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Enhancement of Luminous Efficiency and
Uniformity of CCT for Quantum Dot-Converted
LEDs by Incorporating With ZnO Nanopatrticles

Yong Tang, Zhi Li, Zong-Tao Li

Abstract—2Zn0O nanoparticles were incorporated into
quantum dot (QD)-silicone encapsulation materials of the
light-emitting diodes (LEDs) to exploit their strong scatter-
ing effect, which were proved by the ZnO-only film exper-
iment. The novel packaging scheme led to a decrease in
the radiation flux because of the conversion-energy loss
of QDs and backscattering of ZnO nanoparticles. Under
the similar color coordinate, the luminous flux of the
ZnO-incorporated QD-LED showed a 3.37% increase com-
pared to the conventional structure. This was attributed to
the scattering effect, which enhanced the utilization of blue
light and the conversion of yellow light. And the angular-
dependent correlated color temperature (CCT) deviation
was reduced from 862 to 712 K in the range of —-70°
to 70°. Moreover, the CCT monotonically decreased, and the
chromaticity coordinate steadily shifted to the yellow region
as the amount of ZnO nanoparticles increased. Therefore,
ZnO nanoparticles can be a favorable optical performance
enhancer for the future generation of QD-converted LEDs.

Index Terms— Light-emitting diodes (LEDs), quantum
dots (QDs), scattering, ZnO nanoparticles.

I. INTRODUCTION

HE quantum dot (QD)—that has recently attracted con-
siderable attention in the scientific and industrial fields—
is a new nanomaterial comprising only several atoms. QDs
exhibit a remarkable quantum-confinement effect, macroscopic
quantum-tunneling effect, surface effect and offer distinctive,
and favorable properties [1], [2]. Using high-efficiency and
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high-quality organic-phase synthesis or the environmental
water-soluble hydro-phase synthesis method, common QDs
can be synthesized from IIB-VIA-group elements, such as
CdS, CdSe, CdTe, and ZnSe, or IIIA-VA-group elements, such
as InP and InAs [3], [4]. The successful synthesis of QDs
has led to their broad applications for solar cells, biomarkers,
chemical catalysts, sensors, and photoelectric devices [5]-[7].

Among the aforementioned applications, QDs have increas-
ingly been used in photoelectric devices in the past few years
owing to their extraordinary advantages over the traditional
luminescent materials [8], [9], which are as follows.

1) QDs have a higher fluorescence quantum yield than that
of traditional luminescent materials: Greytak et al. [10]
demonstrated the addition of an alternating layer in
CdSe/CdS core—shell QDs, yielding fluorescence quan-
tum yields up to 98%.

2) The emission spectra of QDs can be controlled accord-
ing to their size and chemical composition to cover the
visible region [11]. Using the CdTe QD as an example,
its emission peak can redshift from 510 to 660 nm as
its grain size increases from 2.5 to 4 nm [12].

3) QDs have a narrow and symmetric full-width at half-
maximum (FWHM), which means that the color of the
emission light is far purer than that of phosphor, and the
emission spectra do not overlap when different QDs are
used simultaneously, which helps to display the color
precisely [13].

