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ABSTRACT: We report a zirconium-phenyl siloxane hybrid
material (ZPH) that can be used as a robust LED encapsulant.
The ZPH encapsulant was fabricated via hydrosilylation-curing
of sol−gel derived multifunctional (vinyl- and hydride-
functions) siloxane resins containing phenyl-groups and Zr−
O−Si heterometallic phase for achieving a high refractive index
(n ≈ 1.58). In thermal aging, the ZPH LED encapsulant
exhibited superior performances with a high optical trans-
parency (∼88% at 450 nm) and exhibited high thermal
stability (no yellowing at 180 °C for 1008 h), compared to a
commercial LED encapsulant (OE-6630, Dow Corning
Corporation). This suggests potential for ZPH to be a robust LED encapsulant.
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■ INTRODUCTION

Light-emitting diode (LED) is a solid-state lighting device with
great potential and currently under intense studies due to its
promising traits that are not achievable with conventional light
sources such as incandescent bulbs and fluorescent lamps. The
most outstanding features of LED include high efficiency
coupled with a long lifetime and the use of eco-friendly
materials.1−4 In general, LED as a lighting device is assembled
with a LED chip packaged on a reflector cup with wires and
heat sinks, which is then encased in an encapsulant containing
phosphors. Among these components, the encapsulant plays a
critical role in providing long-term reliability of LED by
protecting the bottom LED chip from external damages (such
as humidity, oxygen, and physical stress). The thermal stability
of the encapsulant is another important aspect that needs to be
considered in relation to the long-term reliability as the LED
junction temperature reaches around 120 °C due to the Joule
heating during operation.5,6 The encapsulant also affects the
overall light extraction efficiency of LED. Without an
encapsulant, it has been reported that about 75% of emitted
light is reflected back to the LED chip by a total internal
reflection caused by the difference of refractive indexes between
the LED chip (n ≈ 2.4 for GaN LED) and air (n ≈ 1.0).7 On
the basis of the aforementioned considerations, a LED
encapsulant should have (i) a high refractive index for
improving light extraction from LED chip, and (ii) a sufficiently
high thermal stability without any discoloration during a long-
term operation of LED.
The materials conventionally used for LED encapsulants are

thermosetting epoxy resins and silicone-based materials.8,9

Despite excellent optical transparency in the visible range and

low gas permeability, thermosetting epoxy resins generally have
low refractive index and, more importantly, they cannot
maintain their transparency at the operating temperature of
LED and undergo heat-induced yellowing.10 As an attempt to
achieve high refractive index, epoxy composite resins in which
high refractive index nanoparticles (e.g., ZrO2) are dispersed
have been reported. However, such epoxy composite resins
show degraded thermal stabilities and optical properties due to
the lack of particle−matrix interfacial interactions and disturbed
cross-linking of the epoxy matrix.4,11 To address this issue,
silicone encapsulants are used as a LED encapsulant due to
their excellent thermal stability and optical clarity.12 For
example, methyl-silicone based encapsulants are reported to
exhibit excellent optical transparency and high thermal stability.
However, methyl-silicone encapsulants in general have low
refractive index (n ≈ 1.4) leading to limited light extraction
efficiency. Recently, phenyl-functionalized high refractive index
silicone encapsulants are reported.13,14 We have previously
reported a high refractive index phenyl-silicone (n ≈ 1.578)
with high thermal stability.14

Building on these efforts, in this paper, we report on a high
refractive index (n ≈ 1.58) LED encapsulant based on
zirconium-phenyl siloxane hybrid materials (ZPH) exhibiting
excellent long-term performance reliability (stable for 1008 h at
180 and 85 °C/85 RH condition). In the ZPH, homogeneous
Zr−O−Si heterometallic phases are introduced, along with
phenyl groups that have high molecular refractivity, in order for
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the final product to achieve a high refractive index of the final
product. The homogeneous Zr−O−Si heterometallic phases
are introduced via a mild sol−gel condensation, which allows
simple preparation of hybrid material.15

