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At present, phosphor-in-glass is regarded as a superior encapsulation material substituting for organic
materials to resolve the poor thermal stability of WLEDs. However, the serious erosion reaction between
commercial red phosphor and the glass matrix restricts the development and application of red phos-
phor-in-glass. In this work, a novel Sr4Al;4O5s:Li*,Mn** (SAO) red phosphor-in-glass film (PiGF) with pre-
cursor glass xB,Oz—(85 — x)Bi,O3-5Al1,0s-10Ca0 was prepared using a low-temperature sintering tech-
nigue. Crystallization was observed in the precursor glass with 40% and 45% B,Oz content at 570 °C for
30 min, with the crystalline phase mainly being BisB,Og. The glass transition temperature gradually
increases from 420 to 496 °C with an increase in B,Oz content from 40 to 60%. The DSC simulation and
experimental results show that the degree of erosion of SAO phosphors decreases with an increase in
B,O3 content from 50 to 60% and with an increase in the co-sintering temperature from 570 to 590 °C,
while the glass surface smoothness of the PiGFs decreases with increasing B,Os content. 55% B,Oz and
570 °C are the optimal parameters. The PL and PLE of the PiGFs show that the luminous intensity
increases and then decreases with increasing B,O3z content, with 55% B,Os also being the optimal value.
The PIiGF shows a quantum efficiency of 46.62%, and the luminous intensity maintains 85.1% of its initial
intensity at 348 K.
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weaker than that of a garnet structure.'’™® Therefore, the

1. Introduction
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The application of commercial phosphor-conversion WLEDs
(pc-LEDs) in the field of medium and high power is restricted
due to their poor thermal stability ascribed to organic
encapsulation." Recently, a new material of phosphor-in-
glass (PiG) with high thermal stability has been widely
studied, which is regarded as an effective solution for the dis-
advantages of pc-LEDs.*® Among these, yellow-green PiGs,
prepared with Y;Al;04,:Ce*" or Lu;Al;04,:Ce®” phosphors and
a glass matrix, have been successfully prepared and showed a
superior luminous property due to the rigid garnet structure of
the phosphors.”*° However, improving the luminescence of
red PiGs is challenging due to the interactive reactions
between commercial red phosphors and the glass matrix. This
result originates from the structural rigidity of commercial red
phosphors (CaAlSiN;:Eu**, K,SiFg:Mn** and so on) being
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erosion reactions between red phosphors and the glass matrix
to improve the luminous property deserve to be studied in
depth.

Generally, the process conditions, including glass compo-
sition, co-sintering temperature and co-sintering time, are key
factors affecting the erosion reactions and luminous property
of red PiGs." CaAlSiN;:Eu®>" PiGs were prepared with glass
matrices of SiO,-Al,0;-Pb,0;, B,0;-Na,0-Al,0;, and B,0;—
Na,0-SiO,-CaO, and different temperatures have been studied
to survey the vibrational luminescence properties. The results
demonstrate that the luminous intensity of the CaAISiN;:Eu**
PiGs decreases gradually with increasing co-sintering tempera-
ture, which indicates that the degree of the erosion reaction
increases with increasing temperature.”'>'® CaAlSiN;:Eu*" PiG
with a matrix glass of ZnO-B,0;-Ba,0;-Al,0; have been
studied at different holding times.> The results showed that
the quantum efficiency decreases gradually with increasing
holding time, which was ascribed to the oxidation of Eu*" to
Eu®". Mn**-doped phosphor is another superior red lumines-
cent material owing to its suitable blue-light excitation and
strong red-light emission at 600-700 nm. Mn*"-doped phos-
phor-in-glass is also being widely studied at present. The
erosion behavior of 3.5Mg0-0.5MgF,-GeO,:Mn*" red phosphor-
in-glass with a TeO,-ZnO-Na,0-Al,0; glass precursor was
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studied. The luminescence intensity gradually decreased when
the sintering temperature increased from 525 to 625 °C,"” imply-
ing that increase in temperature promotes the erosion of phos-
phor. For the PiG material of K,SiFg:Mn*",Mn*" was confirmed
to be partially reduced and the luminescence intensity
decreased under the process of co-sintering K,SiFe:Mn*" PiG
with SnF,-Sn0,-P,0; matrix glass."* Additionally, a series of
PiGs were prepared by embedding Li;Mg,SbOg:Mn** and
Y;Al50,,:Ce** phosphors in TeO,~ZnO-Sb,0;-Al,05-Na,O glass
substrates. Favorable luminous properties were obtained result-
ing from the low sintering temperature and no obvious erosion
reaction between the phosphors and the glass matrix.*®

