versatility, marked a significant breakthrough in
persistent luminescence materials *”. These advanced
materials showed tremendous potential for diverse
applications, including security encryption, data storage,
optical sensing, bioimaging, and beyond B> 1 As
demonstrated in this review, the high-throughput
fabrication of PiSG through IM/sintering technique yields
crystal-glass composites with exceptional optical and
physicochemical properties. These exceptional properties
make PiSG composites highly promising materials for

photonic applications .

4 Summary and future perspectives

In this review, we have discussed the latest
developments in the production of tailored
injection-molded silica glass and PiSG products with
intricate  geometries for numerous applications.
Transparent and complex-structured silica glass has been
fabricated using the energy-efficient and cost-effective
AM/sintering techniques. The shaping process of
silica-polymer nanocomposite can be performed usually
using AM techniques, including DIW, origami, FDM,
SLA, TPL, uCAL. After a series of debinding and
sintering processes at low temperatures, the green bodies
are easily converted into transparent silica glass with
high-quality and high-precision. Similar to silica glass,
transparent PiSG spectral converters are also fabricated at
low sintering temperatures via AM techniques, e.g.,
SLA/sintering. The main drawback of the fabrication of
silica glass and PiSG by AM/sintering techniques is that
the printing is time-consuming, making these techniques
unsuitable for large scale production. In order to solve the

productivity issue for the fabrication of silica glass and
PiSG, researchers have developed an AM method, e.g.,
classical IM technology, which can be used in the
fabrication of these materials. IM technique is
characterized by high-throughput and low cost, which is
needed for large scale industry. As discussed in this
review, transparent silica glass and PiSG have been
fabricated with high-productivity using IM/sintering
technique. Using such approach, the rapid shaping of
thermoplastic nanocomposites containing amorphous
nanoparticles was performed by injecting the
nanocomposite melt into different molds containing
complex drilled structures. The molding rate can be as
high as 5 s/piece, which was significantly faster than that
required for the shaping of nanocomposite using other
AM techniques. After water/thermal debinding followed
by sintering at low temperatures, the green bodies
containing silica or silica/phosphor mixture were
densified into transparent silica glass or PiSG,
respectively. Furthermore, it has been reported that the
water debinding process is essential to improve the
quality of the sintered silica glass. This is because the
water debinding process reduces the amount of
decomposed polymer and improves the packing of silica
nanoparticles in the brown part through increasing the
surface charge and molecular ordering of nanoparticles.
Using this technique, researchers have successfully
fabricated microfluidic chips and microlens as well as
centimeter-sized luminescent silica glass through doping
the glass network by active centers. In addition, different
types of luminescent phosphors were incorporated into
silica glass, forming efficient and stable PiSG, which was
utilized for the fabrication of high-power Vis-NIR-LEDs.
These results suggest that the injection-molded silica
glass and PiSG are promising materials for various
applications, e.g., microfluidic, optics, lighting, and
bioimaging.

Although the significant progress made in producing
silica glass and PiSG with tailored geometries, several
critical challenges remain that must be addressed in the
near future. Firstly, it seems that the IM/sintering
technique is limited for the fabrication of silica glass; the
fabrication of injection-molded multicomponent silicate
glasses has not been reported so far. This limitation arises
from the restricted availability of raw materials, such as
amorphous glass nanoparticles other than silica. More
effort should be devoted to develop novel
multicomponent nanopowders and thus extend the glass
families that can be fabricated via the IM/sintering
technique. Secondly, the emission spectrum of the
as-fabricated injection-molded PiSG color converter
covers only the 500-850 nm spectral region. In order to
extend the spectral region of LEDs device, i.e.,
500-1500 nm, different NIR phosphor particles (e.g.,
gallates phosphor) should be incorporated into glass
network to obtain efficient and stable crystal-glass
composites that can be served as color converters for the
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fabrication of high-power and long lifetime NIR-LEDs
and broadband Vis-NIR-LEDs. These NIR phosphors
should possess high NIR-IQE under blue light, stable
during sintering at high-temperature like YAG and MAS
phosphors, and has a comparable refractive index to
silica glass to reduce the scattering effect. Therefore,
more systematic work should be performed in the future
to optimize all of these parameters and to fabricate
injection-molded multicomponent glasses and spectral
converters for ultra-broadband LEDs.
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Extended Abstract

