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Abstract

One of the biggest problems in white light-emitting diodes (WLEDs) is the mois-
ture-induced degradation of phosphors. This paper proposes a simple and feasible
surface modification method to solve it, whereby a hydrophobic surface layer is
developed on the surface of the phosphors. The particular case of orange-red-
emitting S1,SisNg:Eu*" (SSN) phosphor was investigated. The mechanism to
develop the hydrophobic layer involves hydrolysis and polymerization of
tetraethylorthosilicate (TEOS) and polydimethylsiloxane (PDMS). The experimen-
tal results showed that the surface layer of SSN phosphor was successfully modi-
fied to a hydrophobic nanolayer (8 nm) of amorphous silicon dioxide that
contains CH; groups in the surface. This hydrophobic surface layer gives the
modified phosphor superior stability in high-pressure water steam conditions at
150°C.
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1 | INTRODUCTION

Solid-state lighting technology based on light-emitting
diodes (LEDs) attracts great attention due to its high bright-
ness, low energy consumption, long lifetime, and high reli-
ability."* The phosphor conversion method is often used
for generating white light. In particular, the emission of
LED chips is down-shifted into useful green, yellow, or
red light by phosphors. The phosphors used in solid-state
lighting technology must have proper photoluminescence
(PL), high quantum efficiency, low thermal quenching, and
high reliability.*®

However, thermal- and moisture-induced luminescence
degradation of phosphors occurs during conventional appli-
cations, significantly reducing the reliability and shortening
the lifetime of white LEDs.>° For instance, it is well-
known that thiogallate (SrGaS,:Eu) and sulfide (CaS:Eu
1011 several silicate
and aluminate phosphors also exhibit a similar problem,

and SrS:Eu) phosphors are unstable;

coatings, heat treatment, hydrolysis, nitrides, optical materials/properties

even (oxy)nitride phosphors, which are generally consid-
ered to be very stable, are moisture-sensitive, as well.'?

Orange-red-emitting SrzsisNg:Eu2+ (SSN) phosphor has
great potential in warm white or high color-rendering
LEDs. A highly efficient orange-red phosphor with a high
quenching temperature allows the color-rendering proper-
ties of white LEDs to be improved.z’mf15 However, it fea-
tures serious luminescence degradation that prevents its
wide commercialization, although it has a much lower pro-
duction cost than the popular red-emitting CaAlSiN5:Eu®*
phosphor.'®

The origin of the degradation in SSN phosphors has
been reported in several works. 51718 Moreover, the mecha-
nism of degradation and possible methods of improving
their stability have been also widely studied.>*'*'? In par-
ticular, the improvement of water resistance was attempted
via surface modifications. For instance, it was found that
the PL properties of europium-doped strontium aluminate
nanoparticles were maintained by surface modification
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reaction with pyrophosphoric acid or 3-allyl-2,4-pentane-
dione.**?! A layer of MAI,B,O; (M=Sr, Ca, Ba) formed
on the surface of MALO4Eu?", Dy** phosphors also
improved water resistance.”> Moreover, heterocyclic com-
pounds, B-diketones and multicarboxylic acids were used
to achieve coordination with the surface cations in Eu®*-
activated strontium aluminates and improve water resis-
tance.”> These methods improved water resistance at room
temperature. However, there are actually no systematic
studies on minimizing the moisture-induced degradation at
high temperatures, which is considerably more severe than
that at room temperature. Our group has produced BN-
coated SSN phosphors,®* which had good moisture-resis-
tance stability at the beginning of sequential damp heat
tests (85°C/85%); however, their stability was reduced dra-
matically after a certain period of time.

Moisture-induced degradation is caused by the hydrolysis
of the host and/or the oxidation of the luminescent center. A
suitable layer may effectively isolate a phosphor particle
from moist air. However, most inorganic films (for instance,
pyrophosphate, silicate, and aluminate) are hydrophilic
materials due to the presence of surface hydroxyl groups (-
OH), which can easily absorb water molecules. These water
molecules destroy the inorganic layer or diffuse through the
layer and lead to luminescence degradation. A thick film can
slowdown the degradation rate but it also has a negative
effect on emission intensity. Thus, a modified hydrophobic
surface layer might improve moisture resistance.

Polymer-derived ceramics obtained from pyrolysis of
silicon-containing polymer precursors have gained increas-
ing interest recently.”>® The resultant ceramic materials
consist of Si—C, Si-O, and Si—N units. They are a new
class of amorphous materials derived from the parent struc-
ture of polysilazane and polysiloxane.?>"*® 1t
reported that nanoporous silicon oxynitridocarbide inor-
ganic fibers possess super hydrophobicity due to the pres-
ence of -CH; groups at the surface.?

