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ABSTRACT: Application of quantum dots as a color
converter in white light-emitting diodes (WLEDs) has been
highly restrained because of its lower stability under the
operating conditions of LEDs. The feasibility of using quantum
dots in WLEDs has been studied and demonstrated by
developing a non-conventional packing technique. Multiple
core shell CuInS2/ZnS quantum dots were coated by silica,
and the silica-coated quantum dots were dispersed in
ethoxylated trimethylolpropane triacrylate to form a color
conversion film. This along with phosphor in a glass plate
made of Y3Al5O12:Ce

3+ phosphor was stacked in different
configurations, and its effect on color rendering of WLEDs was
studied. In addition, the configuration developed here protects
the color converter from thermal strain and moisture.
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■ INTRODUCTION

White light-emitting diode (WLED) technology, after its
discovery, has been riding on the Y3Al5O12:Ce

3+ (YAG:Ce3+)
phosphor mainly because of its unparalleled efficacy. Because of
weak red emission of YAG:Ce3+, the color rendering index of
the combination is far less than what is needed for a general
lighting purpose. This has primarily restrained the system from
widespread use, as it had envisaged a decade back. The lack of
appropriate red-emitting phosphor together with inherent
problems, such as reabsorption, has made the task difficult.1−3

Over the past several years, many red-emitting phosphors,
including quantum dots (QDs) and quantum wires, have been
proposed. These red-emitting phosphors, such as CaAlSi-
N3:Eu

2+, Y2O2S:Eu
3+, etc., were seen as a good bet.4,5 The

proposed phosphors have improved the color rendering index
(CRI) of the combination but at the expense of the efficacy,
while QDs could not be employed because of its low stability.
To overcome this, QDs have been successfully embedded in a
polymer encapsulant,6−8 silica, and glass matrix.9−12 A few of
these encapsulation techniques were employed in WLED
packaging, and comparative studies have been carried out.13−15

The mixtures of YAG:Ce3+ phosphor along with red
components have consistently proven to yield lower efficiency,
despite providing desired CRI as a result of reabsorption.16

In this study, we have successfully developed a new
packaging technique by employing phosphor in glass (PiG)
along with QDs embedded in silica and polymers. CuInS2/ZnS
QDs were synthesized through the heating method, and the
shell formation was accompanied by timely injection of ZnS
shell stock solution and subsequent stirring. After the

completion of shell formation, to disperse QDs in the ethanol,
ligand exchange was performed. Quantum dot embedded silica
(QDES) particles were synthesized through modified sol−gel
chemistry by the Stöber−Fink−Bohn method and seeded
growth.17

■ EXPERIMENTAL SECTION
Luminescent polymer films were prepared by dispersing QDES in
ethoxylated trimethylolpropane triacrylate (ETPTA). ETPTA was
chosen to disperse the QDES because the refractive index of the
polymer matches exactly with that of silica in colloidal form and,
thereby, eliminates refractive dispersion of light within the system. In
addition, the viscoelastic properties of the polymer ensure the least
coalescence among QDES and, thereby, uniform dispersion in the
polymer. QDES dispersed in ethanol was centrifuged and dried at 60
°C for about 6 h. Dried QDES was then mixed with ETPTA and
photoinitiator 2-hydroxy-2-methyl-1-phenyl-2-propanone at a ratio of
1:10. The mixture was then applied on a glass slide lined with scotch
tape and compressed with another glass slide of the same dimension.
This arrangement was kept under ultraviolet (UV) light for 10 min,
and the hardened QDES-dispersed ETPTA film (Q-ETPTA) was
sliced into a thin circular disc of appropriate dimension.

Synthesis of QDs starts by loading 0.5 mmol (0.095 g) of CuI, 0.5
mmol (0.146 g) of In(Ac)3, and 5 mL of 1-dodecanethiol (DDT) in 50
mL of a three-neck flask. The reaction mixture was degassed during
heating to 100 °C, backfilled with Ar, and subsequently, further heated
to 230 °C within 10 min. The growth of CuInS2 core QDs was allowed
for 5 min at that temperature. For the ZnS shell overcoating, a ZnS
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shell stock solution, zinc undecylenate (0.3 mmol), dissolved in 1.5
mL of 1-aminodecane was injected every 30 min and stirred for 4 h to
complete ZnS shell formation on the surface of CuInS2 QDs.18

Ligand-exchanged QDs dispersed in ethanol were injected into the
system, 30 min after initiating the process during the initial stage of
seed growth. A total of 5 mL of 3-aminopropyltrimethoxysilane was
added to the system at a temperature of 140 °C, and the temperature
was maintained for 10 min. The QDES matrix formed by self-
silanization was then precipitated, and the particles were filtered from
the solution and allowed to dry for 30 min at 65 °C. CuInS2/ZnS QDs
were then treated with 2 mL of MUD reaction solution and stirred for
15 min. The stirred solution was then transferred to ethanol medium,
and ligand-exchanged CuInS2/ZnS QDs were precipitated out by
adding hexane to it. The final solution was purified using
centrifugation and stored in ethanol.19

