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ABSTRACT: In this work, we report the solvothermal synthesis of Ce-doped YAG (YAG:Ce)
nanoparticles (NPs) and their association with a free-Cd CuInS2/ZnS (CIS/ZnS) core/shell
QDs for application into white light emitting diode (WLED). 1500 °C-annealed YAG:Ce NPs
and CIS/ZnS core/shell QDs exhibited intense yellow and red emissions band with maxima at
545 and 667 nm, respectively. Both YAG:Ce nanophosphor and CIS/ZnS QDs showed high
photoluminescence quantum yield (PL QY) of about 50% upon 460 nm excitation. YAG:Ce
nanophosphor layer and bilayered YAG:Ce nanophosphor-CIS/ZnS QDs were applied on blue
InGaN chip as converter wavelength to achieve WLED. While YAG:Ce nanophosphor
converter layer showed low color rendering index (CRI) and cold white light, bilayered
YAG:Ce nanophosphor-CIS/ZnS QDs displayed higher CRI of about 84 and warm white light
with a correlated color temperature (CCT) of 2784 K. WLED characteristics were measured as
a function of forward current from 20 to 1200 mA. The white light stability of bilayered
nanophosphor-QDs-based WLED operated at 200 mA was also studied as a function of
operating time up to 40 h. Interestingly, CRI and CCT of such device tend to remain constant after 7 h of operating time
suggesting that layer-by-layer structure of YAG:Ce phosphor and red-emitting CIS/ZnS QDs could be a good solution to achieve
stable warm WLED, especially when high current density is applied.
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■ INTRODUCTION

Phosphor-converted white light-emitting diode (pc-WLEDs)
have received considerable attention because of their potential
applications in solid-state lightings and display systems.1 The
wide interest in pc-WLEDs arises from their unique properties
including low power consumption, environmental friendliness,
small volume, long lifetime, and many more, making these
devices very promising candidates to replace currently used
incandescent and fluorescent lamps.2−5 Typical pc-WLED
consists of a 460 nm InGaN blue LED chip and Ce-doped
yttrium aluminum garnet (YAG:Ce) phosphor, which
efficiently converts a blue light from LED into a very broad
yellow emission band, generating a white light by the
combination of blue and yellow lights.6,7 YAG:Ce-based
WLEDs possess many advantages compared to other WLEDs
systems as easy fabrication and low cost. However, the light
from YAG:Ce-based WLEDs is colder and bluer than that from

conventional incandescent and fluorescent devices. Indeed,
YAG:Ce/blue LED system has a poor color rendering index
(CRI) because of the red-deficiency of YAG:Ce phosphor,
which hinders the development of WLEDs with high CRI
(>80) and low correlated color temperature (CCT). To
overcome these problems, two approaches have been proposed
in the literature. One consists in the modification of its
chemical composition either (i) by codoping using rare earth
ions that can emit red emission, such as Cr3+, Pr3+, Sm3+, and
Mn2+,8−12 or (ii) by substituting Al3+ and Y3+ in Y3Al5O12

structure by other cations, such as Tb3+, Gd3+, and Mg2+,8,13,14

and finally (iii) by replacing O2− anions by ligands with a lower
electronegativity such as N3− with Si4+ charge compensation.5
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This way successfully leads to YAG:Ce emission spectrum shift
to longer wavelengths but unfortunately causes noticeable
decrease in emission intensity and luminous efficiency of pc-
WLEDs while the Ce3+ emission red-shift is limited.15 The
second method consists in mixing YAG:Ce phosphor with red
or orange-emitting phosphors including nitrides, oxynitrides
phosphors, such as Eu2+-doped M2Si5N8 (M = Ca, Sr or Ba),
MAlSiN3, and MSi2O2N2 (M = Ca or Sr), and sulfides
phosphors, such as Eu2+-doped CaS, SrS, and (Sr,Ca)S.16

Although this method has been widely adopted to achieve
warm WLED, moisture instability of sulfide, and high reaction
temperature (over 1800 °C) and pressure of nitride phosphors
are critical problems.15 Currently, the development of semi-
conductor nanocrystals, so-called quantum dots (QDs), as
wavelength converter materials for WLEDs is widely under
progress.17,18 The growing interest of QDs in solid state
lighting technology lies in the fact that these emitters have
many advantages compared to conventional micro-sized
ceramic phosphors, for examples, tunable emission by simply
altering the nanocrystal size or composition, very narrow band
emission, saturated color, high quantum efficiency (QE), and
non-scattering properties because of their small size.19−21