The most widely used method for obtaining white light-
emitting diodes (LEDs) is packaging blue LEDs with yellow
phosphors (Y3A15012:Ce3+) [14], [15]. In light of the advan-
tages of photoluminescent QDs and of replacing phosphors
with QDs, the QD-converted white LED has been introduced
and gradually attracted considerable research interest [16].
However, many problems remain for the industrial production
of QD-LED. The synthesis of QDs is still immature; the
luminous efficiency and stability of QD in the LED package
are still undesirable [17]. Moreover, the mass production of
QDs has not been achieved, leading to a high production costs.
While the mass production of QD-converted LEDs requires
a large quantity of converted QDs, which is limited to the
immature properties of QDs and its high cost [18]. Therefore,
increasing QDs usage efficiency in the packaging, in other
words enhancing the luminous efficiency of the QD-LED are
worthwhile tasks.
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In the field of traditional phosphor-converted LEDs,
the strong scattering effect of nanoparticles has been used
to enhance the light-extraction efficiency and correlated
color temperature (CCT) performance of devices [19].
Chen et al. [20] demonstrated a white LED with a layer
of a remote ZrOj-incorporated phosphor structure that
enhanced the luminous efficiency by 2.25% and reduced
the deviation of the CCT from 1000 to 420 K in the
range of —70° to 70° owing to the strong scattering
effect and the refractive-index gradient created by the
ZrO; nanoparticles. Nevertheless, most of the nanoparticles-
incorporated studies aim at phosphor-converted device, the rel-
ative research on QD-converted device is still scarce.
Zheng et al. [21] added a TiO»/silicone encapsulation layer to
the bottom of chip-on-board packaging LEDs to redirect the
backscattering blue light to extract the encapsulation mate-
rials, the research found that the light-extraction decreased
with the phosphor concentration increasing. It indicates that
the original scattering ability of phosphor restrains the light-
extraction ability of nanoparticles. Hence, it could be inferred
that nanoparticles might have a better promotion on the light-
extraction performance of the QD-converted LED since QDs
present almost nonscattering properties [22]. ZnO nanopar-
ticles are promising because of their excellent thermal and
optical properties, and they have been widely applied in
piezoelectric devices, sensor, and solar cells [23]. However,
there are no reports of enhancements in the utilization rate of
QDs, e.g., increasing the luminous efficiency and improving
the CCT performance by incorporating ZnO nanoparticles into
the encapsulation of QD-converted LEDs.

In this paper, different amounts of ZnO nanoparticles were
incorporated uniformly into the silicone encapsulation materi-
als of CdSe QD-converted white LEDs. The scattering ability
of the ZnO nanoparticles was determined by ZnO-only films.
The influence of the content of ZnO nanoparticles on the
radiation flux, luminous efficiency, and CCT was experimen-
tally investigated. The influence of the incorporating with ZnO
nanoparticles on the optical performance of the QD-converted
LED was studied in detail, providing a possible solution for
increasing the utilization rate of QDs in the QD-converted
LEDs mass production.

Il. EXPERIMENT

Fig. 1 shows a transmission electron microscopy (TEM)
image of CdSe QDs from Beijing Beida Jubang Co., Ltd.,
with an average diameter of 10 nm and a photoluminescence
quantum yield as high as 80%. Fig. 2 shows the lumines-
cence spectrum under 450-nm blue-light excitation and the
ultraviolet absorption spectrum of the CdSe QDs tested by
fluorospectro photometer. Here, we observe that the QDs had
a small absorption peak at 525-550 nm. The emission peak
wavelength was ~555 nm, and the FWHM of emission was
~40 nm. The ZnO nanoparticles are supplied from Nanjing
XFNANO Co., Ltd., with the diameter ranging from 20 to
30 nm. The ZnO-incorporated QD-converted LEDs were pre-
pared as follows.

1) A 6.6 mg of CdSe QD powder was completely dis-

solved into 3 mL of chloroform mixed with 0.75 g of

Fig. 1. High-resolution TEM image of CdSe QDs dispersed uniformly in
the chloroform solution.
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Fig. 2. Luminescence spectrum under 450-nm blue-light excitation and
ultraviolet absorption spectrum of CdSe QDs.
A-silicone and 2.25 g of B-silicone; the QD concentra-
tion is 0.22 wt%.

2) The QD-silicone-chloroform solution was evaporated at
50 °C until the chloroform volatilized completely.

3) The QD-silicone mixture was incorporated with ZnO
nanoparticles.

4) The mixture was placed into a vacuum de-aeration
machine to disperse the nanoparticles thoroughly and
remove the air bubbles.

5) The encapsulation mixture was dispensed into the LED
package and cured at 150 °C for 3 h.