■ RESULTS AND DISCUSSION

As illustrated in Scheme 1, ZPH is fabricated by hydrosilylation-
derived curing of a resin blend consisting of vinyl-functionalized
zirconium-phenyl oligosiloxane resins (VZPO) and hydride-
functionalized zirconium-phenyl oligosiloxane resins (HZPO).
Each resin is synthesized via a mild nonhydrolytic sol−gel
condensation of diphenylsilanediol (DPSD) and vinyltrime-
thoxysilane (VTMS) (for VZPO) or methyldiethoxysilane
(MDES) (for HZPO) (Scheme 1a, b). For the incorporation of
the Zr−O−Si heterometallic phase (Scheme 1b), zirconium n-
propoxide (ZP) is added dropwise into each resin during the
sol−gel synthesis to achieve the formation of the homogeneous
heterometallic phase without any precipitation. Otherwise,
either the premixing or one-pot addition of the zirconium
alkoxide with other silane precursors results in the catastrophic
precipitation of zirconium oxides because of the high reactivity
of zirconium n-propoxide (see the Supporting Information,
Figure S1). The synthesized resins (both VZPO and HZPO)

and their resin blend are transparent, colorless and stable. The
stability of the resin results from the absence of alkoxy groups
(−OR) or hydroxyl groups (−OH) that are potentially reactive
sites that may degrade the stability of the resin (see the
Supporting Information, Figure S2). The VZPO/HZPO resin
blend is then dispensed on a LED chip and subsequently cured
via hydrosilylation reaction to form transparent ZPH
encapsulant (Scheme 1c).
The molecular structures of both VZPO and HZPO resins

were checked by 29Si NMR and FT-IR (Figure 1). Figure 1a
and 1b, respectively, show the 29Si NMR spectra of VZPO (Zr
3 at%) and HZPO (Zr 3 at%); data from each resin with Zr 1 at
% and Zr 5 at% can be found in Figure S3 in the Supporting
Information. The 29Si NMR spectra for both resins confirm the
formation of siloxane network (Figure 1a, b), as evidenced by
the existence of highly condensed Si species. The different
structural environments of the Si atoms can be identified
through the chemical shifts of Si (see the inset schemes in
Figure 1a, b). VTMS is a trimeric species that is denoted as Tn,
where the superscript “n” represents the number of siloxanes
bound on a Si atom. MDES and DPSD are dimeric species
denoted as Dn and D′n, respectively. The degree of

Scheme 1. Fabrication of Zirconium-Phenyl Siloxane Hybrid (ZPH) for LED Encapsulant: (a) Chemical Structures of the
Precursors Used for Synthesizing VZPO and HZPO Resin; (b) Schematic Illustration of the Synthesis of VZPO and HZPO
Resin; VZPO and HZPO are Multifunctional Oligosiloxanes Containing Zr−O−Si Heterometallic Phase That Are
Functionalized with Vinyl and Hydride Groups, respectively; (c) Hydrosilylation-Derived Curing of VZPO/HZPO Resin Blend
to Fabricate the ZPH Encapsulant; Inset Photographs are the VZPO/HZPO Resin Blend (left) and the ZPH-Encapsulated LED
Chip (right)
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condensation (DOC) for the siloxane network is calculated by

the following equation:16

= + + + +
+ + + + + +

×D D T T T
D D D T T T T

degree of condensation (DOC)

2 2 3
2( ) 3( )

100
1 2 1 2 3

0 1 2 0 1 2 3

The calculated DOC values for VZPO and HZPO with Zr 3 at
% were 83.2 and 82.9%, respectively, indicating that the
siloxane network is well-formed. The 29Si NMR spectra show
that there are no T0 and D0 species, confirming there is no
unreacted trimeric and dimeric species of VTMS, MDES, or
DPSD.
The existence of Zr−O−Si phase in both VZPO and HZPO

resins is checked by FT-IR analysis (Figure 1c, d). In both

Figure 1. 29Si NMR spectra of (a) VZPO with Zr 3 at %, and (b) HZPO with Zr 3 at %. The inset schemes represent the related structural
environment of Si atoms in each resin. FT-IR spectra of (c) VZPO resin and (d) HZPO resin with varying Zr contents. The broad peak at 1200−
1000 cm−1 is assigned to the siloxane network (Si−O−Si), and the broad peak around 950 cm−1 is the signature of the Zr−O−Si heterometallic
phases.

