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Efficient and Stable Perovskite White Light-Emitting Diodes

for Backlit Display

Shuxin Chen, Jidong Lin, Song Zheng, Yuanhui Zheng, and Daqin Chen*

High-quality backlit display puts forward urgent demand for color-
converting materials. Recently, metal halide perovskites (MHPs) with full
spectral tunability, high photoluminescence quantum yields (PLQYs), and
high color purity have found potential application in wide-color-gamut
display. Regrettably, naked MHPs suffer from long-term instable issue and

cannot pass harsh stability tests. Herein, amorphous-glass-protected green/

red CsPbX; quantum dots (QDs) are prepared by elaborately optimizing
glass structure, perovskite concentration, and in situ crystallization. PLQYs
of green CsPbBr; @glass and red CsPbBr, s, s @glass reach 94% and 78%,
respectively, which are the highest ones of CsPbX; @glass composites
reported so far and comparable to colloidal counterparts. Benefited from
complete isolation of QDs from external environment by glass network,
CsPbX; @glass can endure harsh commercial standard aging tests of

85 °C/85%RH and blue-light-irradiation, which are applied to construct
white light-emitting diodes (WLEDs) with high external quantum efficiency
of 13.8% and ultra-high luminance of 500000 cd m~2. Accordingly, the
perovskite wLED arrays-based backlit unit and a prototype display device
are designed for the first time, showing more vivid and wide-color-gamut
feature benefited from narrowband emissions of CsPbX; QDs. This work
highlights practical application of CsPbX;@glass composite as an efficient

1. Introduction

QDs are a unique type of emitters with
size-tunable emissions, high color purity,
PLQY, and excellent solution process-
ability. The well-developed CdSe-based
QDs have been commercially used as
light-conversion materials (LCMs) for
back-lighting in liquid-crystal displays
(LCDs) to improve color gamut, leading
to the booming of QD televisions in
market.??] For example, the color gamut
of LCD using conventional phosphors
as LCM is =72% of National Television
System Committee (NTSC) standard,
which can be improved to =110% of NTSC
standard after utilizing QD-LCM.M How-
ever, the widely used CdSe-based QDs
have been widely limited by many coun-
tries for the presence of toxic heavy metal
cadmium element. Therefore, searching
non-Cd QDs for wide-color-gamut LCD is
highly demanded.
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materials, MHPs have been proven to
be excellent light emitters, and attracted
attention for their potential in electrolu-
minescent (EL) LEDs.>®l By engineering
their structure and composition, MHPs show the ability of
full spectral tunability in the visible region,”! =100% PLQY,*1%!
and ultra-narrow full width at half maximum (fwhm, down to
12 nm)." In the past few years, perovskite LED efficiency has
enhanced in external quantum efficiency (EQE) from 0.0125%
to >20% (blue: 14.82%, green: 28.9%, red: 25.8%, white:
12.29).1216] Notably, the EL-LEDs (self-emissive devices using
the current-driving mode) are used for active-matrix displays
rather than back-lighting LCDs, which has still a long-way to
go for the commercialization of this exciting technology. On
the contrary, the phosphors-converted PL-LEDs have been well
developed, and the commercial backlit unit in LCDs consisting
of InGaN blue chip and conventional phosphors, such as
Y;Al50;,: Ce (YAG: Ce), 5-SiAION: Eu?*, and K,SiFg: Mn*.[7-21
Therefore, the replacement of conventional phosphors by
MHPs to construct wLEDs as back-lighting unit used in LCD
is an effective way to enlarge color gamut and has promising
commercial application.?2

Regrettably, naked MHPs suffers from long-term instable
issue, which cannot pass harsh stability tests, especially the
commercial standards of 85°C/85% RH stability and blue-light-
irradiation stability. Among several reported strategies,!?3-31
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embedding MHPs inside robust inorganic glass is believed to
be feasible for the effective isolation of MHPs from external
environment. To date, all-inorganic CsPbX; (X = Cl, Br, and I)
perovskite QDs (PeQDs) have been successfully precipitated
in a variety of glasses via in situ nucleation/growth.32-3
However, unlike wet-chemical synthesis, the dense glass net-
work structure will hinder the diffusion of Cs', Pb%*, and
X~ ions, and impede CsPbX; nanocrystallization inside glass,
which makes PLQYs of CsPbX;@glass lower than those of
colloidal counterparts. Herein, we have successfully opti-
mized SiO,-B,0;-Zn0O-CaF, glass network, perovskite com-
ponent concentrations, and glass crystallization conditions
to fabricate high-quality CsPbX;@glass. PLQYs of green
CsPbBr;@glass and red CsPbBr; sI; s@glass can reach as high
as 93.8% and 78.1%, respectively, which are the highest values
for CsPbX;@glass composites as far as we know (Tables S1 and
S2, Supporting Information). Importantly, the CsPbX;@glass
exhibits excellent long-term stability, and satisfies commercial
standards of 85°C/85% RH and blue-light-irradiation stability.
As an application demo, a high-brightness wLED with EQE
of 13.84% and luminance of 500000 cd m™ is designed and
applied in back-lighting module to realize wide-color-gamut dis-
play with 127% of NTSC standard.

