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a b s t r a c t

Phosphor-in-glass (PiG) has become as a promising resin-free color converter for high-power light-
emitting diodes (LEDs). However, the challenge in luminescent performances of PiG still remain due to
the deficiency of red emission spectrum. Herein, a stable red-emitting PiG was prepared for high-power
lighting by introducing 3.5MgO$0.5MgF2$GeO2:Mn4þ (MFG:Mn4þ) phosphor particles into a tellurite
glass matrix. The microstructures and luminescent performances of prepared PiGs were investigated.
PiG-based LEDs were fabricated by combining the prepared PiGs and ultraviolet (UV)-LED chips and their
optical performances were adjusted by altering phosphor content. Consequently, the introduced phos-
phor crystals are chemically stable under sintering process and maintain intact in the glass matrix. With
the increase of phosphor content, the red emission intensity is increased. Furthermore, the prepared PiG
weakens the thermal quenching of MFG:Mn4þ phosphor and exhibits excellent thermal stability under
high temperature operation. The results demonstrate that the prepared PiG is a stable and efficient red-
emitting converter for high-power lighting.

© 2018 Elsevier B.V. All rights reserved.
1. Introduction

Due to the outstanding advantages of high light efficiency, low
power consumption, long lifetime, and environmental protection,
solid-state lighting has beenwidely applied in general illumination,
display backlighting, plant growth lighting, and medical treatment
[1e3]. Currently, phosphor-converted white light-emitting diodes
(WLEDs) are greatly commercial solid-state lighting source, which
can be realized by a combination of blue LED chips and yellow
Y3Al5O12:Ce3þ (YAG:Ce3þ) phosphor embedded with organic resin
[4,5]. However, the phosphor-resin structure is prone to aging and
carbonization for high-power lighting owing to its poor thermal
and photonic stability, resulting in the reduction of light efficiency,
the shift of chromaticity, and the degradation of reliability [6e8].
Thus, a resin-free color converter is a key requirement for high-
oxb@hust.edu.cn (X. Luo).
power lighting.
Phosphor-in-glass (PiG) composite, which is prepared by a low-

temperature (<800 �C) sintering of glass powders and phosphor
particles, has been employed as a promising resin-free color con-
verter for high-power lighting because of its robustness, high
thermal stability, and low thermal expansion coefficient [9e12].
Initially, several studies regarding of yellow-emitting PiG have been
reported for blue-excited WLEDs, which is a certain number of
YAG:Ce3þ phosphor particles dispersed in a glass matrix [13e15].
Unfortunately, such PiG-based LEDs are notoriously difficult to
achieve high color quality due to the deficiency of red emission
light.

Aiming to compensate for the red deficiency, Eu2þ-doped
nitride phosphors have been added into the glass matrix for the
preparation of multi-color PiGs [16e19]. Although the nitride
phosphors yield high quantum efficiency, the broad red emission
spectrum has serious photon reabsorption in green or yellow
spectral region, which reduces the light efficiency of multi-color
PiGs [20]. In addition, the rigorous synthesis conditions of nitride
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phosphors limit their practical application [21]. It should be noted
that the nitride phosphors have a bad chemical reaction with the
lead-free tellurite glass during sintering process, which is regarded
as an ideal glass matrix for the PiG preparation considering its low
melting temperature (<600 �C) and high refractive index (n> 1.6)
[22e24]. The chemical reaction between the nitrides and the glass
constituents leads to the intense degradation of phosphor and the
blackening of PiG converter. Therefore, it still is a challenge to
prepare a stable red-emitting PiG with the tellurite glass matrix for
high-power lighting.

As a non-rare-earth activator, Mn4þ-doped red phosphors
achieve broad excitation band (200e450 nm) and narrow
deep-red emission band. Among the Mn4þ-doped red
phosphors, Mn4þ-doped magnesium fluorogermanate phosphor
(3.5MgO$0.5MgF2$GeO2:Mn4þ, MFG:Mn4þ) exhibits high thermal
and chemical stability, which is a better choice for the preparation
of red-emitting PiG [25,26]. Herein, a thermally stable red-emitting
PiG was prepared by introducing theMFG:Mn4þ phosphor particles
into a TeO2-ZnO-Na2O-Al2O3 glass matrix. The glass matrix with
low melting temperature and high refractive index was prepared.
The PiGs were prepared through screen-printing and sintering
process, their microstructures and luminescent performances were
investigated. The thermal stability of prepared PiGs was studied
under different temperatures. PiG-based LEDs were fabricated by
combining the prepared PiGs and ultraviolet (UV)-LED chips, and
their optical performances were adjusted by varying phosphor
content.
2. Experimental details