Figure 2. Hydrosilylation-curing behaviors of the VZPO/HZPO resin blends and thermal properties of cured ZPH encapsulants. (a) DSC profiles of
the VZPO/HZPO resin blends with varying Zr contents. The DSC exothermic peaks are signatures of the hydrosilylation-curing reaction. Note that
the introduction of Zr−O−Si phase facilitates the curing reactions, resulting in lower the maximum DSC exothermic peak temperature. (b) The
maximum DSC exothermic peak temperatures and 5 wt % loss temperature of the ZPH encapsulants with varying Zr contents (determined from
TGA). Note that ZPH exhibits higher thermal stabilities as a result of the facilitated hydrosilylation curing reactions.
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spectra, the broad band at 1000−1200 cm−1 assigned to the
siloxane network (Si−O−Si) is shown, which supports the
results from the 29Si NMR analyses. Note that the peak at 950
cm−1 in both FT-IR spectra confirms the formation of the Zr−
O−Si heterometallic phase, and the intensity of the peak is
increased with Zr content.17−19

As illustrated in Scheme 1c, the ZPH encapsulant is
fabricated by hydrosilylation-derived curing of the VZPO/
HZPO resin blend. All the encapsulant samples are designated
as ZPH X (X = 1, 3, and 5), where X represents the Zr content
from VZPO/HZPO resin blends. For the preparation of the
resin blend, VZPO and HZPO resins are mixed in an equivalent
ratio of vinyl and hydride groups, which are then compounded

with 80 ppm of platinum catalyst for the hydrosilylation
reaction. The hydrosilylation reaction behaviors for the VZPO/
HZPO resin blend with varying Zr contents were monitored by
DSC (Figure 2a). Interestingly, even with the same amount of
catalyst, the VZPO/HZPO resin blend showed a higher
reactivity than its zirconium-free version (i.e., vinyl-phenyl
oligosiloxane (VPO) and hydride-phenyl oligosiloxane (HPO)
resin blend), as evidenced by the lower temperature at the
maximum exothermic peak and the larger peak area (Figure 2a,
b). This result suggests that the incorporation of zirconium
promotes the hydrosilylation reaction. This is thought of as
being due to the additional catalytic effect provided by the Zr-
containing heterometallic phase, given that the hydrosilylation

Figure 3. Effects of encapsulant’s refractive index on light extraction efficiency. (a) Refractive index and corresponding luminous flux values of
encapsulated LED chips. A bare LED chip without encapsulant is used as reference. (b) Light extraction efficiency (LEE) of LED chips encapsulated
with PH, ZPH3, and OE-6630. The LEE values are normalized with respect to bare LED chip. Note that even a small increase in the encapsulant’s
refractive index results in noticeable enhancement of LEE.

Figure 4. Thermal stability tests of ZPH 3 and OE-6630. (a, b) UV−vis spectra of ZPH 3 and OE-6630 bulk sample (2 × 2 × 0.2 cm3) before and
after thermal aging at 180 °C for 1008 h, respectively. (c) CIE color coordinates of the LED encapsulated with ZPH 3 and OE-6630 before and after
aging at 85 °C/85 RH condition. (d) The change of transmittance (@450 nm) of ZPH 3 and OE-6630 after the thermal aging and change of
yellowness index (ΔYI) of ZPH 3 and OE-6630 encapsulated LED after aging in a thermo-hygrostat at 85 °C and 85 RH condition for 1008 h.
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reaction is catalyzed not only by late-transition metals like
platinum, palladium, and cobalt complexes (Chalk-Harrod
mechanism20), but also by some early-transition metals such as
zirconium and titanium derivatives.21−24 This additional
catalytic effect found in the ZPH is further confirmed in the
TGA analysis (Figure 2b and Figure S4 in the Supporting
Information). Note that all the ZPH exhibit higher thermal
decomposition temperatures compared to the PH (i.e.,
zirconium-free version), which confirms a higher degree of
curing of the ZPH.
The refractive index of ZPH with varying Zr contents and

their optical transmittances were assessed by a prism coupler
and UV−vis spectrometer, respectively (see Figure S5 in the
Supporting Information). As expected, the refractive index of
the ZPH increased proportionally with Zr contents due to the
high molecular refractivity of the zirconium heterometallic
phases.25 For examining the performance of ZPH as a LED
encapsulant, ZPH 3 was selected as the optimal sample as ZPH
3 exhibits best performances in terms of both high refractive
index and the initial optical transparency.
The effect that the refractive index of ZPH 3 encapsulant has

on the LED light extraction efficiency (LEE) is examined from
multiple photoluminescence measurements of the encapsulated
LED chips (Figure 3). The LEE, ηext, is defined by the luminous
flux at the observation surface over the total luminous flux from
LED chip as follows:26