Recently, significant progress has also been made toward large-
scale synthesis of this class of luminescent nanomaterials.22,23

Among them, Cd-free QDs are attracting more and more
attention from scientists and lighting devices manufacturers
mainly because of their low toxicity compared to Cd-based
ones such as CdSe, CdTe, and CdS QDs. It especially includes
core/shell QDs such as InP/ZnS, doped core/shell QDs, such
as ZnSe:Mn/ZnS, and alloy core−shell QDs, such as CuInS2/
ZnS (CIS/ZnS).23−27 Combined with a blue or near-UV LED
chip, CIS/ZnS QDs with various Cu/In ratios have been used
as wavelength-converters to make QDs-WLEDs. For instance,
highly luminous efficiency of 63.4 lm W−1 and CRI of 72 were
reported when yellow-emitting CIS/ZnS core/shell QDs (Cu/
In = 1/4) were combined with blue LED chip at a forward
current of 20 mA.23 Orange-emitting CIS/ZnS QDs with a
peak wavelength at 570 nm have also been used to correct red-
deficiency of YAG:Ce phosphor.28 Zou and co-workers also
randomly mixed red-emitting CIS/ZnS QDs with commercial
yellow emissive YAG:Ce and green emissive Eu2+-doped silicate
phosphors to achieve warm white LED.29 Despite the
successful application of CIS/ZnS QDs as wavelength
converters in low power LEDs, little attention was paid so far
to the stability overtime of such nanomaterials in WLED
especially when high forward current (≥200 mA) is applied.
This is partly because of high temperature-dependence of the
luminescence of CIS/ZnS QDs. Besides, YAG:Ce phosphor is
conventionally synthesized at high temperature via a solid-state
reaction process or other high temperature methods under H2
reducing atmosphere to prevent Ce3+ from oxidation thus
requiring expensive and complicated process. In this study, we

synthesized YAG:Ce nanophosphor via solvothermal method
according to our previous report.30 To achieve highly crystalline
and efficient garnet phosphor, solvothermally synthesized
YAG:Ce nanoparticles (NPs) were annealed at 1500 °C
without H2 reducing flux. Otherwise, phosphor arrangement
and geometry are one of the key parameters toward high light
extraction, high lifetime and better color control in WLE
devices.31,32 For instance, You et al. reported that bilayered
red/yellow phosphors configuration had higher luminous flux,
higher phosphor conversion efficiency and lower junction-
temperature compared to conventional random mixed
phosphor case at the same CCT.33 Indeed, separate red and
yellow phosphors considerably lead to low back reflection of
light inside the WLED package. In this work, YAG:Ce
phosphor and CIS/ZnS core−shell QDs were separately
dispersed in silicone resin and piled up as red/yellow bilayered
luminescent film as shown in Figure 1. The resulting YAG:Ce-
CIS/ZnS QDs bilayered structure was then combined with blue
LED to achieve warm WLED having high CRI (>80).

■ EXPERIMENTAL SECTION
Synthesis of Ce-Doped YAG Phosphor. YAG:Ce phosphor was

prepared from yttrium and cerium acetate mixed with aluminum
isopropoxide in a glycol solvents according to a solvothermal method
already detailed in our previous report.30 The as-synthesized YAG:Ce
suspension was dried at 80 °C. The dried pale-yellow powder was then
annealed at 1500 °C in a muffle furnace for 4 h. A bright yellow
phosphor powder was obtained.

Synthesis of CIS/ZnS Core/Shell QDs. CIS Core Synthesis. In a
typical synthesis, 0.14 mmol of CuI and 0.2 mmol of In(OAc)3 were
dispersed in 50 mmol octadecene into a three-neck flask under argon
flow. The flask was next degassed for 20 min under vacuum at 75 °C
to remove water and oxygen traces. Dodecanethiol (8.3 mmol) were
then injected, and the temperature was raised to 210 °C. The reaction
time was fixed at 20 min.

Core/Shell CIS/ZnS Synthesis. To the crude CIS QDs obtained
after 20 min heating, 0.4 mmol of anhydrous zinc acetate and 4.2
mmol of oleylamine were added. The temperature was next increased
to 220 °C and the mixture maintained at that temperature for 2.5 h.
The reaction flask was then cooled down to room temperature. The
resulting CIS/ZnS QDs were precipitated with an excess of ethanol,
purified repeatedly with a solvent combination of chloroform/ethanol
by centrifugation and dried under vacuum for 12 h.

