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Wedemonstrate inorganic halide perovskite quantum-dots-basedwhite light-emitting diodes via three different geom-
etries, including liquid, solid, and hybrid types. Problems of fast anion exchange and aggregation in the cases of liquid-
and solid-type devices are discussed in detail and push us to move towards the fabrication of a hybrid-type device
structure. The experiment results illustrate that a hybrid-type device has the highest luminance efficiency (51 lm/
W) and a wide color gamut (122% of NTSC and 91% of Rec. 2020). Therefore, we conclude that a hybrid-type device
can provide an outstanding color gamut for high color gamut display applications. © 2019 Chinese Laser Press

https://doi.org/10.1364/PRJ.7.000579

1. INTRODUCTION

Recently, popularity of colloidal quantum dots (QDs) and their
association in optoelectronic device applications such as light
emitting diodes (LEDs), photovoltaics, and photo-detectors
has increased rapidly [1–5]. For the past decade, LEDs have
received great attention because of their energy-saving capabil-
ity, in both the research community and industry [6–9].
Further, QDs are rising as excellent materials for white LED
(WLED) applications because of their various unique proper-
ties such as broad absorption band, narrow emission peak, and
wavelength-dependent size [3,10,11]. The main advantages of
QD-based WLEDs over conventional WLEDs and organic
LEDs (OLEDs) are high color purity with low cost production
[12,13]. In addition to these properties, high quantum yields
(QYs) and good spectral overlap show great potential towards
improvement in the efficiency of WLEDs [14]. All these char-
acteristics make QDs highly significant emerging candidates for

the development of next-generation display technologies [15].
In 1994, Colvin et al. reported the first CdSe QDs-based LEDs
[16]. In the last few years, halide perovskite QDs (PQDs) have
been demonstrated as amazing semiconductors for lighting ap-
plication [17,18]. Also, PQDs have potential to combine with
flexible technology [19,20]. Recently, the Liu group reported
the color gamut can be achieved at 113% of NTSC by using
the halide PQDs [21]. However, PQDs still have problems
in practical applications, such as instability, anion-exchange
reaction, intrinsic QD surface oxidation, photo bleaching,
and aggregation. The two major issues that limit practical ap-
plications are their instability and anion-exchange reaction
when different halide PQDs mix together [22,23]. Hence, we
attempt to enhance the performance for practical applications
based on the target for improving the main issues. Recently,
two-dimensional PQDs have attracted attention due to their
superior stabilities as photovoltaic devices [24–26]. In display
application, it is important to develop a suitable packaging type
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to overcome the anion-exchange reaction in order to get long-
term stability of PQDs.

By keeping this in mind, in the present context, three differ-
ent device geometries were prepared, such as liquid (red and
green PQDs), solid (green and red film), and hybrid types
(green liquid and red film). In the current case, it was found
that fast anion exchange occurs between green (CsPbBr3) and
red (CsPbBr1.2I1.8) light halide PQDs in liquid-type devices. As
a result, only one photoluminescence (PL) peak is observable
due to the dispersion of both halide PQDs. Moreover, in the
case of the solid type, efficiency loss occurs due to the so-called
self-aggregation effect [6,23]. Hence, efforts were continued
further to develop hybrid-type devices. Finally, out of all these
above-mentioned types, the hybrid-type scheme owns high ef-
ficiency (51 lm/W). Still, it suffers low efficiency; this may be
due to the presence of resin in the solid case, and by using high
external quantum efficiency (EQE) LEDs, efficiency can be im-
proved. However, the best part of the present work is the out-
standing color gamut that can reach 122% of NTSC standard
and 91% of Rec. 2020 at a correlated color temperature (CCT)
of 5516 K. The obtained NTSC and Rec. 2020 results are even
higher than standard red, green, and blue chip values.