QDES particles were synthesized through a modified sol−gel
chemistry by the Stöber−Fink−Bohn method and seeded growth.17

Ligand-exchanged QDs dispersed in ethanol were injected into the
system, 30 min after initiating the process during the initial stage of
seed growth. A total of 5 mL of 3-aminopropyltrimethoxysilane was
added to the system at a temperature of 140 °C, and the temperature
was maintained for 10 min. QDES matrix formed by self-silanization
was then precipitated, and the particles were filtered from the solution
and allowed to dry for 30 min at 65 °C.
PiGs were prepared from YAG:Ce3+, and glass frit was prepared

from the constituents B2O3, Al2O3, SiO2, K2O, and ZnO in an
appropriate proportion to form the (SiO2−ZnO−B2O3)−Al2O3−K2O
system, where SiO2−ZnO−B2O3 constitutes 80 wt %, while Al2O3 and
K2O constitute 5 and 15 wt %, respectively. SiO2−ZnO−B2O3 is
composed of 25, 35, and 25 wt % of SiO2, ZnO, and B2O3,
respectively. The constituents are then mixed and homogenized to
form a proper glass frit. A detailed procedure of the preparation of PiG
is described elsewhere.20,21 In brief, the glass frits were mixed with
YAG:Ce3+ phosphor at a ratio of 3:97 by weight and then compressed

into a circular disk. These were then fired at 600 °C for 30 min and
naturally cooled to room temperature, and the obtained discs (Figure
3a) were polished and used for further studies.

Morphologies of the synthesized QDs and QDESs were
characterized using a Hitachi S-4700 field emission scanning electron
microscope. The photoluminescence (PL) measurements were carried
out on a Hitachi F-4500 spectrophotometer equipped with a 150 W
xenon lamp as the excitation source. Thermal quenching studies were
carried out on custom-made equipment consisting of a heater, sensor,
and fluorescence spectrometer. The electroluminescence (EL)
spectrum of the glass plate was measured using a Dasara Pro-5200
EL spectrometer.

■ RESULTS AND DISCUSSION

Figure 1a shows the PL spectra of CuInS2/ZnS QDs. About 3
nm sized QDs were synthesized through the heating method.
The as-synthesized QDs verifying the typical color variation
with size and spherical shape were obtained with monodisper-
sity, as confirmed from the transmission electron microscopy
(TEM) image shown in Figure 1d. The emission spectra
consist of a broadband with peaks positioned from 550 to 600
nm, under 450 nm excitation. The measured quantum yield of
synthesized QDs in solution was about 60%, with a full width at
half maximum (fwhm) of 102 nm. The ligands were exchanged
to hydroxyl-functionalized ligands to make QDs disperse in
polar solvents. QDs collected by precipitating out show red
emission because of their enlarged size, as compared to the as-
prepared QDs. By embedding QDs in silica, we successfully
achieved QDES through a Stöber−Fink−Bohn method and a
rapidly seeded growth. The hydroxyl-functionalized ligands on
QDs ensured the effective trapping of the QDs in the silica
matrix instead of adsorbing it on the surface of the silica sphere.

Figure 1. (a) PL emission spectra of synthesized QDs. (b) QDs under UV excitation. (c) Scanning electron microscopy (SEM) image of QDES. (d)
EDS spectra of QDES. The inset of panel d shows the lattice fringes obtained from TEM.
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In addition, the rapid seeding technique, quite interestingly,
trapped a number of QD particles of about 3 nm in size in
spherical silica of about 230 nm in diameter, as shown in Figure
1c. To validate the possibility of chemical reactions between
CuInS2/ZnS QDs and silica, the chemical compositions of
QDES were measured by energy-dispersive X-ray spectroscopy,
and the results are shown in Figure 1d. Energy-dispersive
spectra (EDS) show all of the elements, including sulfur, in
expected ratios, and no chemical reaction between CuInS2/ZnS
QDs and silica could be inferred.
Figure 2 shows the thermal stability of QDES in comparison

to that of QDs. As the temperature is increased from room

temperature to 150 °C, the emission intensities of QDES were
reduced more smoothly than those of QDs. Generally, QDs
have low thermal stability. When the temperature is increased,
oxides formed are diffused to QD’s core and cause photo-
oxidation. In comparison to QDs, QDES has a silica matrix as a
buffer, which absorb damages from thermal shock. Although
the stability of QDES was improved, further enhancement is
required to reduce the thermal damages of QDs from LED
chips.
Generally, LED chips are prepared by silicon resin, dispersed