2. Result and Discussion

The glass network structure, appropriate concentration of
perovskite components and heat-treatment condition will play
key roles in improving optical performance of CsPbX;@glass.
We use a well-designed SiO,—B,0;—Zn0O—CaF, glass as the
host to investigate the effect of perovskite concentrations
(Cs,CO3—PbX,—NaX, X = Br, I) and heat-treatments on optical
properties of in situ grown CsPbX; (Tables S3-S6, Supporting
Information). The presence of these elements in the glass is
confirmed by energy dispersive X-ray (EDX) and X-ray photo-
electron spectroscopy (XPS) data (Figures S1 and S2, Sup-
porting Information). As illustrated in Figure 1la, for the
borosilicate glass, [BO,]™ tetrahedra will partially replace [SiOy]
ones in the silicate network, and charge imbalance is compen-
sated by network modifying Zn?* ions.***] High-content B,05
will lead to increase of [BOjs] triangular unit, which is condu-
cive to the formation of a 2D glass network, and the introduced
CaF, can release F~ ions, which can break inherent bridging
oxygen bond (Si—0) and form lots of non-bridging oxygen.[*>#l
Consequently, the present glass network can provide sufficient
passages and spaces for Cs*, Pb?*, and Br~ diffusion and pro-
mote nucleation/growth of CsPbX;.

Fourier transform infrared (FTIR) spectrum proves the pres-
ence of vibrational structures of Si—O and B—O in the glass. As
depicted in Figure 1b, a weaker band at 650-750 cm™ is desig-
nated to binding vibration of B—O—B group in the borate seg-
ment. B—O stretching vibration in the [BOjs] triangle is located
at 1300-1550 cm™, while the absorption band at 1000-1100 cm™
belongs to bending vibration of Si—O—Si bond in the [SiOy]
tetrahedral unit as well as stretching vibration of the [BO,]
unit.*#l Ag evidenced in Figure lc,d, B magic-angle spin-
ning (MAS) nuclear magnetic resonance (NMR) spectrum con-
firms the existence of [BO3] (-3 ppm) and [BO,] (9 ppm) units,
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and F NMR spectrum supports the formation of Si—F bond
(-142 ppm) in the glass network.”*8] X-ray diffraction (XRD)
patterns evidence the precipitation of CsPbX; (X3 = Brs, Bryslys)
inside glass. As shown in Figure le, the precursor glass (PG)
shows a typical amorphous structure, and typical cubic CsPbX;
crystalline diffraction peaks are superimposed on the amor-
phous halo after heat treatment. High-angle annular dark-field
(HAADF) scanning transmission electron microscope (STEM)
image (inset of Figure 1f) and high-resolution TEM (HRTEM)
micrograph (Figure 1f) confirm homogenous distribution of
CsPbX; PeQDs with high crystallinity and sizes of 5-10 nm
among glass matrix.