2. MATERIAL AND DEVICE FABRICATION

The inorganic green (CsPbBr3) and red (CsPbBr1.2I1.8) light
halide PQDs were synthesized by hot-injection methods in this
study. A few grams of PbX2 (PbBr2 and PbI2 with different
weight ratios of different colors) and 10 mL octadecene (ODE)
were loaded into a three-necked flask and vacuum dried at
120°C for 1 h. After that, oleylamine (OLA) and oleic acid
(OA) were injected into the flask under Ar atmosphere and
mixed until completely dissolved. Further, we raised the reac-
tion temperature to 180°C and quickly injected the as-prepared
Cs-oleate solution into the flask. After reacting for 5 s, the
reaction mixture cooled down by ice-water bath to room tem-
perature. Finally, the PQDs were centrifuged, the supernatant
abandoned, and the particles re-dissolved into the solvent.
In the device fabrication, the three types of structures were pre-
pared in order to perform a comparison among liquid-, solid-,
and hybrid-type WLEDs. Fig. 1 shows the schematic process
for liquid-, solid- and hybrid-type device structures. In the case

of a liquid-type device, first, we used a small glass cup with
inner and outer radii of 5 mm and 6 mm, respectively. The
cup was sealed by thin glass with size 1.3 cm × 1.3 cm.
Finally, in this way, a glass box was assembled by pasting a thin
glass on top of the glass box. Then a hole was created on the top
surface with the help of a laser. After that, red and green PQDs
were injected into the glass box, and it was sealed again with
thin glass, as shown in Fig. 1(a). It is also important to mention
here that fast anion exchange occurring in liquid-type devices
motivates us to move towards other geometries. Hence,
Fig. 1(b) illustrates the schematic diagram for solid-type PQDs
device structure. Further, for preparing solid films, we first
injected red and green PQDs separately into a glass box, and
afterwards, the UV glue was added to it and then kept for 30 s
under UV light of 365 nm wavelength for curing. Finally, we
prepared a hybrid-type halide PQD structure, as shown in
Fig. 1(c). For this, we first prepared a red PQD film by a similar
procedure as mentioned above in the solid-type device struc-
ture. Afterwards, liquid green PQDs were poured into a glass
box that was assembled by the same procedure as mentioned
above in the liquid-type device case. Finally, in order to pump
three types of devices, a 5070-packaging type blue LED with
450 nm was used. The blue LED chip was first fixed on the
sub-mount. Also, the same halide PQDs and characterization
were used throughout the liquid-, solid- and hybrid-type device
fabrication. The different device structures were prepared to
optimize the color gamut. The optical properties of the PQDs
were measured by a UV-visible (UV-Vis) spectrometer (Hitachi
UH5300) and a fluorescence (FL) spectrophotometer (FL,
Hitachi F-7000). The concentrations of the PQDs and R6G
dye were adjusted to the same optical density at the same ex-
citation wavelength. Relative QYs were obtained by compari-
son with a standard R6G (QY 95%) in methanol. The QY of
samples was calculated by the following equation [27]:

QYs �
ArF rn2r
AsF sn2s

QYr : (1)

Here, F s and F r are the integrated FL emission areas of the
sample and the reference. As and Ar are the absorbances at
the same excitation wavelength of the sample and the reference,
ns and nr are the solvent refractive indices of the sample and the
reference, and QYs and QYr are the QY of the sample and the

Fig. 1. Process flow of perovskite QDs-based WLEDs: (a) liquid type, (b) solid type, and (c) hybrid type.
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reference, respectively. The full width at half maximum
(FWHM) of the used PQDs is 19 nm and 33 nm for green
and red, respectively. Further, both green and red PQDs possess
PL QY as 147% and 30%, respectively. The integrating sphere
(50 cm in diameter), spectrometer (resolution 0.5 nm, model
CAS 140CT from Instrument System GmbH in Germany),
power supplies (Agilent E3632A, Keithley 2400, and Motech
DR2004), and computer with Isuzu Optics software were used
to measure optical and electrical characteristics for all prepared
three WLEDs devices. The thermal images for both solid and
hybrid-type device structures were recorded by using Testo 875
having tunable lenses, with high-temperature measurement
(up to 550°C) and convenient-to-use analysis software.