in phosphor as an encapsulant. In this case, phosphor in
silicone resin undergoes thermal stress directly and reduces
LED efficiency. Therefore, we propose a new concept of the
WLED package by stacked QDES film on a robust phosphor
plate. To improve the stability, QDESs were packaged as a film
by dispersing QDES in ETPTA resin at a ratio of 8:2 by weight.
About 0.4 mm thick films were achieved. The film was of
uniform thickness and shows optical transparency in the visible
region of the spectrum, indicating that QDES powders were
well-dispersed in ETPTA films. To make WLED, the above Q-
ETPTA films, which emit orange light, and the YAG:Ce3+

phosphor plate prepared by dispersing YAG:Ce3+ phosphor in a
glass frit were used in remote phosphor configuration. For a
comparative analysis, we also synthesized YAG:Ce3+ film by
dispersing the phosphor in ETPTA (Y-ETPTA). Remote
phosphor configuration, which maintains appreciable distance
between blue/UV emitting chip and color converters, does the
least damage to them, in addition to providing smooth
chromaticity variation and enough diffusing effect by concealing
the point source.

To start with, in terms of luminescence, the least favorable
configuration of stacking the Q-ETPTA film, the above Y-
ETPTA, was used, because the operating temperature of LEDs
could damage the QDES in the long run as a result of direct
heat from the LED chip, if a reverse order is used. However, it
was observed that luminous efficacy of the WLED system
prepared from the mixture was less compared to that of
separate films stacked one over the other. Even though the Q-
ETPTA floating film stacked over Y-ETPTA on the LED chip
was delivering higher CRI and efficacy, the arrangement could
not immaculately prevent thermal shock imparted on QDES by
the LED chip. To overcome the thermal effect, we applied a
new type of packaging in remote phosphor configuration using
PiG. Instead of the ETPTA resin matrix, a PiG with YAG:Ce3+

phosphor having a higher thermal resistivity was used.
Prototype WLEDs were fabricated using a surface-mounted-
type InGaN-based blue-emitting (450 nm) LED employing
remote phosphor configuration. PiG plates were prepared from
YAG:Ce3+ and glass frit and polished to an appropriate
thickness before stacking with Q-ETPTA, and the arrangement
was fixed on top of a LED chip, as shown in Figure 3c. In this

configuration, the PiG plate, which itself maintains an
appreciable distance from the chip, was placed between the
LED chip and QDES films. Because the PiG plate is placed far
from the LED chip, heating of the phosphor is considerably
reduced and, in addition, the PiG plate, which has a lower
thermal conductivity, maintains a higher temperature gradient
across it and blocks the thermal stress on the QDES from the
LED chip.20 Moreover, PiG withstands and protects ETPTA
from the usual photo-induced damages on the packaging
materials caused by unconverted high-energy radiations
traversing through it. All of these together ensure supreme
spectral and mechanical stability of the WLED system over
time. Figure 4 shows the EL of WLEDs fabricated using stacked
Q-ETPTA over PiG under various forward bias current values.
The image in the inset of Figure 4 shows the CIE color
coordinates of the four different WLEDs fabricated, viz., PiG +
Q-ETPTA, Y-ETPTA + Q-ETPTA, QDES-YAG, and QD-YAG
systems. The proposed WLED configuration using PiG and Q-

Figure 2. Thermal quenching characteristics of QDES in comparison
to QDs.

Figure 3. (a) Photograph of PiG. (b) Q-ETPTA film stacked on PiG.
(c) Schematic diagram of the WLED. (d) Photograph of Q-ETPTA
film under UV illumination. (e) WLED under operation.
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ETPTA shows white-light emission with CIE color coordinates
of (0.363, 0.324) and CRI of 91 under a bias current of 20 mA.
Spectral details of other configurations along with representa-
tive configuration are tabulated in Table 1.

Instead of stacking Q-ETPTA over PiG, a much more
desirable configuration of PiG−Q-ETPTA units could be
prepared by applying ETPTA along with the photoinitiator on
the polished PiG surface, compressing the Q-ETPTA on it with
a suitable load, and subsequently, exposing the arrangement in
UV radiation. The later arrangement could avoid the air
interface between PiG and Q-ETPTA, and the refractive
dispersion losses arising from it could be further eliminated.
However, in this study, the Q-ETPTA was simply stacked on
PiG and EL stability of the floating film arrangement was
analyzed. Figure 5 shows time-dependent EL peak intensity
against time for different configurations of WLED. The
conformal LEDs using YAG:Ce3+ and QDs exhibited 36% of
initial intensity, while the combination of YAG:Ce3+ and QDES
exhibited 70% of initial intensity. In the case of the Y-ETPTA
and Q-ETPTA combination, as the operating time increases,
thermal stress arises and degrades the luminescence as much as
30% of the initial emission intensity. However, usage of PiG
results is outstanding and invariant, maintaining 97% of the
initial intensity.

■ CONCLUSION
To conclude, we have successfully developed a new packaging
technique for using QDs as color converters. The configuration

provides excellent color rendering and protects the QDs from
vulnerable operation conditions, such as thermal decomposi-
tion, oxidation, etc. In addition, the proposed configuration
provides the highest luminous efficiency among the studied
configurations.
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