
Degradation of phosphor-in-glass encapsulants with various phosphor
types for high power LEDs

Fauzia Iqbal, Sunil Kim, Hyungsun Kim*

Department of Materials Engineering, Inha University, 100 Inha-ro, Nam-gu, Incheon, 22212, South Korea

a r t i c l e i n f o

Article history:
Received 2 May 2017
Received in revised form
12 June 2017
Accepted 13 June 2017

Keywords:
Phosphor-in-glass
Reliability
Moisture and thermal stability
LEDs
Glass encapsulant

a b s t r a c t

In order to replace conventional silicone-based phosphor light emitting diodes (LEDs), inorganic color
converters with high thermal stabilities and transparencies, i.e., phosphors-in-glass (PiGs), have been
investigated as encapsulants for high-power LEDs. In this paper, the effect of various types of phosphors,
i.e., LuAG (green, Lu3Al5O12:Ce3þ), silicate (yellow, Sr2SiO4:Eu2þ), CASN (red, CaAlSiN3:Eu2þ), and oxy-
nitride (yellow, (Sr,Ba) Si2O2N2:Eu

2þ), on the reliability/degradation of the remote PiG encapsulants is
explored for high power LEDs. For this purpose, a glass composition (SiO2-B2O3-ZnO-Na2O) was sepa-
rately mixed with each type of phosphor and then sintered at appropriate temperatures to make the
corresponding PiG. The reliabilities of the formed PiGs were evaluated by standard accelerated-aging
tests (85 �C/85% RH) for 1000 h. Luminosity losses and shifts in the Commission Internationale de
l'Eclairage (CIE) coordinates of the PiGs were measured before and after aging. Thermal, and moisture-
induced quenching behavior was also analyzed. The surface of PiGs with different phosphors degraded
differently, possibly because of structural incompatibilities between the glass matrix and phosphor type.
Determining the compatibility of the glass composition with the type of phosphor used is therefore
important in order to ensure the long-term stabilities of encapsulants for use in commercial LEDs.

© 2017 Elsevier B.V. All rights reserved.

1. Introduction

Light-emitting diodes (LEDs), owing to their high efficiencies,
long-lifespans, and energy-saving and environmentally friendly
behavior, are replacing radiant bulbs for general lighting purposes
[1e3]. Advances in phosphor materials, chips, and packaging
technologies have significantly enhanced the luminous efficacies of
LEDs. However, the reliabilities of these LEDs are still subjects of
extensive research. In phosphor-converted light emitting devices,
the emissions of LED chips (blue or ultraviolet light) are converted
into useful red, yellow, or green emissions by appropriate phosphor
compositions. The phosphors thus play key roles and are required
to strongly absorb LED emissions with high quantum efficiencies,
and demonstrate high stabilities against moisture with low
thermal quenching/degradation [4]. Although several phosphors
have been synthesized or investigated for solid-state lighting ap-
plications, not all can be practically applied to LEDs. Other than
drawbacks of low conversion efficiency, reabsorption, diverse

morphology, unsuitability, and thermal degradation, moisture can
seriously affect phosphors in disastrous ways, in turn hindering
their commercialization for LED applications.

The luminescence efficiency of a phosphor is generally degraded
by chemical, thermal, or photo-irradiation attack. If this degrada-
tion is greater than the specific defined limit necessary for practical
applications, then the reliability and lifespan of white LED devices
will be reduced, causing the phosphor to lose its purpose as a
wavelength converter, even if it has a high conversion efficiency [5].
In particular, both alkaline earth sulfides (i.e., CaS:Eu and SrS:Eu)
and alkaline earth thiogallates (i.e., SrGaS4:Eu) exhibit very prom-
ising luminescence properties but are moisture sensitive. Alkaline
earth orthosilicates (M2SiO4:Eu; M ¼ Ca, Sr, or Ba) also show good
efficiencies and appropriate emission colors, but they are easily
degraded upon exposure to moisture, heat, or photo-irradiation
[6,7]. Therefore, it is very important to understand and analyze
the moisture-induced degradation of the phosphor surface.