As shown in Figure 2a, CsPbBr;@glass samples with various
perovskite concentrations exhibit tunable cyan-green emissions
(509-524 nm) under 450 nm blue light excitation. PL peak and
absorption shoulder gradually red-shift (Figure 2a; Figure S3a,
Supporting Information) and decay lifetime monotonously
increases (Figure S3c—f, Supporting Information) with increase
of perovskite concentration, indicating that the bandgap
energy of the precipitated CsPbBr; PeQDs can be finely modi-
fied by varying perovskite concentration. The fwhm values of
CsPbBr;@glass are in the range of 23.3-26.7 nm (Figure 2b),
confirming the CsPbBr;@glass exhibits a narrowband PL with
high color purity. Meanwhile, PLQY of CsPbBr;@glass shows
a tendency of enhancement and then gradually decreases with
increase of perovskite concentration. The best PLQY is =94% for
the sample with perovskite concentration of 0.875 (Figure 2c¢),
which is the highest value reported as far as we know (Table S1,
Supporting Information). Increasing perovskite concentration
in glass is beneficial for the diffusion of Cs*, Pb?', and X~ ions
and the promotion of high-crystallinity CsPbX; growth, leading
to the uptrend in PLQY. The decrease in PLQY with further
increase of perovskite concentration is probably due to exces-
sive growth of CsPbBr; PeQDs accompanied with an increase
in the number of defects as non-radiative relaxation centers.[*
Similarly, fwhm shows a rapid broadening when perovskite
concentration is higher than 0.875, which is attributed to par-
ticle inhomogeneity caused by overgrowth of CsPbBr; PeQDs.
Importantly, the same phenomenon is observed for the red-
emitting CsPbBr;sI; s@glass (Figure 2d—f). As the perovskite
concentration increases, both the PL peak (625-637 nm) and
the absorption shoulder red-shift (Figure 2d; Figure S3b, Sup-
porting Information). The PLQY of CsPbBr; sI; s@glass is also
dependent on perovskite concentration (Figure 2f and Table S2,
Supporting Information). When the perovskite concentration
exceeds 1.05, the overgrowth of CsPbBr;sl;5 PeQDs results
in a decrease in PLQY and a gradual broadening of fwhm
(Figure 2e,f).

Additionally, crystallization condition also plays a crucial
role for improving optical properties of CsPbX;@glass sam-
ples. Herein, S,5-Ssg for CsPbBr;@glass and Ssp-Syp for
CsPbBr;sl; s@glass are chosen and are heat-treated at dif-
ferent temperatures of 480, 500, 520, and 540 °C for 2 h. As
illustrated in Figure 3 and Table S5 (Supporting Information),
PL spectra of samples S,s-Ssg all show a red-shifting and the
corresponding fwhms are narrowed with elevation of heat-
treatment temperature. Higher temperature heat-treatment
can promote migration and diffusion of perovskite ions, thus
facilitating more uniform growth of CsPbBr; PeQDs inside
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Figure 1. a) Schematic illustration of SiO,-B,03-ZnO-CaF, glass network structure and in-situ growth of CsPbX; PeQDs. b) FTIR spectrum, c) ''B and
d) "F NMR spectra of the glass. ) XRD patterns of precursor glass and CsPbX;@glass. Bars represent standard diffraction data of cubic CsPbBr;
crystal (JCPDS No. 54-0752). f) A typical HRTEM micrograph and HADDF-STEM image (inset) of CsPbBr;@glass.

glass. However, PLQY of CsPbBr;@glass does not always
enhances with elevation of heating temperature (Figures 3f).
For example, heat-treatment temperature exceeds the optimal
temperature (500°C for S,;), PLQY gradually decreases.
Too high crystallization temperature will overgrow CsPbBr;
PesQDs, which leads to increase the number of defects acting
as non-radiative loss centers. Similar results are observed for
the Ssg-S7r samples (Figure S4 and Table S6, Supporting Infor-
mation), but it is worth noting that Ssz achieves =78% PLQY
at a heating temperature of 590°C, which is the highest value
for CsPb(Br/I);@glass reported to date (Table S2, Supporting
Information). To sum up, by elaborately optimize perovskite
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concentration and  heat-treatment temperature, green
CsPbBr;@glass (S heat-treated at 500°C per 2 h) with PL
wavelength of 517 nm, PLQY of 93.8% and fwhm of 26.5 nm
and red CsPbBr;5I; s@glass (Ssg heat-treated at 590°C per 2 h)
with PL wavelength of 640 nm, PLQY of 78.1% and fwhm of
36.1 nm are successfully achieved.

Furthermore, both green CsPbBr;@glass and red
CsPbBry5I; s@glass samples were subjected to a series of
stability tests. As presented in Figure 4a,b PL intensity of
CsPbX;@glass samples decreases with elevation of tempera-
ture owing to intrinsic thermal quenching effect of PeQDs.
Fortunately, it is worth noting that CsPbX;@glass exhibits

© 2023 Wiley-VCH GmbH
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Figure 4. Temperature-dependent PL intensity for a) green CsPbBr;@glass and b) red CsPbBrsl;s@glass samples experiencing three-time
heating/coolibf cycles between 290 K and 470 K. c) Heat/humidity resistance test of CsPbX;@glass under accelerated aging condition at 85 °C/85%
RH and d) photostability test under blue light (optical power: 40W m~2) irradiation for 60 days. Insets are illuminated photographs of the corresponding

samples after stability tests.

