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Abstract: In this study, we demonstrate a new design of white light-emitting diode (WLED) with
high stability and luminous efficiency as well as positive aging. Colloidal ternary Zn0.8Cd0.2S (named
Zn0.8) white quantum dots (WQDs) were prepared by chemical route and dispersed in xylene,
integrating them into an ultraviolet light-emitting diode (UV-LED) to form WQD-white light emitting
diode (WQD-WLED). High efficiency, high color quality and excellent reliability of WQD-WLED with
neutral white correlated color temperature (CCT) can be obtained. The experimental results indicate
that the stability of relative luminous efficiency and color rendering index (CRI) of the WQD-WLED
can reach up to 160 and 82%, respectively. Moreover, the WQD-WLED can operate more than 1000 h
under 100 mA, and the quantity of WQDs in the glass package can be reduced.

Keywords: quantum dots; ultraviolet; CdSe/ZnS; luminous efficiency

1. Introduction

Recently, the phosphor-converted white light-emitting diode (WLED) has attracted
a significant amount of attention due to its low material cost, good thermal stability,
longer lifetime, higher luminous efficiency and environmental sustainability for solid-state
lighting (SSL) [1–3]. Nowadays, the main trend for SSL application is looking towards
new materials and designs to show a better light quality to match the department of
energy’s (DOE) demands. Therefore, to enhance the color rendering index (CRI) value
and R9 is very important [4–6]. For commercial WLEDs, the blending of high efficiency
red phosphors with Y3Al5O12 (YAG) to improve CRI of WLEDs has been reported [7,8].
Moreover, to combine the different sizes of quantum dots (QDs) with an InGaN chip to
obtain WLED devices with improved CRI and efficiency can be achieved [9–15]. Cyan,
green, yellow and red CdSe/ZnS core/shell nanocrystals on a 452 nm blue LED with
Ra of 71.07 [9]. A green and red-emitting CdSe/ZnS core-shell QDs are hybridized on
a blue InGaN/GaN LED emitting at 452 nm. A high-quality white light CRI of 81 was
achieved [10]. The luminous efficiency of single-phosphor (580 nm CdSe QDs) WLEDs was
5.62 lm/Welectric with a CRI of 15.7, whereas the luminous efficiency of dual-phosphors
(555 and 625 nm CdSe QDs) WLEDs was 3.79 lm/Welectric with a CRI of 61.4 at 20 mA [11].
Hybridization of luminescent copolymer and yellow and red QDs forming WLEDs showed
the CRI of up to 90 and their luminous efficiency was 17 lm/Welectric [12]. The fabricated

Coatings 2021, 11, 415. https://doi.org/10.3390/coatings11040415 https://www.mdpi.com/journal/coatings

https://www.mdpi.com/journal/coatings
https://www.mdpi.com
https://orcid.org/0000-0002-8134-8249
https://doi.org/10.3390/coatings11040415
https://doi.org/10.3390/coatings11040415
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/coatings11040415
https://www.mdpi.com/journal/coatings
https://www.mdpi.com/2079-6412/11/4/415?type=check_update&version=1


Coatings 2021, 11, 415 2 of 9

CdSe/CdS/ZnS core/multishell QD based-WLED exhibits a high CRI of 88 and a luminous
efficiency of 32 lm/Welectric [15]. It has been reported that WLEDs with hybrid polymer and
QDs possess excellent CRI values [13–15]. However, it was noticed that the compatibility
between polymer and QDs is generally not as good, resulting in low luminous efficiency
and poor stability.