In remote phosphor technology, the phosphor is embedded in a
glass matrix, which provides a stable environment for the phos-
phor; however, the possibility still exists that the phosphor, as well
as the glass matrix, will degrade in a moisture-filled or thermal
environment. The effect of an 85 �C/85% RH environment on the* Corresponding author.
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reliability of PiGs embedded with various phosphor types is
explored in this paper. To understand this phenomenon more
clearly, phosphor and glass powders were also kept under humid
conditions. Furthermore, the glass used to make the PiG is required
to have some specific properties such as low transition and sin-
tering temperatures, so that the phosphor retains its original
properties during sintering and does not interact with the glass
phase. Consequently, in order to reduce the glass transition tem-
perature, alkalis need to be added to the glass matrix; however, the
alkali content needs to be appropriate [8,9].

2. Experimental procedure

The glass matrix was obtained using a mixture of H3BO3
(99.97%; Sigma-Aldrich), SiO2 (99.5%; Sigma-Aldrich), ZnO (99.9%;
Sigma-Aldrich), and an alkali metal oxide, Na2CO3 (99.5%; Sigma-
Aldrich). To fabricate the PiG, the primary glass system used was
18 SiO2-27 B2O3-43 ZnO-11 Na2O (mol%). The weighed powders
weremixed for 1 h in a tubular shaker-mixer (model T2F, GlenMills
Inc., USA), and melted in an aluminum crucible at 1200 �C for 1 h to
form a glass cullet; the melt was poured into a ribbon roller and
quenched in air. The cullet was milled with dry balls for 10 min to
form a glass frit using a planetarymonomill (Pulverisette-7, Fritsch,
Germany). A hot-stage microscope (Misura HSM, Expert System
Solutions, Inc., Italy) was used to determine the glass softening
point (Ts); a Ts of 580 �Cwas obtained for the glass powder. Ten vol%
of four types of commercial phosphor, LuAG (Lu3Al5O12:Ce3þ), sil-
icate (Sr2SiO4:Eu2þ), CASN (CaAlSiN3:Eu2þ), and oxynitride ((Sr, Ba)
Si2O2N2:Eu2þ) (FORCE4 Co. Ltd., Korea) were added to separate
glass frits with the same glass volume percentage (90%) and mixed
using a vortex mixer for 30 min. The mixture was pressed into
pellets using a 32-mm-diameter mold (for humidity stress testing)
and a 12-mm-diameter mold (for thermal quenching experiments).
The pressed composites were sintered at 580 �C for 30 min in a
furnace at a heating rate of 10 �C/min. The PiG plates were grinded
and polished to a thickness of 500 mm.

The optical and chemical stabilities of PiGs aged at 85 �C/85% RH
were measured after 250, 500, 750, and 1000 h. The PiGs were
optically characterized before testing. The luminescence charac-
teristics, i.e., CIE color coordinates and luminous efficacies, were
measured using an integrating sphere (GS-1290-LED spectrometer,
GAMMA SCIENTIFIC, USA). The surfaces of the PiGs were analyzed
using scanning electron microscopy (SEM, S-4200, Hitachi, Japan)
and high resolution X-ray diffractometry (XRD, X'Pert, Pro MRD,
Phillips, Netherland). Photoluminescence (PL) spectra were also
recorded using a fluorescence spectrophotometer (F-4500 FL,
Hitachi, Japan). To thoroughly investigate the chemical changes in
the PiGs, all phosphor powders and glass frits were immersed in
water and heated at 75 �C (75 �C/100% RH) for 200 h. After col-
lecting and drying for 24 h in an oven at 65 �C, the microstructural
and elemental characteristics of both the phosphors and glass
powders were compared with the untreated ones.