The present paper presents a feasible synthetic approach
to coat SSN particles with a hydrophobic surface layer
through hydrolysis and polymerization of tetraethylorthosili-
cate (TEOS) and polydimethylsiloxane (PDMS). The modifi-
cation process is expected to take place easily and to lead to
strong interfacial bonding because of the similarity between
the oxidized Si—O bonds in the surface of SSN phosphors
and the Si—O bonds in the hydrophobic surface layer.

was

2 | MATERIALS AND
EXPERIMENTAL PROCEDURE

Fine powders of Eu,Oz (>99.9999%, Shenzhen Quanjin
Trading Co., Shenzhen, China) and SrCO; (AR, Guoyao
Chemical Reagent Co., Shanghai, China) were dissolved in

nitric acid with the composition of Sr;gsEugosSisNg. To
this nitrate solution, ethanol solution that contained a stoi-
chiometric amount of TEOS (AR, Guoyao Chemical
Reagent Co.) was added, followed by the addition of an
appropriate amount of citric acid. The solution was heated
at ~80°C under continuous stirring with the aid of a mag-
netic agitator. After several hours, a transparent sol was
formed. Further heating under constant stirring allowed the
transformation of the sol to a transparent sticky gel. The
gel was calcined at 600°C for 4 hour; the obtained product
was milled and sieved. The resultant material was placed
in a BN crucible, which was placed in an alumina tubular
furnace. Firing took place at 1400°C for 4 hour under a
flowing gas mixture of NH; and CHy (1.0 vol%). Cooling
took place naturally inside the furnace under flowing NHj
gas. Pure SSN phosphor powder was obtained.

To produce the hydrophobic surface layer, 0.625 g of
the SSN phosphor was put into a 100 mL beaker, which
contained a solution of 25 mL of heptane, 3 mL of PDMS
(100 cSt, Acros, Geel, Belgium), and 1 mL of TEOS. Then,
10 drops of dibutyltindilaurate (DBTL, CP, Guoyao Chemi-
cal Reagent Co.) were added, which catalyzes the hydrolysis
and condensation of TEOS. The mixture was stirred for
30 min. Then, 5 wt% of azodiisobutyronitrile (AIBN, AR.
Tianjin Guangfu Fine Chemical Research Institute, Tianjin,
China) was added, which acts as an initiator for PDMS
polymerization, and the mixture was transferred into a
spherical flask to reflux for 4 hour at 85°C. Followed by fil-
tration under vacuum, the phosphor was washed with hep-
tane and ethanol. At last, the SSN phosphor powder with
surface modification (denoted as HB-SSN) was obtained
after air drying for 24 hour.

The moisture-induced degradation test was carried out
in an autoclave with Teflon lining,'* as shown in Figure 1.
About 0.2 g of SSN was put into a BN container, which
was placed in a 50 mL autoclave. Then, 5 mL of water
was added to the autoclave in such a way that the BN con-
tainer was immersed in the water, but the phosphor inside
the container did not make direct contact with the water.
The autoclave was sealed and placed in an oven at a con-
stant temperature for a certain time (48 hour). After the
experiment, the sample was allowed to cool down to room
temperature naturally inside the furnace and then dried at
100°C overnight.

The crystalline phases were identified by X-ray powder
diffraction analysis (XRD, Philips PW 1700, Almelo, the
Netherlands; Cug,; radiation, A = 1.54056 A). The PL
spectra were recorded at room temperature with a fluores-
cent spectrophotometer (F-4600, Hitachi, Tokyo, Japan,
with a 200 W Xe lamp as an excitation source). The decay
times were recorded with an FLS920 spectrophotometer
(Edinburgh  Instruments, Edinburgh, England). The
microstructure of the powders was observed with a
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scanning electron microscope (JEOL JSM-6390, equipped
with a field-emission gun at an acceleration voltage of
20.0 kV, Tokyo, Japan). Their structure was also investi-
gated by high-resolution transmission electron microscopy
(ARM-200F, Tokyo, Japan). Fourier transform infrared
spectroscopy (FT-IR) was carried out in a Perkin-Elmer
580B IR spectrophotometer with the KBr pellet technique
(Waltham, MA). The X-ray absorption spectra for the Eu
Li-edge were measured at a beam line of BL14W1 at the
Shanghai Synchrotron Radiation Facility. Thermal analysis
(DTA/DGA) was done in air atmosphere with a Shimadzu
DTG-60H thermobalance (Kyoto, Japan) at temperatures of
up to 1000°C with a heating rate of 10 K/min.