Moreover, in the past, the self-absorption caused by mixing red, green and blue
QDs involves a more complicated and time-consuming process for the fabrication of
white light devices because it needs to control the emission wavelengths and maxing
concentrations of different color QDs. The white light emission QDs (WQDs) can avoid the
self-absorption problem because of two emissions covering the entire visible spectra. One
is band edge emission, the other is surface-state emission. Some encapsulation materials,
such as silicone, are used to protect WQDs; however, the cross link between oligomer
and hardener is inhibited due to the existence of N and P elements coming from the
capping reagents, hexadecylamine (HDA) and tri-n-octylphosphine oxide (TOPO) [16]. In
order to overcome the poor stability and low efficiency of WQD-based WLED, the remote
typed of WLED is used [17,18]. The stability and luminous efficiency of the device is
also low, due to the aggregation of WQDs in the polymer matrix. In the literature, the
combination of commercial UV-LED (400 nm) and a thin coating of magic-sized CdSe
(quantum yield (QY) 2–3%) in polyurethane or use of high-power UV-LED to pump the
white QDs (WQDs) [19,20]. Unfortunately, the luminous efficiency is quite low. Another
type of WQDs, CdS with 17% of QY, is also incorporated with PMMA and dispensed on
the top of a GaN based UV-LED chip [9,21,22] to form WLED. However, the luminous
efficiency is also low. In our previous study, we have demonstrated that the stability and
QY of Zn0.8 WQDs can be improved by addition of Zn element [23,24], and the luminous
efficiency of Zn0.8 WQD-based WLED is between 4 to 12 lm/Welectric [16–18]. However,
the luminous efficiency and stability of Zn0.8 WQD-based WLED is still not high enough
for application in SSL.

As we know, the QY of QDs in solution is higher than that in the powder type or that
which disperses in a polymer matrix. As we published before, QDs dispersed in solvent
can maintain the QY for a long time [25,26]. Therefore, using liquid-type QDs is one of
the strategies to improve the performance of QDs-based WLED. Most of those devices,
using the special WQDs as light converting materials in liquid-type QD-based WLED
is a new type of WLED to match the DOE demands in the SSL without self-absorption
between different colors of monochromatic QDs, and it is important to design a container
that liquid-type WQD can be well sealed inside without solvent evaporation.

In this study, the liquid-type WQDs is demonstrated as an efficient color-conversion
material in WLED by pumping them with 385 nm UV-LED. We designed a glass box to
protect the white light Zn0.8Cd0.2S (named Zn0.8) QDs to keep it at a liquid state. This
method can increase the luminous efficiency and reliability of WQDs-based devices. The
liquid-type WQD LED (LWQD-WLED) demonstrates that the luminous efficiency, color
rendering index (CRI), and correlated color temperature (CCT) of devices are 5 lm/Welectric,
higher than 80 and 4360 K, respectively. Furthermore, more than a 160% improvement after
operating for 1000 h under 100 mA applied current can be obtained for the LWQD-WLED.
The ultra-high stability and luminous efficiency of the device means that progress towards
outstanding performance of commercially viable solid-state lighting has been made.

2. Experiment

WQD was prepared by the chemical method from the Wang, K.W. research team [27].
The emission spectrum and intensity of WQD were measured by the Horiba, FL-3 system
(HORIBA, Edison, NJ, USA). Two types of devices were fabricated at the same time for
comparison: one is the remote-type WQD-WLED (as our reference sample, RWQD-WLED),
and the other is the liquid-type WQD WLED device (LWQD-WLED). Figure 1a shows
the flowchart of the RWQD-WLED. The lead frame type UV-LED with 5.0 mm in width,
7.0 mm in length was filled with poly (dimethyl siloxane) (PDMS) and cured at 100 ◦C
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for 1 h. The emission wavelength of UV-LED is 385 nm, the chip size is 45 mil × 45 mil,
nominal power output (EpiStar EV-D45A) is 240 mW at 350 mA and the optical power
(watts)/electrical power (watt) ratio is 9.1%. Zn0.8 WQDs are dispersed in PMMA to form
an illuminating layer and put it on the surface of the previous UV-LED. Figure 1b illustrates
the flowchart of LWQD-WLED. The procedure is as follows: First, to decrease the gap
between the glass, use a glass ring with 50 mm of the inner radius and 70 mm of outer
radius. Then, drill a hole on the glass ring. The top and bottom substrate was cut into thin
strips with the size of 3.0 cm × 1.5 cm. Second, take the glass ring and sandwich it between
two larger pieces of glass substrate. Third, leave a proper gap so that air can ventilate
when QD solution is injected. Finally, seal the gaps with epoxy-based glue to finish the
LWQD- WLED process. The thickness of the glass substrate is 0.1 cm and thus the overall
volume, which can accommodate liquid-type WQDs, is 0.5 cm × 0.5 cm × π × 0.1 cm =
0.0785 cm3. The silicone is applied on the lead frame cup by a direct dispersing method.
Under normal operation, the driving current of UV-LED is 100 mA and the normal power
is 43 mW. Considering the area of the lead frame type package, which is 0.25 cm2, the
pumping intensity is 173 mW/cm2. Both RWQD-WLED and LWQD-WLED are fabricated
with the same QDs and measured the performance of devices under the same conditions
(e.g., the same UV chip, the same humidity, and temperature).
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Figure 1. Schematic diagram of (a) RWQD-WLED and (b) LWQD-WLED.