In summary, the erosion behaviors and luminous pro-
perties of red PiGs have been widely studied. A low co-sintering
temperature, a short holding time, and a suitable glass compo-
sition can all decrease the degree of erosion of red phosphors
and maintain their strong luminescence intensities. However,
the detailed erosion behaviors affected by co-sintering temp-
erature, co-sintering time, and glass composition have not
been studied simultaneously and systemically. In our previous
work, an SrAl;40,5:Li",Mn*" (SAO) phosphor with superior
luminescence was synthesized.'® In this work, SAO phosphor-
in-glass films were prepared using a low-temperature sintering
technique. A B,0;-Bi,03-Al;,05;-CaO glass system precursor
was adopted due to the advantages of high transmittance, low
melting point, and relatively stable structure, which are condu-
cive to light transmittance and a reduction in phosphor
erosion caused by high temperature.”® The erosion behavior
and luminescence property were systemically studied, and a
series of valuable conclusions were obtained.

2. Experimental steps
2.1 Sample preparation

A series of precursor glasses, xB,03—(85 — x)Bi,O3-5Al,03-
10CaO (x = 40, 45, 50, 55, 60), were prepared by a rapid melt
quenching technique. The analytically pure grade H;BOj;,
Bi,03, Al,0; and CaO powders were thoroughly mixed and
fully ground in an agate mortar for 30 min. The powders were
then placed in an alumina crucible and melted at 950 °C for
1.5 h in a muffle furnace under air. The melt was quickly
poured into pre-prepared deionized water to quench into a
cullet, and the cullet was dried and milled into glass powder
with the appropriate particle size. The binder, composed 99%
(mass fraction) deionized water and 1% hydroxyethylene cell-
ulose, was put in a glass beaker at 60 °C for 1 h with constant
stirring. The mixtures (20 wt% SAO phosphors and 80 wt%
glass powder) were mixed with the binder solution and stirred
at 1000 rpm for 30 min to obtain a paint-like slurry. The slur-
ries were then manually scraped onto a substrate of common
soda-lime-silicate glass (15 x 10 x 1.2 mm?®) using a knife
coater to control the thickness. The obtained samples were
kept warm at 500 °C for 3 h to remove organic matter from the
slurry. The obtained samples were then co-sintered under air
at 570 °C for 30 min and naturally cooled. A series of SAO
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phosphor-in-glass films with precursor glasses containing
different xB,O; (x = 50, 55, 60) contents were prepared and
labeled PG-x (x = 50, 55, 60). As a comparison, samples with
pure glass frits (without any phosphor) and with different
xB,0; contents on soda-lime-silicate glass were prepared by
the same technique and labeled G-x (x = 40, 45, 50, 55, 60).