excellent thermal reversibility without observable change in PL
intensity after three-time heating/cooling cycles between 290 K
and 470 K (Figure 4a,b). Besides, benefited from protection of
dense glass network and effective separation of CsPbX; from
external environment, CsPbX;@glass samples also exhibit
excellent resistance to humidity and heat (Figure 4c,d). After
1200 h (50 days) of accelerated aging tests (85°C/85% RH),
CsPbBr;@glass and CsPbBr;sl; s@glass can maintain 94.5%
and 92.6% of the initial PL intensity, respectively (Figure 4c).
More importantly, the blue light stability of CsPbX;@glass
determines its potential as LCM in blue-light-excited wLED for
display application. Therefore, we tested blue-light-irradiation
stability by placing CsPbX;@glass on a blue light guide plate
with an optical power of 40 W m~2. After 1440 h (60 days) blue
light irradiation, CsPbBr;@glass, and CsPbBry;l;s@glass
cam remain 91.9% and 85.6% of their initial PL intensity,
respectively (Figure 4d). Finally, mixing CsPbBr;@glass with
CsPbBr5I; s@glass will not lead to halogen-exchange-induced
phase separation since both CsPbBr; and CsPbBr; sI; 5 are well
separated by glass matrix (Figure S5, Supporting Information).
These excellent optical properties and long-term stability
of the green/red CsPbX;@glass (X3 = Brs, Brysl;s) validate
their suitability as LCM in wLEDs for back-lighting dis-
play. As a proof-of-concept experiment, LED devices are con-
structed by coupling green-emitting CsPbBr;@glass powders,
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red-emitting CsPDbBr; sI; s@glass powders, and the mixture of
CsPbBr;@glass and CsPbBr; sI; s@glass powders with 460 nm
blue LED chip. The as-prepared LED devices yield extremely
bright green, red, and white luminescence at an operating bias
of 3V (insets of Figure 5a—c). This voltage is applied on the blue
chip, which can be completely absorbed by CsPbBr;@glass
LCM (Figure 5a) and CsPbBr; sI; s@glass one (Figure 5b) to pro-
duce pure green and red light. When coupling with appropriate
amount of CsPbBr;@glass and CsPbBrsl;s@glass LCMs,
the device can produce a combined white light consisting of
460 nm blue (LED chip), 517 nm green (CsPbBr;@glass) and
640 nm red (CsPbBry;l;s@glass) tri-color narrowband emis-
sions (Figure 5c). By optimizing the ratio of red to green
PeQDs@glass powders, red/green/blue tri-color intensities can
be finely tuned, and the as-prepared wLED can produce cool,
pure, and warm white light (Figure S6, Supporting Informa-
tion). The device performance of CsPbX;@glass-based LEDs
is summarized in Figure 5d—f. The green, red and white LED
devices show high external quantum efficiency (EQE) of 15.1%,
8.0%, and 13.8% at low operating currents, respectively, which
will gradually decrease with increase of current. The power effi-
ciency for the constructed wLED is 25.8 Im WL Fortunately,
the LEDs can achieve ultra-high luminance of 600000 (green),
100000 (red), and 500000 cd m~2 (white), respectively. Different
to the case of EQE, the luminance remains quite high value

(5 of 9) © 2023 Wiley-VCH GmbH
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Figure 5. a—c) PL spectra for the constructed CsPbX;@glass converted green LED, red LED and white LED. Insets of the corresponding PL photographs
of the working LED devices at 3 V. EQE and luminance versus driving current for d) green LED, e) red LED, and f) white LED.

even at high operating currents. For instance, the luminance of
wLED still reaches as high as 400000 cd m™ at a high current
of 300 mA, which ensures its practical application in LCD as
back-lighting source.

For concept demonstration, we have assembled a back-
lighting source by embedding 36 CsPbX;@glass-based wLEDs
on the two sides of light guiding plate (LGP) (Figure Ga—d).
The main function of LGP is to guide the spot white light from
wLEDs to the plane white light. Indeed, PL spectrum recorded
from LPG shows blue/green/red tri-color narrowband emis-
sions (Figure 6e), and high-brightness and uniform plane white
light is clearly observable under the driving voltage/current of
12 V per 2A (Figure 6f). A demo display device was success-
fully designed by combining a commercial TFT-LCD panel
with the present CsPbX;@glass-based wLED arrays in the LGP
(Figure 6g; Figure S7, Supporting Information). As demon-
strated in Figure 6h, an image with a logo of “Fujian Normal
University” and white background is converted via single-chip
micyoco and integrated circuit, and finally is displayed in the
screen. We detected radiance PL intensities of specifically
selected six positions in the LCD screen with the help of a lumi-
nance meter. Evidently, blue/green/red tri-color spectral pro-
files are similar (Figure S8, Supporting Information) and the
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radiance intensities are almost the same for all these positions
(Figure 6i), confirming color and brightness uniformity of the
display device. Furthermore, we directly recorded the bright-
ness value every other day for 9 days and took photos of the
display. No obvious variation in radiance and image is found
(Figure S9, Supporting Information), evidencing excellent sta-
bility for the prototype display device.