3. Measurement and Analysis

Figure 2a shows the excitation and emission spectra of WQDs. The band edge and
surface state emission wavelength are located at 407 and 508 nm, respectively. Based on the
excitation spectrum we find that UV-LED with 385 nm is suitable for pumping WQDs. The
finished liquid-type WQD glass container without and with UV light pumping is shown in
Figure 2b,c, respectively.

The WQDs with different concentrations and optimization procedures were carried
out to obtain similar CCTs and the best CRI values. The quantity of WQDs can determine
the final color quality of the device. Microbalances (TAIWAN SCALE MFG Co, New Taipei,
Taiwan) were used to precisely measure the weight of WQDs. The CCT and CRI of the
reference and liquid QD samples are listed in Table 1. The bulk density of QD in RW
and LW devices is not the same because we cannot measure the bulk density of QD very
precisely, so it can only be used to achieve the same color temperature for comparison. In
other words, the reference point for comparison is the same color temperature, rather than
the bulk density of the QD. In addition, because we use the same type of light source, and
the same brightness, we preset the luminous surface to be the same.
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Figure 2. (a) Excitation and emission spectra of WQDs. The inset in (a) is the TEM image of WQDs.
The photographs of liquid-type WQD in the glass package for (b) before UV LED pumping and (c)
after UV LED pumping.

Figure 3a,b shows the electroluminescence (EL) spectra (C&M TECH. Co., Hsinchu,
Taiwan) of RWQD-WLED and LWQD-WLED under the injection current from 10 mA to
100 mA. The inset in Figure 3a is the current-dependent integrated intensity of surface
state emission. The current-dependent integrated intensity of the RWQD-WLED and
LWQD-WLED is shown in Figure 3c. Table 1 shows the efficiency and CRI at a current of
100 mA. The values of LWQD-WLED are higher than RWQD-WLED. All measurements
were performed under a calibrated integrated sphere. From the data, we find an overall
improvement of 17% between liquid and remote samples at 100 mA driving current.
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Table 1. The efficiency and CRI of two types of devices at current of 100 mA.

Device Operating Current CCT (K) CRI

RWQD-WLED 100 mA 5750 84
LWQD-WLED 100 mA 5757 80

The surface temperature of two different types of device is measured by an IR image
under different applied current, and the results are shown in Figure 4a. Based on the
results, we find that the surface temperature of RWQD-WLED rises with increasing applied
currents, while a surface temperature lower than 30 ◦C even at 250 mA can be observed
for LWQD-WLED. However, the surface temperature can reach 100 ◦C at 250 mA in the
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RWQD-WLED. Figure 4b shows the thermal images of RWQD-WLED in 100 mA. On the
one hand, high surface temperature will reduce the efficiency of WQDs and cause reliability
problem [28]. On the other hand, the LWQD-WLED can keep the surface temperature as
low as 30 ◦C, and the thermal images of LWQD-WLED in 100 mA is shown in Figure 4c. We
know that the thermal conductivity of the glass is 1.05 W/mK, while the PMMA is 0.167–
0.25 W/mK because of the poor thermal conductivity of PMMA and the heat generated
from the UV-LED chip cannot be released, resulting in temperature increases with applied
current, especially for high applied current. However, the liquid-type WQD solution is
sealed in the glass container with much better thermal conduction and a much larger area
to dissipate the heat. These facts lead to a much lower surface temperature in liquid-type
devices. This has the benefit of improving the reliability of LWQD-WLED.
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Figure 4. (a) Surface temperature of RWQD-WLED and LWQD-WLED. (b) IR images of surface
temperature image of RWQD-WLED and (c) LWQD-WLED at 100 mA driving current.