3 | RESULT AND DISCUSSION

The influence of temperature on the PL spectra and the
intensity at the emission maximum of SSN and HB-SSN

Teflon lining

BN crucible

Sr,SisNg Water
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treated in a moist atmosphere for 48 h is shown in Fig-
ure 2(A). A single emission band was recorded in all cases
under excitation at 365 nm in the region of 550-800 nm.
The emission intensity of the SSN phosphor degrades dra-
matically for temperatures higher than 120°C and the lumi-
nescence loss is nearly 45% at 150°C, whereas HB-SSN
maintains 91% of the initial intensity (i.e., before the mois-
ture test). It is also noteworthy that surface modification
did not jeopardize the emission behavior and intensity. The
emission intensity SSN was enhanced by 2% of the initial
intensity. Accordingly, surface modification can effectively
improve the moisture resistance from the fact that the emis-
sion intensity of the SSN is less than 54% of the HB-SSN
after the moisture test at 150°C. The slight decrease in the
emission intensity of HB-SSN at temperatures higher than
120°C might be partially attributed to agglomerations
formed during the moisture test. This emission decrease
caused by particle agglomerations is also observed in other
phosphors.*

—
oooo

FIGURE 1 Moisture-induced degradation experiment [Color figure can be viewed at wileyonlinelibrary.com]
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FIGURE 2 A, Emission intensity excited at 425 nm of SSN and HB-SSN treated with water steam at different temperatures for 48 hour (the inset
shows the photoluminescence spectra); B, photographs of SSN and HB-SSN powders in water; C, contact angle of water drop on the surface of HB-SSN

(at room temperature) [Color figure can be viewed at wileyonlinelibrary.com]
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The surface of HB-SSN had clear hydrophobic proper-
ties with PDMS mixed with SiO,, because the SSN parti-
cles sink to the bottom of the container in the water,
whereas the HB-SSN particles do not sink to the bottom of
the container (Figure 2B), and because a contact angle of
~110° (ie, a poor wetting regime) was formed between the
surface of a pressed HB-SSN cake and water (at room tem-

perature) (Figure 2C). Meanwhile, contact angle measure-

ment of SSN is impossible, because it is totally
(A)
(B)
3 © , I} +-SiO), ~¢-Si,0N,
E ol L8rsio,
2 o
% A o WS NN T, N .
= (B
| | | | PDF No. 01-085-0101
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2 Theta(deg)

FIGURE 3 X-ray diffractograms of SSN (A: as-prepared, B: treated
at 120°C, C: treated at 150°C), and HB-SSN (D: as-prepared, E: treated at
150°C). The diffraction patters SSN (JCPD No. 36-0570) are also plotted
[Color figure can be viewed at wileyonlinelibrary.com]

hydrophilic, so the water droplet will permeate through the
phosphor powder immediately.

The X-ray diffractograms of SSN and HB-SSN before
and after the moisture tests, shown in Figure 3, suggest
that both of these phosphors feature high purity and crys-
tallinity. The surface-modified HB-SSN showed a remark-
able stability after the treatment at 150°C, which could be
attributed to the hydrolysis resistance from the hydrophobic
groups. The samples of SSN remain stable after treatment
up to 120°C for 48 hour. However, new phases of SrSiOs,
Si,ON,, and Sr(OH), developed after treatment at 150°C,
can be attributed to hydrolysis of Sr,SisNg with the partici-
pation of H,O and O,:

S1,8isNg H2Q.0:, §1Si05, Sr(OH),, Si,ON»,NH; (1)

Moreover, an irritant smell occurred after the experi-
ment (SSN, 150°C, 48 hour) and many small crystals of
NH4HCO; (indentified by XRD) were observed in the
inner surface of the BN lid:

NH; + CO; + H,O — NH4HCO3 2)

These findings agree fairly well with the conclusions
drawn from the above analysis of the PL behavior (Fig-
ure 2A).

Microstructure observations of Figure 4 agree with the
above results. Both the SSN and HB-SSN powders have
prismatic particles with well-formed edges, which suggest
high crystallinity and smooth surfaces. After treatment at
150°C, the particles of HB-SSN maintain their initial
shape, whereas many small particles appear in the SSN

FIGURE 4 SEM images of SSN (A: as-prepared, B: treated at 150°C), and HB-SSN (C: as-prepared, D: treated at 150°C).
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powders, which can be attributed to the newly formed
phases. The formation of agglomerates of small particles is
also observed and is more pronounced in the SSN powder.

Besides the improved hydrolysis resistance, the other
advantage in HB-SSN is also brought out. The results of
XANES measurements for SSN before and after the mois-
ture tests at different temperatures and the comparison of
the corresponding plots for SSN and HB-SSN after treat-
ment at 150°C are shown in Figures 5(A) and (B), respec-
tively. The two peaks at ca. 6977 and 6984 eV can be
attributed to the divalent and trivalent oxidation states of
Eu, respectively.”’ In SSN, the Eu’* peak appears and
becomes stronger with the increase in the temperature of
heat treatment. A large number of Eu’* ions seemingly
formed in SSN treated at 150°C, whereas there is no evi-
dence of Eu** peak in HB-SSN treated at the same temper-
ature. These results suggest that HB-SSN shows improved
oxidation resistance under high-pressure water steam.