2.2 Performance characterization

The glass transition temperature (T,) was measured and the
DSC experiment simulation was performed using a differential
scanning calorimeter (EXSTAR6000) in the temperature range
of 300-600 °C with a programmed heating rate of 10 °C min™".
The infrared spectra were recorded in the range
400-1600 cm™* using an FT-IR spectrometer (Agilent Cary-
630). The crystalline/amorphous states were determined using
an X-ray diffractometer (Bruker D8 Advance) with Cu K radi-
ation in the 26 range of 10-80° at a scanning rate of 2° min™".
Morphologies were examined using a scanning electron micro-
scope (Sigma 500) equipped with an energy dispersive X-ray
spectroscopy (EDS) system. Excitation/emission spectra and
fluorescence lifetime were measured using an FLS980 fluori-
meter with a xenon flash lamp as the excitation source.
Quantum efficiency (QE) was obtained using an FLS980
equipped with an integrating sphere. The temperature-depen-
dent luminescence spectra were collected using an intensified
multichannel spectrometer (MCPD-7000) in the temperature
range 25 to 175 °C with a step size of 25 °C at a heating rate of

10 °C min™" and holding each temperature for 5 min.

3. Results and discussion

3.1 Phase analysis

The XRD patterns of samples G-x (x = 40, 45, 50, 55, 60) and
PG-x (x = 50, 55, 60) at different co-sintering temperatures of
570 and 590 °C are shown in Fig. 1. As can be seen from
Fig. 1a, crystallization is observed in the samples G-40 and
G-45, while the others show an amorphous structure. The
sample G-40 exhibits a distinct crystalline phase. Although
some small undesirable peaks appear in the patterns, the
main substance is probably Bi,B,0, as compared with the
standard card.>" The low transparency of G-40 (the inset of
Fig. 1a) also demonstrates glass crystallization behavior. The
crystallization can be attributed to a decrease in the compact-
ness of the glass structure and an increase in non-bridging
oxygen with decreasing content of B,O; (increasing the
content of Bi,0;), which facilitates the combination of [BO;]
bonds and Bi** to produce a new phase of Bi,B,0,. To avoid
glass crystallization in the co-sintering process of the PiGFs,
the samples PG-50, PG-55 and PG-60 were adopted for the sub-
sequent studies.

The corresponding XRD spectra are shown in Fig. 1b. The
figure reveals that PG-55 and PG-60 show obvious diffraction
peaks originating from the SAO phosphor, whereas PG-50
shows an almost amorphous state. The slightly stronger peak
intensity of PG-55 compared with that of PG-60 is probably

This journal is © The Royal Society of Chemistry 2024
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Fig. 1 XRD patterns of G-x (x = 40, 45, 50, 55, 60) and PG-x (x = 50, 55, 60) at different co-sintering temperatures of 570 °C (a and b) and 590 °C (c

and d); the insets are physical images.

owing to measurement error. The disappearance of a few diffr-
action peaks in PG-55 compared with the SAO phosphor is
probably attributed to the preferred orientation and slight
erosion. These results indicate that the degree of erosion of
SAO decreases with an increase in B,O; content, and 55%
B,0; (mole fraction, the same as below) is a suitable value,
which is also due to the decrease in the compactness of the
glass structure and the increase in non-bridging oxygen.
Fig. 1c and d show the XRD spectra of G-50, G-55, G-60 and
the corresponding PiGFs at the co-sintering temperature of
590 °C, respectively. Fig. 1c shows that the three samples
exhibit good amorphous states and high transparency, which
helps the subsequent preparation of PiGFs. Fig. 1d shows that
the diffraction peaks decrease with decreasing B,O; content,
indicating the occurrence of obvious erosion in samples PG-50
and PG-55 at 590 °C. This result can be attributed to the
decrease in glass viscosity at high temperature and the
increase in activity for non-bridging oxygen that promotes the
chemical reactions. However, PG-60 shows a rough surface at

This journal is © The Royal Society of Chemistry 2024

both 570 and 590 °C, simultaneously ascribed to the high
glass softening temperature, which would decrease the light
emitting efficiency (as shown in the insets). Therefore, 55%
B,0; and 570 °C are the optimal parameters.