3. MEASUREMENT AND ANALYSIS

A. Liquid-Type LEDs
Figures 2(a) and 2(b) show the UV-Vis absorption spectrum
and PL emission spectrum for both red and green PQDs,
respectively. The PL emission spectra for both green and red
PQDs were recorded at excitation wavelengths of 370 nm and
365 nm, respectively. The sharp absorption edge and PL emis-
sion peak are located at 505 nm and 520 nm in the case of
green PQDs, respectively. For red PQDs, a broad absorption
band is observable near 629 nm, and a sharp PL emission peak
is centered at 640 nm. Further, Wang and Protesescu reported
similar results for absorption and PL emission spectra of PQDs
[21,28]. The insets in Figs. 2(a) and 2(b) show photographs of
PQDs under UV light. Further, Fig. 2(c) represents the electro-
luminescence (EL) spectrum and schematic diagram for liquid-
type device structure with a driving current of 10 mA. The EL
spectrum consists of only two peaks: one centered at 450 nm
and the other at 567 nm with the FWHM about 14 nm. The
former one is due to the blue LED chip, while the latter is
caused by fast anion exchange due to mixing the two colors
(red and green) of halide PQDs [29]. Finally, only one emission
peak appearing between red and green light can be observed
after completion of anion exchange. It can be depicted from
the obtained single peak that fast anion exchange occurs in
between both PQDs simultaneously. As a result, the PL peak
of CsPbBr3 moves towards longer wavelength, and on the other
side, CsPbBr1.2I1.8 shifts to shorter wavelength [22,30]. The
time taken to reach full anion exchange is 25–30 min in

the present case. Further, in order to solve the diffusion (fast
anion exchange) issue, we put effort towards separating the
green and red peaks by owning two different types of WLEDs
structures named as solid- and hybrid-type devices. The whole
structure process is mentioned in Figs. 1(b) and 1(c).

B. Solid-Type and Hybrid-Type LEDs
Figures 3(a) and 3(b) represent the EL spectrum and color
gamut of solid-type WLEDs, respectively. The spectrum con-
tains three peaks located at 450 nm, 517 nm, and 622 nm
corresponding to blue LEDs and green and red PQDs, respec-
tively. Also, a little shift is observed in the case of red film due to
the presence of iodine ions making CsPbBr1.2I1.8 unstable in
time [31–33]. The inset in Fig. 3(a) shows the device structure
of a solid-type WLED. The CCT and color coordinates are
optimized at 5404 K and (0.33, 0.33), respectively. Figure 3(b)
represents the color gamut that covers the wide area of NTSC
(120%) and Rec. 2020 standards (90%). Although, the solid-
type structure device showed good value for color gamut, it still
was not highly efficient compared to the hybrid-type one. The
reason behind reduction in efficiency depends mainly on pack-
aging type [34]. Moreover, the aggregated QDs in solid type
that are enclosed in silicone resin might cause scattering and
re-absorption [3,35]. As a result, this would lead to efficiency
loss. A few reports were found that suggested modification of
silicone structure and dispersion of QDs might improve the
efficiency of QDs LED. By keeping this motivation in mind,
we further tried to improve luminance efficiency by owning
another structure, i.e., hybrid type.

Figures 4(a) and 4(b) represent the EL spectrum and color
gamut for hybrid-type WLEDs. The spectrum contains three
peaks at the same position as mentioned above in the case of a
solid-type WLED. The inset in Fig. 4(a) shows the device
structure of hybrid type. In this device structure, we use red
and green PQDs as a film and solution, respectively. The reason
for choosing red PQDs as film is that the red PQDs are not
stable in liquid form and the color changes to orange within
a few weeks. Further, compared to liquid- and solid-type device
structures, hybrid type has enhanced efficiency and wide color
gamut. The CCT and color coordinates are optimized at
5516 K and (0.33, 0.34), respectively in this case. Figure 4(b)
represents the color gamut that covers the wide area of 122% of
NTSC and 91% of Rec. 2020 standards. From here, we believe

Fig. 2. UV–Vis absorption and PL emission spectrum of (a) CsPbBr3 green and (b) CsPbBr1.2I1.8 red PQDs; the insets show photographs of
green and red PQDs. (c) EL spectrum of liquid-type LEDs, which shows an intermediate stage due to mixing of red and green PQDs.
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that the device structure will have great influence on perfor-
mances of LEDs [36].