η
η

η
=light extraction efficiency, ext

flux

total flux

where ηflux is the luminous flux received from observation
surface and ηtotal flux is the total luminous flux generated by the
active region of LED. Figure 3a compares the luminous flux
values of a bare LED chip and those from LED chips
encapsulated with PH, ZPH 3, and OE-6630 (a commercial
LED encapsulant from Dow Corning Corporation) along with
their refractive index; these values are averaged from multiple
measurements. Note that even small increments in the
encapsulant’s refractive index result in noticeable enhancement
in the luminous flux. The normalized LEE values derived from
the above equation verify that the LEE can be increased by
12.7% with ZPH 3 encapsulation (Figure 3b).
To evaluate the performance reliability in terms of thermal

stability, we annealed the ZPH 3 encapsulant at 180 °C for
1008 h and the transmittance of the ZPH 3 was checked before
(Figure 4a) and after (Figure 4b) the thermal aging. The OE-
6630 encapsulant was used as reference for comparison. For the
ZPH 3, the transmittance value (88% at 450 nm) was
maintained even after 1008 h of aging without any discoloration
(photographs shown in the inset of Figures 4a and 4b), while
OE-6630 ended up with a considerable degradation in the
transmittance. This result confirms the excellent long-term
high-thermal stability of the ZPH 3 encapsulant. The long-term
reliability of the ZPH 3 encapsulant was further checked in an
additional test using a thermo-hygrostat, in which the
encapsulated LED was aged under 85 °C and 85 RH condition
for 1008 h. Then the CIE color coordinates and the luminous
flux of the encapsulated LEDs were measured before and after
aging (Figure 4c and Figure S6 in the Supporting Information).
From the measured CIE color coordinate value of the
encapsulated LED, a yellowness index (YI) was calculated by
the following equation (ASTM D1945):

= × −X Z
Y

yellowness index (YI) 100
1.28 1.06

The calculated ΔYI value of the ZPH 3 was remarkably smaller
than that of OE-6630 (Figure 4d), and the variation of
luminous flux value of the ZPH 3 encapsulated LED was also
smaller than that OE-6630 (see the Supporting Information,
Figure S6), which shows a consistent tendency as in the case of
thermal aging.
Thermomechanical property, which is important for LED

encapsulant, of the ZPH 3 was confirmed by dynamic
mechanical analysis (DMA) in the temperature range from
−50 to 200 °C. The rubbery state storage modulus is about 70
MPa, which is comparable to that of OE-6630 (∼40 MPa),
confirming that the ZPH 3 encapsulant possesses sufficiently
workable thermomechanical characteristic as LED encapsulant
(see the Supporting Information, Figure S7).

■ CONCLUSIONS

In summary, we report a robust, high refractive index (n≈1.58)
LED encapsulant using zirconium-phenyl siloxane hybrid
material (ZPH). The ZPH was fabricated via hydrosilylation
between the sol−gel derived vinyl- and hydride- functionalized
zirconium-phenyl oligosiloxanes, containing Zr−O−Si hetero-
metallic phases. The Zr−O−Si heterometallic phase gives not
only enhanced refractive index but also an additional catalytic
effect to the hydrosilylation reaction. The optical properties of
the ZPH maintained after 1008 h of thermal aging at 180 °C,
showed excellent thermal resistance against discoloration.
These high thermal stability and high refractive index are
critical characteristics for the LED encapsulant for long-term
reliability of LED.

■ EXPERIMENTAL SECTION

Synthesis of VZPO Resin. Vinyltrimethoxysilane (VTMS,
> 98%, Tokyo Chemical Industry), zirconium n-propoxide (ZP,
70% solution in 1-propanol, Aldrich), and diphenylsilanediol
(DPSD, 98%, Gelest) were used as precursors. Barium
hydroxide monohydrate (Aldrich) was added as a basic catalyst
to promote reaction (0.1 mol % of total silane precursors) and
p-xylene (Aldrich) were added for homogeneous synthesis (10
wt % of total precursors). We synthesized VZPO resin using
nonhydrolytic sol−gel condensation of VTMS and DPSD (1:1
molar ratio) at 80 °C while stirring. After the resin being clear,
ZP was added dropwise into the resin (1, 3, and 5 mol % of
total Si). A clear, homogeneous resin could not be obtained
when the Zr contents is more than 5%. Total reaction time was
4 h. The synthesized resins were filtered through a 0.45 μm
Teflon filter and vacuum heated to remove volatile
components.