Preparation of YAG:Ce/Silicone and YAG:Ce-CIS/ZnS QDs/
Silicone Films. To conduct a comparative study, we separately
prepared YAG:Ce/silicone and YAG:Ce-CIS/ZnS QDs/silicone films.

Preparation of YAG:Ce/Silicone Film. YAG:Ce/silicone mixture
was prepared by dispersing 0.68 g of YAG:Ce phosphor in 6 g of
silicone resin/curing agent (Gelest OE (TM) 41, 2-part Silicone RTV
Encapsulant PP2-OE41, ABCR), the mixture was stirred at room
temperature for 1 h. To achieve highly homogeneous phosphor/
silicone luminescent film, the mixture was vigorously mixed using a
mechanical mixer. The YAG:Ce/silicone film was prepared by casting
the final mixture, on a Teflon surface, by means of a coat-master
509MC-Erichsen (Dr Blade). The Dr Blade knife height was 1200 μm

Figure 1. Schematic of fabrication of YAG:Ce-CIS/ZnS QD-based WLED Device.
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and casting speed was 20 mm.s−1. After having been casted, YAG:Ce/
silicone film was allowed to dry on the Dr Blade plate for 15 min at 85
°C, then in an oven at 85 °C for 12 h. The measured final thickness of
the film using a CADAR-MI20 was 830 μm.
Preparation of Bilayered YAG:Ce-CIS/ZnS QDs. The preparation of

bilayered YAG:Ce-CIS/ZnS QDs was carried out in two steps. At first,
YAG:Ce/silicone film was prepared according to the procedure
described above. Second, CIS/ZnS-silicone mixture was cast on the
surface of YAG:Ce/silicone film using Dr Blade method (Figure 1).
CIS/ZnS-silicone mixture was prepared by mixing CIS/ZnS QDs
suspension (0.2 g in chloroform) with 2.7 g of silicone resin. The
chloroform solvent was then removed by heating at 85 °C. The final
CIS/ZnS-silicone mixture was prepared by adding the curing agent to
QD-silicone resin mixture. After it was dried in an oven at 85 °C for 12
h, the measured final thickness of the bilayered YAG:Ce-CIS/ZnS was
1200 μm.
Fabrication of YAG:Ce-CIS/ZnS QD-Based WLED Device.

YAG:Ce-QD-based WLED was fabricated by combining 100 × 100
mm2 InGaN-based blue LED (λem = 450 nm, non-epoxy molding
packages, Optogan Co., Ltd.) with a bilayered YAG:Ce-CIS/ZnS QD
film in remote configuration (Figure 1). Blue LED was connected to
current regulator working in the range of 1−2 A and 1−30 V. The
phosphor film and chip were separated by a reflector cup. The distance
between phosphor film and chip was estimated to be 12 mm.
Characterization. The XRD measurements were performed using

a Philips Xpert Pro diffractometer with Cu Kα radiation. Transmission
Electron Microscopy (TEM) images were taken by placing a drop of
the particles in solvent onto a carbon film-supported copper grid.
Samples were studied using a Philips CM20 instrument operating at
200 kV. Scanning electron microscopy (SEM) images were recorded
by means of a ZEISS Supra 55VP scanning electron microscope
operating in high vacuum between 4 and 15 kV, using secondary
electron detector (Everhart-Thornley detector). Specimens were
prepared by sticking powder on the surface of an adhesive carbon
film. Photoluminescence (PL) emission and excitation features as well
as absolute photoluminescence quantum yield (QY) values were
measured using a C9920-02G PL-QY measurement system from
Hamamatsu. The setup comprises a 150 W monochromatized Xe
lamp, an integrating sphere (Spectralon Coating, Ø = 3.3 in.) and a
high sensitivity CCD spectrometer for detecting the whole spectral
luminescence. Photoluminescence excitation (PLE) spectra were
obtained by exciting the samples from 250 to 600 nm with 3 nm
increment and measuring their absolute QY. Absolute QY values were
then used and combined with the absorption coefficient (also
measured by the apparatus) to plot the excitation spectra. Electro-
luminescent (EL) spectrum, luminous efficiency, CCT, Commission
Internationale de l’Eclairage (CIE) color coordinates and CRI of the
fabricated YAG:Ce and YAG:Ce-CIS/ZnS-based WLEDs were
measured at room temperature under forward currents of 20, 40, 60,
80, 100, 120, 200, 400, 600, 800, 1000, and 1200 mA (corresponding
to applied voltage of 7.6, 7.7, 7.8, 7.9, 8, 8.1, 8.2, 8.5, 8.7, 8.9, 9.1, and
9.3 V respectively) in an integrating sphere with a diode array rapid
analyzer system (GL Optic integrating sphere GLS 500).