2.1. Preparation of PiG converter

Fig. 1 shows the preparation process of red-emitting PiG con-
verter by screen-printing and sintering. The low-melting precursor
glass matrix with the stoichiometric composition of 55TeO2e25Z-
nOe16Na2Oe4Al2O3 (in mol%) was synthesized by a typical
melting quenching technology. The reaction mixture was melt in a
platinum crucible at 800 �C for 40min and then poured in a pre-
Fig. 1. Preparation process of PiG conver

Fig. 2. Fabrication proces
heated steel plate, subsequently annealed at 300 �C for 1.5 h to
relieve the internal stress, and finally cooled to room temperature.
The obtained glass bulk was milled to glass powders by using a ball
grinder. The printing paste was prepared by sufficiently mixing the
glass powders, commercial MFG:Mn4þ phosphor (T66-015, Jiang-
men Kanhoo Industry Co., Ltd, China), and organic solvent. Aiming
to adjust luminescent performances, the content of MFG:Mn4þ

phosphor was designed as 15, 20, 25, 30, and 40wt%, respectively.
The prepared paste was printed on some soda-lime glass plates by
using a 200mesh screen and then respectively sintered at 525, 550,
575, 600, and 625 �C for 30min in a muffle furnace, and finally
naturally cooled to room temperature. Notably, the printed PiG
achieves various shapes and smooth surface without cutting and
polishing processes. In order to evaluate the feasibility of
MFG:Mn4þ PiG in the fabrication of WLEDs, multi-color PiGs were
prepared by added green phosphor (Ba2MgSi2O7:Eu2þ) and blue
phosphor ((Sr,Ba)3MgSi2O8:Eu2þ) into the MFG:Mn4þ phosphor
glass. The weight ratio of red, green, and blue phosphors was
controlled at 5:2:1 and the weight ratio of phosphors to glass
powders was controlled at 2:3. The chromaticity of WLEDs were
adjusted by altering the printing number of phosphor layer.

2.2. Fabrication of PiG-based LEDs

The prepared PiG was used to package the UV-LED chip with a
peak wavelength of 395 nm for the fabrication of PiG-based LED, as
shown in Fig. 2. The LED chip was attached and wire bonded on a
ceramic substrate and a glass lens was bonded on the copper dam
of ceramic substrate. The ceramic substrate was soldered on a heat
sink and then an aluminum reflection cup was mounted on it. After
that, the prepared PiG was bonded into the reflector cup. Both the
lens and the reflector cup are beneficial for the UV light extraction
and provide more UV light for the PiG excitation.

2.3. Characterizations

The crystalline phase of prepared PiG sample was analyzed by
the X-ray diffraction system (XRD, X'Pert PRO MRD, PANalytical)
ter by screen printing and sintering.

s of PiG-based LED.
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with a nickel-filtered CuKa radiation in the range of 10�e70� (2q).
The refractive index of glass matrix was measured by spectroscopic
ellipsometry (M-2000V, J. A. Woollam, USA). The photo-
luminescence excitation (PLE) and PL emission spectra, and decay
curves were recorded on a fluorescence spectrometer (FLS980,
Edinburgh Instruments). The quantum yield (QY) was measured by
using a barium sulfate coated integrating sphere on the FLS980
spectrophotometer. The microstructures were characterized by a
scanning electron microscope (SEM, Nova NanoSEM 450, FEI)
equipped with an energy dispersive spectrometer (EDS) for
elemental analysis. Temperature-dependent PL emission spectra
weremeasured by a time resolved fluoroimmunoassay (TRFIA). The
optical performances of PiG-based LEDs were measured by a pho-
toelectric analysis system (ATA-1000, EVERFINE, China) in an
integrating sphere with a diameter of 50 cm at room temperature.
3. Results and discussion

Fig. 3(a) shows the XRD patterns of prepared PiG sample and
commercial MFG:Mn4þ phosphor. As reference, the XRD pattern of
Mg3.5Ge1.25O6 (PDF#47-0304) from the Joint Committee on Powder
Fig. 3. (a) XRD patterns of prepared PiG sample and MFG:Mn4þ phosphor, (b)
refractive index of synthesized tellurite glass matrix.
Diffraction Standards (JCPDS) cards is also shown. Some diffraction
peaks from the PiG sample are clearly maintained in accordance
with those of the MFG:Mn4þ phosphor, and reveal no obvious
difference from those of the standard pattern. Notably, the location
of the diffraction peaks from the MFG:Mn4þ phosphor shifts
slightly to higher 2q value because partial GeO2 is replaced byMgF2.
Fig. 4. (a) Relative PLE and PL emission spectra of MFG:Mn4þ phosphor, (b) PL emis-
sion spectra and (c) decay curves of prepared PiGs sintered at different temperatures.
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The results indicate that the MFG:Mn4þ phosphor crystals are
chemically stable under the sintering process and maintain intact
in the tellurite glass matrix. The refractive index of synthesized
tellurite glass matrix was measured, as shown in Fig. 3(b). The glass
matrix achieves high refractive index (average value of 1.78 at
visible region), which meets the refractive index of MFG:Mn4þ

phosphor (~1.76). The index-matching can decrease the reflection
loss at the phosphor particles and then enhance the light extraction
from PiG.