The PiGs with the phosphors, (LuAG (Lu3Al5O12:Ce3þ), silicate
(Sr2SiO4:Eu2þ), CASN (CaAlSiN3:Eu2þ), and oxynitride ((Sr, Ba)
Si2O2N2:Eu2þ)), were exposed to 85 �C/85% RH for 1000 h. The
optical properties and chemical changes on the surfaces of the PiGs,
as well as on the surfaces of phosphor powders and glass frits that
were exposed to 75 �C/100% RH for 200 h, were analyzed. The
lumen loss of each PiG before and after exposure was calculated as
follows [10]:

Lumen loss ð%Þ ¼
�
Lf � Li

�.
Li (1)

and the CIE shift was calculated using the following equation:

DE ¼ √((uf0 e ui0)2 þ (vf0 e vi0)2 þ (wf0 e wi0)2), (2)

where ui,f' ¼ 4xi,f/(3 e 2xi,f þ 12yi,f), vi,f' ¼ 4xi,f/(3 e 2xi,f þ 12yi,f),
and wi,f' ¼ 1 e ui,f' e vi,f'; u' and v' are the chromaticity coordinates
in the uv uniform color space, x and y represent the chromaticity
coordinates, and i and f indicate for before and after aging,
respectively [11].

3. Results and discussions

The lumen losses increased with ageing for PiGs with all types of
phosphors, but the lumen loss was higher for the PiG with the
silicate phosphor than for the others, as shown in Fig. 1(a). The CIE
shifts also followed the same trend (Fig. 1(b)), where the change
was higher for the PiG with the silicate phosphor than for the other
PiGs. The degradations in the optical properties of the PiGs are
attributed to the degradation of the surfaces of both the phosphor
and the glass matrix. Fig. 2 (a & b) depicts the surface of a sintered
glass plate and shows the deposition of some crystals or hydrates
(that were analyzed using XRD) on some parts of its surface after
the 85 �C/85% RH 1000 h experiment. The crystals or hydrates are
composed of Zn, probably ZnO or Zn(OH)2, and possibly some so-
dium or silicon hydrates that are also presumed to have formed
(Fig. 2(c)).

During exposure, the surface of all PiGs became rough after
200 h and 1000 h at 85 �C/85% RH (Fig. 3). The silicate phosphor
was not perfectly attached to the glass frit surface, even
before treatment. This is due to the difference in the thermal
expansion coefficients (CTEs) of the glass and silicate phosphor
(CTE of glass ¼ 7.8 � 10�6 K�1, CTE of phosphor (Sr2SiO4) ¼
12.8 � 10�6 K�1). With increasing time in the 85 �C/85% RH envi-
ronment, the silicate phosphor became detached from the glass
surface and also became corroded. Some types of crystals or hy-
drates formed on some portions of the surfaces of the PiGs with the
LuAG and oxynitride phosphors, but these were not fully covered
with hydrates after the exposure period; otherwise the optical
properties of the LED would have deteriorated further.

The hydrates or crystals on the LuAG and oxynitride-phosphor-
containing PiGs were analyzed using HR-XRD. The surfaces of these
PiGs began to crystalize after 1000 h of exposure, but had not fully
crystalized. We noted that the crystals or hydrates were composed
of Zn, probably ZnO or Zn(OH)2, and that some sodium or silicon
hydrates were also formed (Fig. 4). Because the formed layer was
not dense, it is likely that LuAG peaks also appeared in the XRD
spectra from the surface below this layer.

The PL intensities of all untreated PiGs, and PiGs after 1000 h of
exposure at 85 �C/85% RH, were measured as functions of tem-
perature. The PL intensities of the exposed PiGs decreased with
temperature more than those of the corresponding PiGs before
exposure (Fig. 5). Fig. 5 also reveals that each PiG that has been
exposed to humidity exhibited greater thermal luminescence
quenching than that of the corresponding untreated sample, as
shown in the insets of the respective PL spectra. The activation
energy (Ea) for thermal quenching is expressed by:

ln
�
Io
I

�
¼ lnA� Ea

KT
; (3)

where Io and I are the luminescence intensities of the PiG at room
temperature and the operating temperature, respectively, A is a
constant, and K is the Boltzmann constant (8.617 � 10�5 eV K�1)
[12,13]. The activation energies for untreated PiGs containing the
silicate, CASN, LuAG, and oxynitride phosphors were determined to
be 0.407, 0.16, 0.306, and 0.257 eV, respectively. The activation
energies after 1000 h of treatment for these same PiGs were 0.194,
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