■ RESULTS AND DISCUSSION

The YAG:Ce nanocrystals and CIS/ZnS QDs were first
characterized by XRD as shown in Figure 2. CIS/ZnS QDs
exhibited three peaks of (112), (204)/(220), and (312)/(116)
reflection planes (JCPDS Card N° 85−1575), which agree with
the chalcopyrite phase of CuInS2. In accordance with the
literature,34 the overcoating of CIS QDs with ZnS phase led to
the overall shift of the reflection peaks to a larger 2θ values
because of smaller lattice parameter of zinc blende ZnS (a =
0.5345 nm) compared to chalcopyrite CuInS2 phase (a =
0.5517 nm). All diffraction peaks of as-prepared YAG:Ce NPs
correspond to the pure Y3Al5O12 phase (JCPDS file 88-2048)
indicating that Ce3+ dopants were incorporated into the YAG
host lattice without altering the original structure of YAG

(Figure 2a).35 Broad peaks are consistent with the formation of
YAG:Ce NPs as shown by TEM (see Supporting Information
Figure S1). As expected, annealing of YAG:Ce NPs at 1500 °C
leads to both an increase in diffraction intensity and a decrease
in full-width at half-maximum (fwhm) because of the
improvement of crystallinity, as well as the increase in crystallite
size (Figure 2b). TEM and SEM images of annealed YAG:Ce
nanocrystals and CIS/ZnS QDs are shown in Figure 3. TEM
images of a representative CIS/ZnS QDs revealed the presence
of well-dispersed monodisperse and spherical/ellipsoidal nano-
crystals with an average diameter of 2.5 ± 0.3 nm (Figure 3a).
The HR-TEM image of a single nanocrystal confirms the high
crystallinity of CIS/ZnS QDs. SEM image of 1500 °C-annealed
YAG:Ce NPs showed well-resolved and discernible nano-
phosphor particles with relatively large distribution of size and
shape resulting from high temperature treatment (Figure 3b).
From the SEM image, the particles size of 1500 °C-annealed
YAG:Ce NPs was comprised between 100 and 300 nm.
Figure 4 shows PL excitation and emission spectra of

YAG:Ce nanophosphor and CIS/ZnS QDs (see Supporting
Information Figure S2 for the UV−vis absorption spectrum of
the CIS/ZnS QDs). The PL emission spectrum of YAG:Ce
nanophosphor consists of a broad band in the green-yellow
range (maximum located around 545 nm). The emission is
ascribed to the electron transitions from the lowest crystal-field
splitting component of the 5d level to the ground state of Ce3+

(4f, 2F5/2,
2F7/2).

36 PLE spectrum showed two large bands
having maxima located at 455 and 342 nm characteristic of
YAG:Ce phosphor (Figure 4a). 1500 °C-annealed YAG:Ce
NPs displayed higher QY of about 50%, upon 460 nm
excitation, compared to their as-prepared counterpart (QY =
30%) mainly because of the improvement of crystallinity as
shown by XRD patterns. Thermal treatment at 1500 °C could
also promote the homogeneous incorporation of Ce3+ ions into
the core of each YAG nanoparticle, which results in an increase
in PL QY. The obtained CIS/ZnS QDs exhibited a large PL
emission spectrum with a maximum located at 667 nm and a
maximum PL quantum yield of 52% upon 460 nm excitation
(Figure 4b). CIS/ZnS QDs also exhibited a large PLE spectrum
ranging from UV to visible region. These optical features
demonstrate that annealed solvothermally synthesized YAG:Ce
nanophosphor and CIS/ZnS QDs are well suited to be