Fig. 4(a) presents the PLE and PL emission spectra of MFG:Mn4þ

phosphor. The MFG:Mn4þ phosphor yields a deep-red emission
spectrum ranging from 620 to 670 nm, which is attributed to
2E/4A2 transitions of Mn4þ ions. Themain emission band centered
at 659 nm derives from Stokes vibronic band and the weak anti-
Stokes emission band can be discovered at 633 nm. In addition,
The PLE spectrum of MFG:Mn4þ phosphor displays two excitation
bands centered at 324 nm and 421 nm, which are ascribed to the
overlap of 4A2/

4T1 transition of Mn4þ ions and Mn4þ/O2�

charge-transfer state and 4A2/
4T2 transition of Mn4þ ions,

respectively [27]. Fig. 4(b) shows the PL emission spectra of pre-
pared PiGs sintered at different temperatures, which are similar to
those of MFG:Mn4þ phosphor. The PL intensity of prepared PiG
decreases with the increase of sintering temperature from 525 to
625 �C because of the phosphor degradation caused by the corro-
sion of glass melt. The printed phosphor glass layer is prone to
falling off the glass plate at low sintering temperature and the
sintering temperature also influences the transmittance of pre-
pared PiG. Thus, the PiG sample sintered at 575 �C is treated as an
optimized red-emitting converter. Notably, the QY of this PiG
Fig. 5. (a)e(b) SEM images of glass powders and MFG:Mn4þ phosphor particles, (c) Cross-se
corresponding EDS spectra.
sample decreases from 32.7% to 25.5% due to the thermal degra-
dation of MFG:Mn4þ phosphor under sintering process. Fig. 4(c)
presents the luminescence decay curves of PiG samples, which fit
well to a single exponential function. The PiGs sintered at different
temperatures achieve the similar decay curves, and the corre-
sponding effective lifetimes are 3.81, 3.77, 3.79, 3.74, and 3.71ms,
respectively. This result indicates that the decay lifetime of PiG is
not obviously affected by the sintering temperature.

Fig. 5(a)-(b) show the SEM images of synthesized glass powders
andMFG:Mn4þ phosphor particles, respectively. The average size of
phosphor particles is about 2 mm. The thickness of phosphor glass
layer for the prepared PiG is about 30 mm and the PiG achieves a
relatively smooth surface, as presented in Fig. 5(c). The dense
microstructure of prepared PiG observed by SEM in Fig. 5(d) reveals
that the phosphor particles are uniformly dispersed in the glass
matrix. It is difficult to observe any interfacial phases between the
phosphor particles and the glass matrix, indicating that the sin-
tering influence is seemingly inappreciable. Meanwhile, the Mg, O,
F, and Ge signals were detected on the phosphor particles while Na,
O, Al, Te, and Zn signals were detected on the glass matrix, which
demonstrates that the phosphor microcrystals are well embedded
in the glass matrix to form the PiG converter.

In order to adjust luminescent performances, the PiG samples
with different phosphor contents were prepared, as displayed in
Fig. 6(a). The prepared PiGs yield good transparency and the
transparency reduces with the increase of phosphor content. In
addition, the prepared PiGs exhibit deep-red emission under
395 nm UV light. Fig. 6(b) shows the PL emission spectra of pre-
pared PiGs with different phosphor contents. As the phosphor
ctional view SEM image of prepared PiG, (d) Top view SEM image of prepared PiG and



Fig. 6. (a) Photographs of prepared PiGs in daylight and under UV light, (b) PL emis-
sion spectra of prepared PiGs with different phosphor contents.

Fig. 7. Temperature-dependent PL emission spectra of (a) MFG:Mn4þ phosphor, (b) MFG:Mn
as a function of temperature.
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content increases, the PL emission intensity of prepared PiG is
increased due to more red emission excited from the phosphor
particles.