Fig. 2a shows the DSC curves of the precursor glasses. The
glass transition temperature (T,) obviously and gradually
increases from 420 to 496 °C with increasing B,O; content
from 40 to 60%. This result is ascribed to the decrease in non-
bridging oxygen and increase in compactness of the glass
structure, which causes the thermal expansion coefficient to
increase gradually. The G-40 sample shows a prominent
exothermic peak, indicating that glass crystallization behavior
has occurred. This is consistent with the results of the above
XRD analysis (Fig. 1a). To explore whether the phosphor
reacted with the precursor glasses during the co-sintering
process, simulation experiments on the PiGFs were performed
according to the preparation conditions (at 570 °C for 30 min)
using a DSC instrument. The related results are shown in
Fig. 2b. The PG-50 sample shows a slight bulge at 10-20 min,

Dalton Trans., 2024, 53,15471-15480 | 15473
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Fig. 2 DSC curves of (a) precursor glasses and (b) simulation experiments for PiGFs.

whereas PG-55 and PG-60 show flat lines without an obvious
endothermic/exothermic peak, indicating that the SAO phos-
phors probably react with the precursor glasses in PG-50 with
no reactions in the others. This result is also consistent with
the findings in Fig. 1b.

3.2 Glass structure

The FTIR transmission spectra of the precursor glasses are
shown in Fig. 3. The broad bands from 1100 cm ™" to
1500 cm ™" are ascribed to the B-O bond stretching vibrations
in [BO;] of pentaborate, pyroborate, and o-borate.”*>* Among
these, the bands from 1100 cm™ to 1200 cm™" are related to
the asymmetric stretching vibrations of the B-O bond in the

[BO;] unit.>" The shoulders at about 1025 cm ™" are assigned to
B-O stretching vibrations in the [BO,] unit in tri-, tetra-, and
pentaborates.>**> The above bands obviously move towards
higher wavenumber with increasing B,0O; content (decreasing
Bi,0;), which is ascribed to the greater quantities of glass
network formed of [BO;] and [BO,]. Thus, the compactness of
the glass structure increases gradually. The bands at about
877 cm™ " are attributed to the symmetric stretching vibration
of the Bi-O bond in the [BiO;] group. The bands at 699 cm™
and 613 cm™" are associated with the bending vibration of the
B-O-B bond in the [BOs;] group.”® The waves at about
483 cm™" are derived from the vibration of the B-O bond or
the Bi-O-Bi bond in the [BiOg4] octahedron.>®
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T T T T T T T T T T T

1500 1400 1300 1200 1100 1000 900 800 700 600 500 400
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Fig. 3 FTIR transmission spectra of precursor glasses.
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3.3 Morphology and elemental analysis

Fig. 4a shows the SEM image of the surface morphology of
G-40. The obviously uneven surface and graininess of the sub-
stance can be observed, indicating glass crystallization in the
precursor glass. The related result of EDS analysis on point
scanning is shown in Fig. 4b. The elements Bi and O as well as
Ca and Al are obtained in the sample, though B is not detected
due to its light molecular mass. However, the ngjc, and ngj/a
values are 24.31/5.01 (4.85:1) and 24.31/13.4 (1.81: 1), respect-
ively, which show a significant difference from that of the glass
composition (9:1, 4.5:1). This result demonstrates that crys-
talline phases have been produced. Fig. 4c-e show the SEM
images of the surface morphology of G-50, G-55, and G-60.
Compared with G-40, these samples show relatively smooth
surfaces, with crystalline phases. However, some particles
appear on the surface of G-60, due to some unmelted glass
powder at high temperature; thus, the G-60 sample shows a
rougher surface. This conclusion is consistent with the physi-
cal image shown in the inset of Fig. 1b.