Finally, we compare the present prototype LCD device
with a commercial LCD (ZT0007, Shenzhen Kaiyixing Elec-
tronics Co., LTD) to confirm its wide-color-gamut feature.
The backlight source of commercial LCD consists of blue
LED chips and YAG: Ce phosphors, which produces a com-
bined white light originated from blue emission of LED
and a broadband yellow emission of Ce3*: 4f—4f transition
(Figure S10, Supporting Information). The images of two
kinds of LCD devices based on the commercial backlit unit
and the present CsPbX;@glass backlit unit are presented in
Figure 7a-d. Compared to traditional YAG:Ce-wLED back-
light, the displays adopting CsPbX;@glass-wLED backlight
exhibit more details of object colors. For instance, for the
display of green color image, the commercial one yields a
yellowish green color (Figure 7a), while the CsPbX;@glass-
based one presents a pure green color and a more remarkable

© 2023 Wiley-VCH GmbH
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Figure 6. Photographs of a,b) CsPbX;@glass-based wLED array and c,d) LGP coupled with two wLED arrays. e) PL spectrum and f) luminescent
photograph of LGP under a operating voltage of 12 V. g) Schematic structure of the CsPbX;@glass-based back-lighting LCD system. h) Photograph of
the designed CsPbX3@glass backlit LCD in operation and i) radiance PL intensities from six different detecting positions in LCD screen.

color rendition (Figure 7c). Similarly, display image with
a pure red color and a high saturation is easily realized
for the CsPbX;@glass-based LCD (Figure 7d). We directly
measured radiance PL spectra for the pure white, blue,
and green images in the two LCD screens via a luminance
meter. The recorded spectra have been filtered by the color
filters (Figure S11, Supporting Information) and blue/green/
red images show concomitant weak PL bands of other colors
besides dominant emissive profiles (Figure 7e). Evidently,
the fwhm values for both green and red emissions (26 nm,
33 nm) from the CsPbX;@glass-based LCD are far nar-
rower than those (69 nm, 54 nm) from the commercial one
(Figure 7e). As a consequence, according to the calculated
CIE color coordinates (Table S7, Supporting Information), the
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color gamut of the CsPbX;@glass-based LCD reaches as high
as 127% of NTSC standard and 176% of that of the commer-
cial one (Figure 7f).

3. Conclusion

In summary, we have successfully prepared CsPbX;@glass with
tunable emitting wavelength, high PLQY, and excellent stability by
modulating perovskite concentration in glass and heat-treatment
temperature. The best PLQYs of green CsPbBr;@glass and
red CsPbBry sl s@glass can reach 94% and 78%, respectively,
which are the highest values for the CsPbX; embedded glasses
reported so far. Due to the effective protection of robust glass,

© 2023 Wiley-VCH GmbH
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Figure 7. Display images for LCD screens with a,b) commercial YAG: Ce-converted wLED backlit unit and c,d) CsPbX;@glass-based wLED backlit unit.
e) PL radiance spectra directly recorded from commercial LCD screen and CsPbX;@glass-based LCD screen via a luminance meter for pure white,
blue, green, and red images. f) Color gamut of CsPbX;@glass-based backlit unit (red solid triangle), commercial backlit unit (blue dot triangle) and

NSTC 1953 standard (black dash triangle).

CsPbX; can withstand a variety of harsh stability tests. After
50 days of commercial standard aging at 85 °C/85 %RH, PL
intensity of CsPbBr; and CsPbBrysl;s remains 94.5% and
92.6% of initial values, respectively; after 60 days of blue light
radiation, the value maintains 91.9% and 85.6% of initial ones,
respectively. As an application demo, an elaborately designed
brand-new CsPbX;@glass-converted wLED backlight source
can produce efficient, stable, and narrowband red/green/blue
tri-color emissions, and endow prototype LCD device with
more details of object colors and wide color gamut covering
127% of the NTSC 1953 standard and 176% of the commercial
LCD. The admirable optical performance and excellent long-
term stability of the present CsPbX;@glass demonstrate their
promising potential in the application of high-quality backlit
display.
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