In the reference sample, only the QDs were uniformly mixed
with the silicone encapsulant. The GaN-based blue chip with
an emission wavelength of 450 nm was bonded in the lead-
frame package. Fig. 3 shows a cross-sectional schematic of
a ZnO-incorporated QD-converted LED and a conventional
QD-converted LED. LEDs with the same original optical
performance are selected for comparison at a driving current
of 350 mA.

[1l. RESULTS AND DISCUSSION

The blue lights emitted from the chip cannot be effec-
tively scattered because the particle size of the QDs is only
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Fig. 3. (a) Schematic cross-sectional view of ZnO-incorporated QD-converted LED. (b) Schematic cross-sectional view of conventional QD-converted
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Fig. 4. Lightintensity distribution of different concentrations of ZnO-only
films. The inset shows the photograph of ZnO-only films.

several nanometers. The ineffective scattering of light might
give rise to issues such as severe total internal reflection (TIR)
and a low light conversion efficiency. First of all, in order
to study the scattering impact of ZnO nanoparticles, a series
of ZnO nanoparticles-only films with the concentration varied
from 0 to 0.25 wt% has been introduced. The thickness of the
films is 0.5 mm, and the light intensity distribution was tested
by spatial light distribution instrument under a 450-nm laser
light [24]. As illustrated in Fig. 4, when the ZnO nanoparticles
concentration became larger, the light intensity distribution
became more and more scattered. Hence, it is confirmed that
the ZnO nanoparticles can bring effective scattering ability,
and the scattering ability strengthens as the concentration
becomes larger. With this law, we studied the optical impact
of ZnO nanoparticles on the QD-converted LEDs later and
Fig. 5(a) shows the radiation flux of the QD-converted LEDs
incorporating with different contents of ZnO nanoparticles,
the test was conducted by calibrated integrating sphere under
a measured current of 350 mA. The QD concentration was
the same for all the tested samples. The experimental results
indicated that the radiation flux monotonically decreased as
the amount of ZnO nanoparticles increased, which means that
the ZnO nanoparticles intensified the internal light energy
loss. The energy bandgap of bulk ZnO is 3.3 eV, which
corresponds to approximately 375 nm, and it should not be
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Fig. 5. (a) Radiation flux of the QD-converted LEDs with different

contents of ZnO nanoparticles under the measured current of 350 mA.
(b) Corresponding blue-light radiation-flux integrated from 380 to 510 nm
and yellow-light radiation-flux integrated from 510 to 700 nm.

possible that these ZnO nanoparticles absorbed the light of
the blue LED and QDs which emitted at around 450-460 nm
and 535-575 nm, respectively [25]. The experimental results
differ from those of conventional nanoparticle-incorporated
phosphor-converted LEDs that exhibited a stable radiation flux
as the content of nanoparticles changed [20].

The ZnO mechanisms of light extraction might not be
exactly identical for conventional phosphor-converted LEDs
and QD-converted LEDs. To further investigate this issue,
the blue-light radiation flux from 380 to 510 nm and yellow-
light radiation flux from 510 to 700 nm were individually
extracted by integrating the corresponding energy of the spec-
tra. The corresponding statistics are shown in Fig. 5(b).