The FT-IR spectra provide information about the struc-
tures of SSN and HB-SSN. According to Figure 6, the
bands of (A) the Si—N-Si stretching vibrations (at ~472,
~926, and ~954 cm_l),32 (B) the molecular vibrations of
H,O (at ~1630 cm 1),>*** and (C) due to Si-O-Si are
seen in the spectra of both phosphors. However, in the
spectrum of HB-SSN, there are two peaks at ~2960 and
~1260 cm ™" attributed to ~CH; and Si-CH5 groups, which
are plausibly related to the hydrophobic behavior of HB-
SSN and they improve the water resistance and provide
remarkable stability of these phosphors in severe moisture
conditions, %

The formation of a hydrophobic layer on the surface of
the particles of HB-SSN, compared to SSN, was investi-
gated with TEM and HRTEM analyses, as shown in Fig-
ure 7. A uniform amorphous layer with an average
thickness of 8 nm tightly covered the surface of the HB-
SSN particles, the inset electron-diffraction pattern of Fig-
ure 7(B) is from the Sr,SisNg host. The element analysis
with EDS (Figure 7D) shows that this layer is composed of

(A)
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m
-
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intensity(a.u.)
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g i
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Si, C, N, and O. According to these results, it is suggested
that the formation of this hydrophobic layer starts with the
hydrolysis of oxyethyl groups of TEOS due to the exis-
tence of surface-adsorbed water from ambient atmo-
sphere,*® followed by a condensation reaction between the
hydrolyzed TEOS molecules and the surface hydroxyl or
amido groups of SSN.?” The formation of strong Si-O-Si
and Si—N-Si bonds lead to the stronger adhesion of the
hydrophobic layer. Finally, with the aid of DBTL, the
hydrophobic layer forms through a polycondensation reac-
tion between the terminal silanol groups of PDMS and the
OH groups of hydrolyzed TEOS,?® as illustrated in Fig-
ure 8.

On the other hand, Figures 7(C) and (D) suggest that an
amorphous strontium silicon oxynitride layer forms on the
as-prepared SSN particles.”® This layer is formed by the
oxidation and hydrolysis of the fresh surface of SSN when
exposed to the air atmosphere for a long time,** which
should occur along with the formation of defects. The

—_SSN Si.0-Si Si-N-Si
—HB-SSN HO AT TN
\ | 80

!

Transimittance(%)

.c|.|3 Si-CH,

3500 3000 2500 2000 1500 1000 500
wavenumber(cm’)

FIGURE 6 FT-IR spectra of SSN and HB-SSN [Color figure can be
viewed at wileyonlinelibrary.com]
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Energy(eV)

FIGURE 5 Normalized Eu Ly-edge XAFS of (A) SSN phosphors, as-prepared and after thermal treatment at different temperatures (for 48 hour), and
(B) comparison of the corresponding plots for SSN and HB-SSN after thermal treatment at 150°C [Color figure can be viewed at wileyonlinelibrary.com]
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transparent and thin surface layer formed in HB-SSN can
effectively suppress the formation of this amorphous silicon
oxynitride layer. This can explain why the as-produced
HB-SSN has a slightly higher PL intensity than the as-pro-
duced SSN (Figure 2A). The decay times of SSN and HB-
SSN were measured as 10.3 and 10.8 psecond, respec-
tively. This result suggests that the formation of the
hydrophobic surface layer in HB-SSN suppresses the for-
mation of defects in the surface.*!

The results of thermal analysis (TGA and DTA curves),
shown in Figure 9, provide information about the thermal
stability of SSN and HB-SSN in air atmosphere. In HB-
SSN, there is no weight loss up to 200°C, which suggests
that the hydrophobic layer is stable enough for application
in white LEDs. Meanwhile, there are no weight loss and
weight gain up to about 700°C in the SSN. A slight weight
loss above 200°C was recorded for HB-SSN, attributed to
a release of gaseous species (e.g., NH3, H,, CHy) and low
molecular weight oligomers. An endothermic peak was
recorded at ~550°C, which can probably be ascribed to the
breaking of the interfacial bonding between the

100 nm

(%]

Counts

hydrophobic surface layer and the surface of the bulk SSN.
The relative weight increase above 550°C should be a
result of oxidation that occurred at the surface, while the
oxidation of SSN starts at temperatures higher than 700°C.

FIGURE 8 A schematic drawing of the structure on the surface of the
SSN particle

(D)
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FIGURE 7 TEM (A) and HRTEM (B) images of HB-SSN, TEM image of SSN (C), and EDS spectra from the surface of SSN and HB-SSN particles

(D) [Color figure can be viewed at wileyonlinelibrary.com]
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