The SEM images of PG-50, PG-55 and PG-60 and the corres-
ponding spot/line scanning results are shown in Fig. 5. As can
be seen from Fig. 5a-c, the samples of PG-50 and PG-55 exhibit
smooth surface morphologies, while PG-60 has a relatively rough
morphology. These results are consistent with those in Fig. 4c-e.
To intuitively compare the degree of erosion of the SAO phos-
phors in the precursor glass, the spot/line scanning spectra and
EDS results are illustrated in Fig. 5d and e. The result for PG-50
(Fig. 5d) shows only the elements Sr, Al, and O ascribed to SAO
appearing in spot 1 (Li not being found is also ascribed to its
light molecular mass). However, the element Sr, which is not con-
tained in the glass composition, emerges in spot 2, as shown in
Fig. 5e. In comparison, Fig. 5f and g (the results for PG-55) show

()
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that no extra element emerges in the region of the SAO phos-
phors and precursor glass. The ng;, values for PG-50 and PG-55
are 0.32 and 0.34, respectively. Although the values are approxi-
mately equal to that of SAO (1nsa1 = 4/14 = 0.29), the smaller value
for PG-50 indicates a small amount of Sr element melted into the
glass region. Fig. 5h and i show the line scanning spectra of
PG-50 and PG-55. Sr and Al in the SAO phosphors exhibit a dra-
matic decrease, while Bi and Ca in the precursor glass show a
steep increase. However, the slope of PG-50 is smaller than that
of PG-55. All the above results show that the degree of erosion of
SAO phosphors decreases and the surface roughness of PiGFs
increases with increasing B,O; content. 55% B,Os is the optimal
value.

To investigate the impact of soaking time on the surface
smoothness of the PiGFs, SEM images of PG-55 at different co-
sintering times of 20, 25 and 30 min (named PG-55-20, PG-55-
25 and PG-55, respectively) are shown in Fig. 6. Clearly, the
surface of PG-55-20 (Fig. 6a) exhibits clear unmelted particles
and a higher surface roughness. With increasing soaking time,
the unmelted particles on the surface of PG-55-25 (Fig. 6b) are
significantly reduced and the surface roughness decreases; the
unmelted parts disappear and the surface becomes smooth in
the PG-55 (Fig. 6¢). The above results indicate that the surface
roughness of the PiGFs decreases with increasing soaking
time and that 30 min is the suitable time.

4. Optical properties

Fig. 7a and b show the photoluminescence excitation (PLE)
and photoluminescence (PL) spectra of the PiGs, respectively.
As shown in Fig. 7a, the peaks at about 295 nm are ascribed to
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Fig. 4 (a and b) SEM and EDS images of G-40, (c—e) SEM images of G-50, G-55 and G-60 surfaces.
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Fig. 5 (a—c) SEM images of PG-50, PG-55 and PG-60; the insets are locally enlarged images. (d—i) EDS of point and line scanning of the samples.

Fig. 6 SEM images of PG-55 at different preservation times: (a) 20 min, (b) 25 min, (c) 30 min.

the charge transfer band of Mn"'-0?". The band at about “T,, transition of Mn"". The intensity of the band at 375 nm
375 nm originates from the “A,, — “Ty, transition of Mn*’, for GC-50 is significantly weaker than the others, and the peak
while the band centered at 445 nm is attributed to the “A,, —  position shifts to longer wavelength, which is possibly due to
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the large degree of erosion of the SAO phosphor and the
change to the crystal field surrounding Mn**. The peaks cen-
tered at 652 nm are ascribed to the E; — A, transition of
Mn*", as shown in Fig. 7b. The inset shows physical images of
the PiGs under excitation by 365 nm UV light, indicating that
the as-prepared PiGs show superior red-light emission. Clearly,
the PL and PLE show that the luminous intensity increases
and then decreases with increasing B,O; content, with 55%
B,0; being the optimal value. The increase is probably due to
the decrease in the degree of erosion on the SAO phosphor,
while the decrease is due to the decrease in surface smooth-
ness with increasing B,O; content—so the light scattering
increases.
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Fig. 9 Quantum yield of PG-55.
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Fig. 8 shows the decay curves of the PiGFs. Based on
our previous study,”” the fluorescence lifetimes were calcu-
lated using double exponent fitting using the following
formula (1):*®

I(t) = Ay €7 + Ay en (1)

where A, and A, are fitting constants, r; and 7, are exponential
components, I is luminescence intensity, and ¢ is time. Then,
the average fluorescence lifetimes were calculated using the
conversion formula (2):