The blue-light radiation flux monotonically decreased as
the amount of ZnO nanoparticles increased, for which we
consider two possible reasons. First, a larger content of ZnO
nanoparticles yielded a greater scattering effect. The scattered
blue light experienced more complicated optical paths in the
encapsulation materials; thus, more blue light was absorbed by
the QDs. Second, an excessive content of ZnO nanoparticles
increased the backscattering of the blue light; thus, more
blue light was absorbed by the substrate and the sidewall of
the LEDs. In contrast, the yellow-light radiation flux initially
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Fig. 6. Blue-light radiation flux with and without QD excitation and the
corresponding blue-light absorption of QDs.
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increased and reached its maximum value when the concen-
tration of ZnO nanoparticles was 0.1 wt%. This value was
5.44% higher than that of the QD-LEDs without ZnO incor-
porating, probably because as the content of ZnO nanoparticles
increased, the scattering ability of the nanoparticles increased;
thus, the blue lights emitted from the LED chip were scat-
tered more uniformly in the encapsulation materials and then
absorbed and transferred by the QDs more thoroughly, and
the yellow-light radiation flux increased. However, the yellow-
light radiation flux began to decrease as the amount of ZnO
nanoparticles continued to increase. Because the absorption
ability of QDs is intense, we hypothesize that the absorption
of the QDs had already been saturated when the amount of
ZnO nanoparticles exceeded a certain value [26], and when
the transferred yellow lights reached the peak, the continued
increase of ZnO nanoparticles only caused the unnecessary
absorption of yellow lights by the package structure and
reabsorption by the QDs. The latter phenomenon is indicated
by the absorption spectrum shown in Fig. 2, which contains
an absorptance peak in the wavelength range of 525-555 nm.

The aforementioned analyses are partially based on specula-
tion and are insufficient for explaining the decreasing curve of
the radiation flux. To clarify the physical mechanism causing
the phenomena, blue LEDs-incorporated with ZnO nanopar-
ticles were prepared. The blue-light radiation flux without
QD excitation was tested, as illustrated in Fig. 6. The blue-
light radiation flux without QD excitation initially increased
and reached its maximum value when the amount of ZnO
nanoparticles was 0.1 wt%. This value was 2.63% higher
than that of a reference blue LED without ZnO, indicating
that the scattering effect of the ZnO nanoparticles effectively
reduced the TIR, and that the radiation-flux increase of blue
lights might compensate for the QD conversion-energy loss.
As the amount of ZnO nanoparticles increased, the radiation
flux began to decrease. When the concentration of ZnO
nanoparticles was 0.25 wt%, a negative radiation-flux perfor-
mance was observed compared with the reference blue LED
without ZnO. The cause of this appeared to be the backscat-
tering of ZnO nanoparticles. To investigate further, we con-
sidered that the backscattering and other energy losses in the
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Fig. 7. Luminous flux and luminous efficiency of

QD-converted (0.22 wt%) LEDs with different contents of ZnO
nanoparticles (green dashed line represents the luminous flux of
0.26 wit% QD reference sample). The inset shows the QD-LED
(0.1 wt% ZnO incorporated) under operation.

ZnO-incorporated only blue LEDs and the ZnO-incorporated
QD-converted LEDs were the same and used the correspond-
ing blue-light radiation flux without QD excitation minus the
blue-light radiation flux with QD excitation to represent the
absorption of the blue light by the QDs, as plotted in Fig. 6.
The absorption reached its peak when the concentration of
ZnO nanoparticles was 0.1 wt% and then decreased as the
concentration of ZnO nanoparticles increased. Considering the
monotonically decreasing curve of the radiation flux, these
phenomena can be understood as follows.

1) When the content of ZnO nanoparticles was rela-
tively low, increasing the content promoted the blue-
light absorption by the QDs because of the enhanced
scattering effect. However, as the yellow-light transfer
increased, the conversion-energy loss was larger than
the energy enhancement caused by the promotion of
the scattering ability, which caused the radiation flux
to decrease at first.

2) As the ZnO nanoparticles concentration continued
increased, the absorption of QD was saturated, the posi-
tive effect of increasing blue-light absorption reached its
peak and the negative effect of aggravating energy loss
still increased.

3) An excessive content of ZnO nanoparticles increased the
backscattering, yielding the monotonically decreasing
curve of the radiation flux.