Figure 5 represents the current-dependent efficiency for
solid- and hybrid-type devices. The efficiency of a hybrid-type
device is found to be 51 lm/W, which is 24.5% higher than
that of solid type, i.e., 41 lm/W. Here, the major concern
in a solid-type device for efficiency loss is self-aggregation of
QDs in the case of solid PQD films [37]. Further, the inset
in Fig. 5 shows the current-dependent intensity comparison
for both devices. On average, a hybrid-type device possesses
higher stability than that of solid-type device structure.

Figure 6(a) shows the temperature versus current depend-
ence for both devices. It is found that the temperature reached
78°C in the solid-type device at 250 mA. This high value of
temperature on the surface is attributed to the non-radiative
relaxation energy [38]. As a result, the device suffers reduction
in efficiency and reliability. On the other hand, the hybrid-type
device possesses low temperature on the surface, i.e., 40°C at
250 mA, which makes the device more reliable in performance
and efficiency. Also, the glass sealed structure in the case of
liquid-type QDs made it less influenced by thermal effect.
Moreover, Figs. 6(b) and 6(c) represent thermal images for

solid- and hybrid-type devices under a typical operating current
of 100 mA with maximum surface temperatures of about 45°C
and 32°C, respectively.

Figures 7(a) and 7(b) show the emission spectra of solid- and
hybrid-type devices varying with time at room temperature

Fig. 3. (a) EL spectrum and (b) color gamut on CIE1931 for the solid-type WLED.

Fig. 4. (a) EL spectrum and (b) color gamut on CIE1931 for the hybrid-type WLED.

Fig. 5. Current versus luminance efficiency of solid- and hybrid-
type WLEDs.
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under 10 mA driven current. In the present case, the measure-
ment time was set from 0 h to 200 h. Compared with spectra in
Fig. 7(a), the liquid-type design for green perovskite improves
the device’s stability hugely in Fig. 7(b), but red perovskite still
presents a slight intensity drop and color shift within solid film
structure. For both solid-type and hybrid-type WLEDs, the
areas of color gamut remain almost unchanged after 200 h
aging. Area ratios of NTSC and Rec. 2020 reduce slightly from
(120%, 90%) to (119%, 89%) for solid-type WLEDs, and
from (122%, 91%) to (121%, 91%) for hybrid-type WLEDs
after 200 h. The reason is that although the spectral intensity
of solid-film QDs is attenuated, the spectral shape can almost
remain the same.

It is found that luminance efficiency of a hybrid-type
WLED decreases by only 12%, whereas it decreases by up to
28% for a solid-type WLED, as shown in Fig. 8. Normally, we
set 30% intensity drop criteria to define LED package lifetime.
Therefore, solid-type WLED’s 30% decay’s lifetime is close to
only 200 h; it is obviously too short due to the unstable lumi-
nescent QDs and design. With this result, we can conclude
that a hybrid-type device not only has high efficiency but also

improves stability compared to solid-type design. Although we
first proposed hybrid structure to solve red perovskite’s anion
exchange issue within a pure-liquid design WLED to reach
ultra-high gamut result, we still need to improve this design’s
stability to meet real application criteria in future work.

Fig. 6. Surface temperature images of WLED. (a) Temperature versus current plot for two different QDs devices. Thermal images for (b) solid
type and (c) hybrid type at 100 mA.

Fig. 7. Emission spectra of (a) solid-type and (b) hybrid-type WLEDs under various operation durations.

Fig. 8. Stability of solid- and hybrid-type WLEDs.
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4. CONCLUSION

In summary, we have successfully fabricated high-luminance
efficiency and a wide color gamut of PQDs-based solid and
hybrid-type WLED devices. The hybrid-type device structure
shows higher efficiency (51 lm/W) and outstanding wider color
gamut (122% of NTSC and 91% of Rec. 2020 standards) val-
ues than that of a solid-type WLED. The finalized hybrid-type
WLEDs possessing a decay rate of about 12% efficiency was
found after operating for 200 h. Hence, the obtained results
for the hybrid-type WLED device structure show great poten-
tial towards near-future high-color-quality display applications.
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