_Alle +A2722
Ajty + Ay

(2)

The lifetime of the raw material of the SAO phosphor was
calculated and the value is 1.435 ms, while those of PG-50,
PG-55 and PG-60 are 1.405, 1.408 and 1.415 ms, respectively.
Overall, the lifetime values of the PiGFs are slightly smaller
than that of the SAO phosphor, which is ascribed to minor
erosion of the SAO phosphor in the PiGFs. Generally, the
higher the heat generated, the larger the non-radiative tran-
sition, which will reduce fluorescence lifetime. The lifetime
value increases with an increase in B,O; content from 50 to
60%, indicating that the non-radiative transition probability
decreases gradually. This result demonstrates that to some
extent the degree of erosion of the SAO phosphor decreases
with increasing B,O; content.

The quantum efficiencies (QE) of PG-55 and its raw material
were measured, and the results are shown in Fig. 9. The values

were calculated with the following formula (3):*°

IQE = JLS/ (JER - JES) (3)

where Ls denotes the PL spectra collected by an integrating
sphere. Er and Es denote the PLE spectra of BaSO, and the

1.0 - : —r— SAO Phosphor
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7 85.1%@348K

0.8 4 82.4%@348K
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(a) Temperature-dependent PL spectra and (b) relative PL intensity of PG-55.
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standard reference, respectively. The results show that the QE
value of PG-55 is 46.62%, which is smaller than that of the raw
material (77.1). This result can possibly be ascribed to the
slight erosion of SAO phosphors. Light scattering between the
phosphor and precursor glass originating from the difference
in refractive indexes is another possible reason.

Fig. 10 shows the temperature-dependent luminescence
spectra of PG-55 under excitation of 450 nm. The luminous
intensity decreases gradually with increasing temperature.
This result can be ascribed to the increase in main lattice
vibration. More excited electrons are transferred to the non-
radiative transition, resulting in a decrease in luminous
intensity.>*" However, PG-55 still maintains 85.1% of its
initial intensity at 348 K (75 °C), while the SAO phosphor
retains 82.4%. This increase can probably be ascribed to the
high thermal conductivity of glass. The curves show rapid
decreases when the temperature exceeds 348 K (75 °C), which
is due to the intrinsic poor thermal quenching resistance of
SAO phosphors.?*?* Generally, the applied temperature of a
WLED device with a radiator is within 75 °C in the field of
medium-power illumination.'® Therefore, the as-prepared
PiGF still shows positive application prospects.

5. Conclusions

In brief, novel SryAl;40,5:Li",Mn*" (SAO) phosphor-in-glass
films (PiGFs) with bismuth borate glass precursors were pre-
pared via a low-temperature sintering technique. The erosion
behavior between the SAO phosphors and precursor glasses, as
well as the luminous properties of the PiGFs were systemati-
cally investigated. Crystallization was observed in the precursor
glass with 40% and 45% B,0; content at 570 °C for 30 min,
with the crystalline phase being mainly BiyB,Oy. The glass
transition temperature gradually increased from 420 to 496 °C
with an increase in B,O; content from 40 to 60%. The DSC
simulation and experimental results show that the degree of
erosion of SAO phosphors decreases with an increase in B,O3
content from 50 to 60% and an increase in the co-sintering
temperature from 570 to 590 °C. However, the glass surface
smoothness of the PiGFs decreases with increasing B,Oj
content. 55% B,0; and 570 °C are the optimal parameters.
The PL and PLE of the PiGFs show that the luminous intensity
increases and then decreases with increasing B,O; content,
and 55% B,O; is also the optimal value. The PiGF has a
quantum efficiency of 46.62%, and the luminous intensity
maintains 85.1% of its initial intensity at 348 K, which is
larger than that of the raw materials. The above results indi-
cate that the as-prepared SAO-PiGF is a promising candidate in
the field of medium-power warm WLEDs.
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