Pure silica glass is a highly promising inorganic material for a range of applications in fields including microfluidics and
photonics, owing to its remarkable characteristics, such as high transparency, stability, electrical insulation, and low thermal
expansion. In the glass industry, large-sized pure silica glass is commonly produced using melting and quenching techniques, such as
selective laser melting and precision glass molding methods. These traditional fabrication techniques suffer from the low producibility,
difficulty to produce complex structures, as well as high energy consumption. To overcome such technical limitations, scientists
developed the additive manufacturing (AM) techniques to easily shape and high-throughput fabricate silica glass at low temperatures.
In their strategy, amorphous silica nanopowder is mixed with photopolymers or thermoplastics to obtain silica-organic
nanocomposites with a high silica loading. Such hybrid composites are structured at low temperatures (< 150 ‘C) via various AM
technologies to obtain centimeter-sized or micro-sized green bodies with tailored shapes. Subsequently, the printed structures are
densified into silica glass after a series of debinding and sintering processes at temperatures below 1300 ‘C. Furthermore, the
development of phosphor-in-silica glass (PiSG) led to the creation of spectral converters that combine the high luminescence
efficiency of phosphors with the excellent chemical/thermal stabilities of silica glass, facilitating the production of high-power and
stable light-emitting-diodes (LEDs). The manufacture of PiSG is often achieved using sophisticated and expensive high-pressure and
high-vacuum techniques (e.g., spark plasma sintering), which produce PiSG with a low productivity and limited shapes. In order to
fabricate PiSG with customized shapes, AM/sintering technology was developed through incorporating the phosphor powder into
silica-organic nanocomposites, which is transformed into translucent PiSG after sintering. Recently, transparent silica glass and PiSG
with customized shapes were produced using AM/sintering methods. These innovative techniques allow for facile shaping and
production of silica glass and PiSG at relatively low temperatures. Among AM/sintering techniques, injection molding (IM)/sintering
method is characterized by its rapid molding, energy efficiency and cost-effectiveness, making it suitable for large-scale industrial
production of silica glass and PiSG with intricate shapes and tailored sizes. It is interesting to note that the molding time of hybrid
composite using IM equipment is much shorter than other AM technologies, which requires only 5 s to mold one piece. This makes
IM technology promising approach for high-throughput fabrication of silica glass and PiSG.

This review focuses on the latest developments in the fabrication of silica glass and PiSG utilizing IM/sintering method.
Additionally, we provide an overview for the potential applications of injection-molded silica glass and PiSG in the fields of
microfluidics and photonics. At first, we highlight the detailed experimental procedures for the fabrication of silica glass via
IM/sintering technology and how such technique succeeded in the manufacture of centimeter-sized and micro-sized silica glass with
complex structures and high productivity. In addition, we discuss the influence of water debinding process on the quality of the
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injection-molded silica glass. Water debinding serves a dual purpose: it enhances silica nanoparticle packing by augmenting surface
charge and molecular order, and it minimizes the formation of micro-pores by reducing the volume of polymers available for
decomposition during thermal debinding. This overall reduction in pore population facilitates the subsequent densification process
during sintering. Afterwards, the development of IM/sintering for the manufacture of PiSG using different phosphor powders, e.g.,
Y3Al50,,:Ce™ (YAG:Ce), Mg,ALSisO5:Eu?" (MAS:Eu), Y3Als0,,:Cr*" (YAG:Cr), and persistent phosphors, was discussed. The
results showed that the interfacial interaction between phosphor particles and silica glass was well suppressed during sintering process
and thus the luminescence performance of phosphor was retained in PiSG samples. Therefore, the PiSG spectral converters fabricated
by IM followed by pressureless sintering exhibited a high luminescence efficiency, moderate transparency, and superior chemical and
thermal stabilities. Furthermore, the fabrication of efficient and stable PiSG color converters by IM/sintering, enables the construction
of high-power LEDs with long lifetime, covering the visible and near-infrared (NIR) spectral regions for lighting and bioimaging
applications. This implies that IM/sintering technology may play a crucial role in the high-throughput fabrication of silica glass and
PiSG that enables the production of cheap LEDs and microfluidic devices for numerous practical applications.

Summary and prospects While advances in fabricating tailored silica and PiSG geometries are notable, two critical challenges
require immediate attention. The first limitation is the confinement of the IM/sintering technique to silica glass, as the production of
multicomponent silicate glasses remains unreported. This bottleneck stems from a lack of commercially available amorphous
nanoparticles for other glass compositions, underscoring the necessity for research into novel multicomponent nanopowders. The
second challenge is the restricted spectral output of PiSG color converters, which currently only emit between 500-850 nm.
Extending this range to 500—-1500 nm for next-generation LEDs necessitates the incorporation of new NIR-emitting phosphors. Ideal
candidates must exhibit high quantum efficiency and high thermal stability. Consequently, systematic research is essential to optimize
these properties and realize injection-molded multicomponent glasses and ultra-broadband LEDs.
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