Figure 2. XRD patterns of (a) as-prepared YAG:Ce NPs, (b) 1500 °C-
annealed YAG:Ce NPs, and (c) CIS/ZnS QDs.
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combined with GaN-based blue LEDs to convert blue light into
warm white light.
Considering PL emission and excitation spectra, it seemed

better to deposit CIS/ZnS QDs on YAG:Ce layer. Indeed, the
spectral overlap between the phosphor emission and the

absorption of the QDs indicates that photons emitted from the
phosphor could definitely be absorbed and converted by the
QDs. This phosphor-QDs energy transfer should be more
important in the case of randomly mixed YAG:Ce/QDs in
silicone resin (due to the increased optical interference between
the QDs and YAG:Ce nanophosphor) thus increasing optical
energy loss because of reabsorption and color conversion
process. In the case of QDs layer on phosphor layer, most of
blue light from InGaN chip is first efficiently converted by
YAG:Ce phosphor. CIS/ZnS QDs then convert a part of blue
light that are not absorbed by YAG:Ce (and possibly a part of
blue-converted light transmitted through the phosphor layer)
to generate red light. EL spectra of YAG:Ce and bilayered
YAG:Ce-CIS/ZnS QDs-based WLED with increasing forward
current from 20 to 1200 mA are shown in Figure 5. For
annealed YAG:Ce NPs-based WLED, both blue and yellow
emission increased in monotonic way without any saturation
effect with increasing input current up to 1200 mA. Small
change of CRI was observed (from 71 to 73) in this range of
applied current. YAG:Ce nanophosphor-based WLED showed

Figure 3. (a) TEM and HR-TEM images of CIS/ZnS QDs and (b)
SEM image of 1500 °C-annealed solvothermally synthesized YAG:Ce
NPs.

Figure 4. PL emission and excitation of (a) YAG:Ce nanophosphor
and (b)CIS/ZnS core/shell QDs.

Figure 5. Evolution of EL spectra of (a) 1500-annealed YAG:Ce NPs
and (b) bilayered YAG:Ce-CIS/ZnS QDs-based WLED with
increasing forward current from 20 to 1200 mA. The photograph of
the 1500-annealed YAG:Ce NPs and bilayered YAG:Ce-CIS/ZnS
QDs-based WLED operated at 200 mA are shown in the inset of
panels a and b, respectively.
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limited color rendering property mainly due to the spectral
deficiency of YAG:Ce in red region in agreement with the
literature. CCT also increased from 7400 K at 20 mA to 9276 K
at 1200 mA supported by a decrease in CIE color coordinates
of x = 0.2966−0.2835, y = 0.3309−0.2970. Fabricated YAG:Ce-
based WLED displayed cold and bluish white as shown in the
inset of Figure 5a. As expected, bilayered YAG:Ce-CIS/ZnS
QDs-based WLED displayed larger EL spectra since yellow and
red emissions combine to generate the visible spectra.
Compared to YAG:Ce-based WLED, EL spectra evolution of
bilayered YAG:Ce-CIS/ZnS QDs-based WLED showed a
beginning of saturation effect at high forward current (from
800 mA) indicating that CIS/ZnS QD emission would become
saturated with increasing forward current up to 1200 mA.
Saturation of CIS/ZnS QDs emission was already mentioned to
explain the drop in light conversion efficiency with increasing
current in pure CIS/ZnS QDs-based WLED up to 100 mA.23

Indeed, CIS/ZnS QDs have considerably longer decay time of
about 500 ns37 compared to YAG:Ce phosphor (τ = 65 ns)38

thus increasing the probability of PL saturation in QDs at high
current density. Saturation of CIS/ZnS QDs emission is
consistent with the blue-sided shift of EL spectra with
increasing current and the increase in CCT from 2784 K at
20 mA to 3934 K at 1200 mA as shown in Figure 6a. This result
is also consistent with a change in color coordinates (x = 0.43−
0.36, y = 0.37−0.33) with increasing current. These
observations could also be explained by thermal quenching of

CIS/ZnS QDs at high current density due to a significant local
heating of phosphor layer resulting from p−n junction
temperature of InGaN chip. CRI parameter showed a very
small change as a function of forward current from 20 to 1200
mA. High CRI of 84.6 was obtained at 1200 mA. These results
indicated that white light generated from bilayered YAG:Ce
NP-CIS/ZnS QDs-based WLED was relatively stable and warm
white with high color rendering properties could be obtained
regardless of applied current up to 1200 mA. Photograph of
bilayered phosphor/QDs-based WLED is shown in the inset of
Figure 5b. However, the luminous efficiency of bilayered
phosphor-QDs-based WLED dropped rapidly from 30.6 to 21.1
lm W−1 in the 20−1200 mA range as shown in Figure 6b. The
luminous efficiency of the bare InGaN blue chip used in this
study was also measured in the same applied current
conditions. Interestingly, the bare blue LED and bilayered
phosphor/QDs-based WLED showed nearly the same
efficiency drop of 29.5% and 31%, respectively, in 20−1200
mA range suggesting that the observed decrease in luminous
efficiency is ascribed to the intrinsic efficiency drop of the blue
LED chip itself. We also studied the evolution of the CRI and
CCT of bilayered YAG:Ce-CIS/ZnS QDs-based WLED
operated at 200 mA with increasing operating time (Figure
7). Both CRI and CCT curves showed a rapid change in the