Nevertheless, different amounts of radiation flux are needed
for different wavelengths of monochromatic light to produce
the same visual effect to the human eyes. In the visible spec-
trum, eyes are most sensitive to yellow light at the wavelength
of 555 nm and become less sensitive to the two sides of
the spectrum. Hence, we use the luminous flux to define the
radiant power that can be sensed by the eyes, which is equal to
the product of the radiant power in some wavelength band and
the corresponding relative vision rate per unit time [27]. The
luminous flux and luminous efficiency of the QD-converted
LEDs with different contents of ZnO nanoparticles are plotted
in Fig. 7; the measurement was conducted by a calibrated
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integrating sphere. In contrast to the radiation flux, the statis-
tics show that the luminous flux initially increased with the
amount of ZnO particles and reached its peak value when
the content of ZnO nanoparticles was 0.1 wt%. This value
was 7.05% higher than that of the reference QD-converted
LED without ZnO. The results indicate that incorporating
with ZnO nanoparticles enhanced the scattering ability of
the blue light inside the encapsulation materials, resulting in
the increase of the yellow-light conversion by the QDs, and the
higher yellow-light ratio eventually led to a higher luminous-
flux performance. When the content of ZnO nanoparticles
increased to 0.25 wt%, the luminous flux decreased to 4.61%
less than that of the reference QD-converted LED. This is
because the whole radiation flux seriously decreased due to
the strong backscattering of ZnO nanoparticles, and the higher
yellow light-to-blue light ratio did not help to increase the
luminous flux in this situation.

To support the aforementioned analysis, the relevant absorp-
tion spectra of the reference QD film and the optimal 0.1 wt%
ZnO-incorporated QD film were tested and showed in Fig. 8.
Compared with that of the conventional reference structure,
the absorptance in the 0.1 wt% ZnO nanoparticles incorpo-
rating structure was found to have an 11.61% increase at the
wavelength of 450 nm, which proved that ZnO nanoparticles
could effectively increase the blue light absorption rate of
QDs. For the exact comparison of luminous flux, the color
coordinate of the LED samples must be kept as a constant
value, thus we make another none-ZnO QD-converted LED
(x = 0.30048, y = 0.34643) which has the similar color
coordinate with the 0.1 wt% ZnO-incorporated QD-converted
LED (x = 0.30378, y = 0.34822) by increasing the content
of QDs (increased from 0.22 to 0.26 wt%). The inset of
Fig. 8 shows the emission spectra of these two kinds of
QD-converted LED correspondingly. Comparing to the
0.26 wt% QD content LED, 0.1 wt% ZnO-incorporated
QD-converted LED has higher blue- and yellow-lights

10,0 02 03 04,05 06 07 08

Fig. 9. Chromaticity coordinates and CCT of the QD-converted LEDs
with different amounts of ZnO nanoparticles.

energy simultaneously. As marked with the green dashed
line in Fig. 7, the 0.1 wt% ZnO-incorporated QD-converted
LED could reach a 3.37% higher luminous-flux performance
even with less QD content under the similar color coordinate,
which means ZnO could reduce TIR and effectively increase
the transfer efficiency of QDs. To sum up, the absorption
and emission spectra strongly indicate that incorporating low
content of ZnO nanoparticles could effectively enhance the
luminous efficiency of the QD-converted LED under the
sufficient radiation flux. Besides, since the QDs price is still
high in the market, it is promising to reduce the dosage of
QDs while maintain the luminous flux of QD-converted LED
by incorporating ZnO nanoparticles.

Fig. 9 shows the chromaticity coordinates of the
QD-converted LEDs with different ZnO contents. The chro-
maticity coordinates gradually shifted to the yellow region as
the concentration of ZnO nanoparticles increased, which can
be explained by the relatively high yellow light-to-blue light
ratios caused by the stronger scattering effect. Correspond-
ingly, the CCTs tested by the integrating spheres are shown in
the inset, as the ZnO nanoparticles concentration increased,
the CCT monotonically decreased from 7521 to 5757 K.
This phenomenon indicates that a soft-optical performance
QD-device with a low QD concentration can be achieved by
incorporating ZnO nanoparticles to reduce the CCT.