Synthesis of HZPO Resin. Methyldiethoxysilane (MDES,
Gelest), ZP, and DPSD were used as precursors. Amberlite
IRC76 (Aldrich) was added as an acidic catalyst to promote
reaction (0.1g for 0.2 mol of total silane precursors). Because
the silicon hydride group is damaged by basic condition, the
acidic catalyst was used for sol−gel reaction. We synthesized
HZPO resin using nonhydrolytic sol−gel condensation of
MDES and DPSD (1:1.5 molar ratio) at 100 °C. After an hour,
ZP was added dropwise into the resin (1, 3, and 5 mol % of
total Si). A clear, homogeneous resin could not be obtained
when the Zr contents is more than 5%. Total reaction time was
12 h. The synthesized resins were filtered through a 0.45 μm
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Teflon filter and vacuum heated to remove volatile
components.
Fabrication of ZPH. The VZPO resin was mixed with the

HZPO resin in a 1:1 vinyl:hydride ratio and a 0.4 wt % (80
ppm) of Pt Karstedt’s catalyst [Platinum(0)-1,3-divinyl-1,1,3,3-
tetramethyldisiloxane complex solution in p-xylene (∼2% Pt),
Aldrich] was added. For the thermal hydrosilylation reaction
between vinyl groups and hydrosilane groups, the mixed resins
were cast into a glass mold (thickness = 2 mm), then heat cured
at 150 °C for 3 h in air.
LED Encapsulation. The encapsulants were dispensed on

LED, and then surface-flattening was followed for consistency
of the encapsulating process. The LED encapsulation using
ZPH was processed at 150 °C for 3 h in air, which is the same
condition for the fabrication of ZPH bulk; the curing
temperature was determined from the DSC analysis. The
LED encapsulation using PH was carried out at 150 °C for 4 h
in air as reported in the previous paper.14 Finally, the LED
encapsulation using OE-6630 was conducted at 150 °C for an
hour in air, which is same condition in the catalog from Dow
Corning Corporation (See http://www.dowcorning.com/
applications/search/default.aspx?R=6577EN for more details).
Characterizations. The 29Si nuclear magnetic resonance

(NMR) spectra of the VZPO and HZPO resins with chromium
acetylacetonate (concentration of 30 mg/L) in 50 vol %
chloroform-d were measured using a FT 500 MHz (Bruker
Biospin, DMX600). Fourier transform-infrared (FT-IR) spectra
(JASCO, FTIR 460 plus) were measured in air to confirm the
molecular structure of VZPO and HZPO. Differential scanning
calorimeter (DSC, Netzsch, DSC 200 F3Maia) curves were
measured in air to study the thermal hydrosilylation curing
behavior of VZPO/HZPO resin blends with Pt catalyst. A
thermal gravimetric analysis (TGA, TA TGA Q50) was
performed in air condition to measure thermal decomposition
of the ZPH. The optical transmittances the ZPH and OE-6630
bulks were measured by an ultraviolet−visible-near-infrared
(UV/vis/NIR) spectrophotometer (Shimadzu, UV-3101PC).
Luminous flux and CIE color coordinates of the encapsulated
LEDs were measured by a DARSA PRO 5100 PL System (PSI
Trading Co., Ltd.) under a forward bias current of 20 mA at
room temperature. An integrating sphere was used for the
measurement. The refractive index of the ZPH was measured
by prism coupler (Metricon, 2010/M) at 633 nm. The dynamic
mechanical analysis (DMA, TA 2980 DMA) was performed in
the temperature range from −50 to 200 °C with 5 °C/min
ramping rate under 1 Hz and 0.15 μm oscillating amplitude.

■ ASSOCIATED CONTENT

*S Supporting Information
A photograph of the precipitated resin, FT-IR and 29Si NMR
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