Invoking Fourier’s law of heat conduction, the thermal resistance (R) can be calculated
as [29,30]:

heat − trans f er − rate =
∆T
R

; R ∝
L

κA
(1)

where ∆T is the temperature difference between two end points and R is the thermal
resistance. In this simplified model, we find the thermal conductivity and surface area
of the device that affects the temperature difference significantly. From the calculation of
effective emission area, the heat dissipation capacity between RWQD- and LWQD-WLED
is quite different. The effective area of the LWQD-WLED device is 1.34 cm2, while in
RWQD-WLED it is only 0.25 cm2. Therefore, much larger thermal resistance (34 times
under one-dimensional analysis) in the RWQD-WLED case is expected. This is the major
cause of the higher surface temperature detected. High heat trapped inside the package can
certainly reduce the efficiency of WQDs, while the liquid WQD will have a larger footprint
and take up more space for setup.

Figure 5a,c shows photographs of RWQD-WLED and LWQD-WLED. After driving
350 mA, photographs of RWQD-WLED and LWQD-WLED are shown in Figure 5b,d. By
properly choosing the concentrations of WQDs, both devices can achieve similar CCT
(5757 K) and high CRI (>80).
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After initial characterization of the devices, the next important task is to test the
longevity of the LWQD-WLED. In the past, one result shows that serious performance
degradation of the WQD-based WLED is the agglomeration of QDs and higher surface
temperature when the QD disperses in polymer matrix [16–18,27,29]. In the liquid type
of WQDs, the serious degradation of QY is due to the desorption of capping reagents
and exposure to air [25]. When the WQD liquid is sealed in the glass compartment, it not
only prevents the solvent evaporating, but it also keeps it away from oxygen and water to
prevent it reacting with WQDs. We hope this can help to preserve the QY of the WQDs over
a long period of time. Figure 6a,b shows the EL emission spectra of RWQD-WLED and
LWQD-WLED taken at various time. The surface state emission intensity of RWQD-WLED
decreases, while it increases with operation time for LWQD-WLED, indicating that the
density of surface mid gap increases. The relative luminous efficiency reduction in the
RWQD-WLED is 75% after a 1000 h operation, while the enhancement of about 160% for
LWQD-WLED is shown in Figure 6c,d. The experimental results demonstrate that the
LWQD-WLED has a stable and sustainable performance over a long period of time, as
shown in Figure 6c. The CRI shifts between 0 to 1000 h for the RWQD-WLED and LWQD-
WLED as shown in Figure 6d. It is found that the CRI of both devices becomes stable after
400 h. However, the CRI value goes down to 0 after 800 h for RWQD-WLED due to severe
surface emission decay. From these results, it can be seen that the LWQD-WLED not only
enhances its intensity but also maintains its color quality over a long period of time. This
might be due to the photo annealing [31,32] and thin oxide layer [33] in liquid-type WQDs.

We observe very little change in CRI between 0 to 1000 h for LWQD-WLED. Certainly,
the nature of this storage test eliminates extreme thermal and aggregation issues for the
liquid WQD samples. Stable performance may demonstrate a potential solution for long-
term stability in this LWQD-type device.

For WQD-based WLED, the color deviation with the different structure is used to
evaluate the color stability for high-quality lighting applications. Therefore, the chro-
maticity coordinate shifts of RWQD-WLED and LWQD-WLED are recorded and shown
in Figure 7a,b. After a long period of operation, the chromaticity coordinates for LWQD-
WLED are stable. From the experimental results, RWQD-WLED shows moderate CIE
coordinate-shift, while the LWQD-WLED remains at almost the same position after 1000 h
of operating time. This clearly demonstrates the superiority of our design in terms of light
quality which should be crucial for the next generation light source.
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4. Conclusions

This study demonstrates the direct emission white light of Zn0.8 QDs when sealed in
a glass plate in liquid type to form WLED. The LWQD-WLED shows an excellent stability
and high CRI. A glass-slide is formed by the cavity and is used to protect WQDs from
environmental influences. Liquid-type WQD sealed in a glass plate can maintain the
CRI, keeping the original QY of WQD in solution and reducing thermal effects. This
design can easily modify the emission spectra and enhance the stability of CCT and CRI
of devices. LWQD-WLED were pumped by UV-LED, and showed a 160% enhancement
after operating for 1000 h. The relative luminous efficiency reduction in the RWQD-WLED
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is 75% after 1000 h operation, while an enhancement of about 160% for LWQD-WLED
was demonstrated. The RWQD-WLED shows moderate CIE coordinate-shift, while the
LWQD-WLED remains at almost the same position after 1000 h of operating time. In the
future, we believe that the LWQD-WLED with high luminous efficiency and reliability is
suitable for high-quality lighting applications.
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