To further investigate the scattering effect of the ZnO
nanoparticles and discuss the light distribution in the encap-
sulation materials thoroughly, the angular-dependent CCT of
the QD-converted LEDs with different ZnO contents was
tested by the spatial light distribution instrument and plotted
in Fig. 10 with black line. In general, the uniformity of the
CCT is defined as the maximum CCT minus the minimum
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Fig. 11. Angular-dependent CCT of conventional and ZnO-incorporated
QD-LED under the similar color coordinate.

CCT, and the results show that the CCT deviation decreased
monotonically as the content of ZnO nanoparticles increased.
Compared with the reference QD-converted LED without
ZnO, the CCT deviation of the 0.25 wt% ZnO-incorporated
sample was improved from 901 to 380 K in the range of —70°
to 70°. This is because the blue LED chip is a Lambertian
emitter, and the blue-light intensity is highest in the middle and
lowest in the margin. However, the emission of yellow light
from the QDs was uniform; thus, the extracted yellow light
and blue light mixed ineffectively and led to an extremely
high yellow light-to-blue light ratio and low CCT at large
angles. With the ZnO incorporating, the QD-converted LEDs
had a lower CCT deviation. This phenomenon indicates that
the blue-light intensity increased at large angles because the
scattering effect of the ZnO nanoparticles redirected the Lam-
bertian blue-light source more uniformly in the encapsulation
materials. Thus, the blue light and yellow light remixed more
uniformly and were extracted from the package together to
reach a higher CCT at large angle. To make exact compari-
son, we measured the angular-dependent CCT of 0.26 wt%
QD-LED and 0.1 wt% ZnO-0.22 wt% QD-LED with the
similar color coordinate, and the result is illustrated in Fig. 11.
It is clear that the CCT deviation of conventional and
ZnO-incorporated structure are improved from 862 to 712 K
in the range of —70° to 70°.

Besides, for the luminous flux, 0.1 wt% ZnO content is
best for QD-converted LED. However, the uniformity of CCT
is proportional to the amount of ZnO. Thus, we introduce the
figure of merit (FOM) to optimize the content of ZnO to satisfy
both properties in QD-converted LED [19], defined as

FOM — Lumenyz,o — Lumeny, ZnO. 1
ACCT
The relative result is shown in Fig. 10 with red line, accord-
ing to the definition of FOM, the optimal ZnO-incorporated
concentration was discovered to be at 0.1 wt%.

IV. CONCLUSION

Different mass fractions of ZnO nanoparticles were incor-
porated into the encapsulation materials to investigate the opti-
cal performance of ZnO-incorporated QD-converted LEDs,
whereby a higher luminous flux and superior uniformity of
the angular CCT were achieved. The ZnO-only film was
introduced first and proved that the higher concentration of
ZnO nanoparticles yields the stronger scattering ability. The
radiation flux decreased monotonically as the amount of ZnO
nanoparticles increased because an excessive content of ZnO
nanoparticles saturated the absorption of QDs, stopping the
yellow light from further exciting, while the backscattering
of the ZnO nanoparticles led to continuous energy loss.
Under the similar color coordinate, the luminous flux of the
0.1 wt% ZnO-incorporated QD-converted LED increased by
3.37% compared with the conventional device without ZnO,
because the strong scattering effect of the ZnO nanoparticles
caused higher blue-light utilization and higher yellow-light
conversion ratio under a sufficient radiation-flux performance.
Besides, this novel structure reduced angular-dependent CCT
deviations from 862 to 712 K in the range of —70° to 70°
for redistributing the blue-light extraction by ZnO nanopar-
ticles. Moreover, the CCT monotonically decreased, and the
chromaticity coordinate steadily shifted to the yellow region
as the amount of ZnO nanoparticles increased.

In addition to the promotion of luminous efficiency and
CCT, we plan to mix yellow QDs and red QDs in the
ZnO-incorporated LEDs to reach high color quality in the
future, exploring the effect of nanoparticles on the multiple
QDs encapsulation. We believe that our findings will signif-
icantly contribute to the development of QD-LED lighting
applications.
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