The thermal stability of color converter is important for high-
power lighting. The temperature-dependent PL emission spectra
of MFG:Mn4þ phosphor, phosphor-in-silicone (PiS), and prepared
PiG were investigated and compared, as presented in Fig. 7. For
these three samples, the temperature-dependent intensities of
Stokes emission band (655e665 nm) and anti-Stokes emission
bands (625e635 nm) achieve different variation trends with the
increasing temperature. Obviously, the Stokes emission intensity of
PiG is stable while that of phosphor and PiS decreases with the
increase of temperature, indicating that the PiG yields weak ther-
mal quenching behavior. On the contrary, the anti-Stokes emission
intensity of PiG exhibits much higher temperature dependency,
which increases with the rising temperature. It is attributed to the
fact that the competition relation of anti-Stokes effect and thermal
quenching exists in the anti-Stokes region [26]. For the PiG sample,
the anti-Stokes effect is more dominant and the thermal quenching
is inhibited. In addition, the relative integrated intensities of
MFG:Mn4þ phosphor, PiS, and PiG reach 93%, 112%, and 125% at
160 �C, respectively, as shown in Fig. 7(d). The PiG achieves a higher
increasing intensity with the temperature increase and then im-
proves the quantum efficiency of phosphor due to its adequate
thermal conductivity for heat conduction. The results indicate that
the MFG:Mn4þ PiG can weaken the thermal quenching of the
embedded phosphor and presents excellent thermal stability under
high temperature operation.

The prepared PiGs with different phosphor contents were used
to package the UV-LEDs and their EL spectra at the driving current
of 100mA is shown in Fig. 8(a). With the increase of phosphor
content, the PiG-based LED achieves more red emission intensity,
resulting in the increased luminous flux and the reduced light
output power, as shown in Fig. 8(b). Fig. 8(c) presents the variation
trend of the CIE chromaticity coordinates of PiG-based LEDs with
4þ PiS, and (c) MFG:Mn4þ PiG. (d) Relative integrated intensity of phosphor, PiS, and PiG



Fig. 8. (a) EL spectra, (b) luminous flux and light output power, and (c) CIE chromaticity coordinate shift of PiG-based LEDs with different phosphor contents at the driving current
of 100mA. The inset presents the PiG-based LEDs in operation.

Fig. 9. (a) EL spectra and (b) CIE chromaticity coordinate shift of PiG-based LEDs at
different driving currents.
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different phosphor contents. The CIE chromaticity coordinates
gradually shift from the violet light region to the red light region on
increasing phosphor content. Furthermore, the EL spectra of 40wt%
PiG-based LEDs at different driving currents were measured, as
shown in Fig. 9. Alongwith increasing currents from 50 to 1500mA,
the EL emission intensity of PiG-based LEDs is increased, while the
CIE chromaticity coordinates shift from (0.461, 0.163) to (0.434,
0.153). The variation of △x and △y is only 0.017 and 0.01,
respectively, demonstrating that the PiG-based LED achieves
excellent color stability under the different driving currents.

In order to evaluate the feasibility of MFG:Mn4þ PiG in white
lighting, multi-color PiG was prepared by introducing green and
blue phosphors into the MFG:Mn4þ PiG and then WLEDs were
fabricated by the multi-color PiGs and UV-LED chips. Fig. 10(a)
presents the prepared multi-color PiGs with different phosphor
layers. With the increase of phosphor layer number, the red, green,
and blue emission intensities of multi-color PiG-based WLEDs in-
crease due to more UV light absorbed by phosphors, as shown in
Fig. (b). Furthermore, the CIE chromaticity coordinates of multi-
color PiG-based WLEDs locate at the white light region, as shown
in Fig. 10(c), indicating that the red-emitting MFG:Mn4þ PiG can be
used to realize white lighting.

4. Conclusions

In this work, a red-emitting PiG was prepared for high-power
lighting by introducing MFG:Mn4þ phosphor particles into a tel-
lurite glass matrix. The phosphor glass layer with low sintering
temperature and phosphor index-matching was formed on a glass
plate through screen-printing and sintering. Experimental results
indicate that the phosphor crystals are chemically stable under the
sintering process and maintain intact in the tellurite glass matrix.
With the increase of phosphor content, the PL emission intensity of
prepared PiG is increased. Compared with the PiS samples, the
prepared PiG samples achieve weak thermal quenching behavior
under the temperature of 60e160 �C. The MFG:Mn4þ PiG-based



Fig. 10. (a) Photographs of multi-color PiG samples with different phosphor layers and their WLEDs in operation. (b) Normalized EL spectra and (c) CIE chromaticity coordinates of
these multi-color PiG-based WLEDs at the driving current of 100mA. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of
this article.)
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LEDs exhibit excellent color stability at the different driving cur-
rents. Furthermore, the multi-color PiGs were prepared to realize
WLEDs by adding the green and blue phosphors into theMFG:Mn4þ

phosphor glass. The chromaticity of multi-color PiG-based WLEDs
is adjusted in a wide region of white light. This study provides a
stable resin-free red-emitting converter for high-power lighting.
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