first seven hours; CRI dropped from 82.1 to 80.1, while CCT
rose from 2950 to 3450 K after 7 h of WLED operation at 200
mA. These results are consistent with a blue-sided shift of EL
spectra (see Supporting Information Figure S3) throughout the
first seven hours of WLED operation. These changes are closely
related to the higher thermal quenching of CIS/ZnS QDs than
that of YAG:Ce nanophosphor (see Supporting Information
Figure S4). We found that the highest temperature of CIS/ZnS
QDs layer can reach 40 °C with applied current of 200 mA
(operating conditions of Figure 7). At this temperature, while
the PL QY of YAG:Ce nanophosphor remained almost
unchanged, PL QY loss by thermal quenching of CIS/ZnS
QDs is about 10% thus indicating that the rapid CCT and CRI
changes observed in the first 7 h are mostly caused by thermal
quenching of CIS/ZnS QDs. With extending operating time to
t > 7 h, CRI and CCT progressively tend to stabilize at 80 and
3660 K, respectively. At t > 7 h, emission wavelength of EL
spectra remained almost unchanged throughout the 33 h
operation period (Supporting Information Figure S3). The
initial YAG:Ce-CIS/ZnS QD emission intensity also remained
almost unchanged throughout the 40 h operation period. As a
natural consequence, the luminous efficiency was nearly
constant (26 lm W−1) irrespective of the operating time.
These first results are very promising and demonstrate that

Figure 6. Variation of (a) CCT and CRI and (b) luminous efficiency
of bilayered YAG:Ce-CIS/ZnS QDs-based WLED with increasing
forward current from 20 to 1200 mA.

Figure 7. Temporal evolution of the CRI and CCT of bilayered
YAG:Ce-CIS/ZnS QDs-based WLED operated at 200 mA for a
prolonged duration up to 40 h.
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using phosphor-red emitting CIS/ZnS QDs bilayered converter
film we could be able to get relatively stable warm white light
with high CRI even at high input current of 200 mA.
Experiments are in progress to study longer operating time
effect on the stability of white light generated from bilayered
YAG:Ce phosphor-red QDs-based WLED and improve the
quality and stability of warm white light during LED operation.

■ CONCLUSION
YAG:Ce nanocrystals with a particle size comprised between
100 and 300 nm were successfully prepared by annealing
solvothermally synthesized YAG:Ce NPs at 1500 °C without
H2 reducing gas. These nanocrystals and red emitting CIS/ZnS
core/shell QDs were successfully combined with a blue InGaN
LED to achieve warm white light possessing high CRI of about
84. This high CRI was attained by compensating the red
spectral deficiency of YAG:Ce nanophosphor by a red emission
of CIS/ZnS QDs. QDs on YAG:Ce nanocrystals bilayered
structure was prepared by casting CIS/ZnS QDs-silicone
mixture on the surface of YAG:Ce-silicone film and applied
to blue LED chip in remote phosphor configuration. Bilayered
YAG:Ce nanocrystals-red emitting QDs-based-WLED showed
a CCT rise from 2784 to 3934 K and a luminous efficiency
drop from 30.6 to 21.1 lm W−1 with increasing applied current
from 20 to 1200 mA. We demonstrated that the fall in
luminous efficiency is a consequence of the intrinsic efficiency
drop of the blue LED chip. The YAG:Ce-red emitting CIS/ZnS
QDs-based WLED displayed an interesting device stability with
extending operating time up to 40 h with applied current of 200
mA. Although CRI and CCT of such device change rapidly
during the first seven hours of operating (82−80 and 2950−
3450 K, respectively), CRI and CCT tend to remain constant
from 7 to 40 h thereafter. The luminous efficiency was also
nearly constant (26 lm.W−1) irrespective of the operating time.
This result suggests that QDs on phosphor bilayered structure
could provide a simple and suitable way to stable white light
quality from WLED with extending operating time. This way
also provides a simple solution to predict and adjust light
properties from WLED by varying only the thickness of
phosphor or QDs layer.
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