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ABSTRACT: Perovskite quantum dots (PeQDs) have been regarded

as an alternative to traditional phosphor color converters in the backlit .

display to improve the color gamut and rendition of LCD. However, ] 4 » . 5 *

the pending barriers of aggregation quenching and structure instability = ': . ‘ o = 'P' ( 1

are hindering their practical applications. Herein, high-quality CsPbXj;
(X = Br, Br/I) PeQDs were in situ precipitated inside glass to produce
nanocomposites with superior optical performance and stability. The
highest photoluminescence quantum yield (PLQY) of ~100% for
CsPbBr;@glass is ascribed to the elimination of the inner filter effect
via a physical dilution approach to restore its apparent value to an
intrinsic one, and the exceptional photostability and water/heat
resistance are benefited from their effective isolation from the external
environment by the surrounding glass network units. Employing the
PeQDs@glass@PDMS monolithic film, a high-performance backlit LCD was designed, and its color gamut reached 152% of
commercial LCD and 103% of NTSC, demonstrating a great potential in the optoelectronic industry.
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T he flat-panel display has become one of the most have recently gained intensive attentions for their facile
important components in modern optoelectronic synthesis, hl%h defect-tolerance, and outstanding optical
products. Currently, requirements for achieving dis- performance.’

plays with wide color gamut and excellent color rendition are Unfortunately, perovskite halide materials generally suffer
more and more urgent, owing to the dramatically growing from degradation upon external stimuli (such as moisture,
demands for a more realistic and low-energy image light, and heat) and color segregation of mixtures with different
presentation. Therefore, the development of high-performance compositions for ;31'129411‘ inherent ionic crystal feature and low
white light-emitting diode (wLED) backlights used in the formation energy.”””" Great efforts have been recently devoted
mainstream liquid crystal display (LCD) is needed.'™* At to address moisture instability and environment sensitivity of
present, the commercial backlights in LCDs are mainly perovskite materials. For instance, various strategies including
composed of InGaN blue chip and Ce: YAG yellow phosphor defect passivation, surface encapsulation with dense layers, and

or blue chip and Eu*": -SiAlON green and Mn*": K,SiF red e-rr‘lbedding in polymer matrices, inorganic salts, zeolit?-Y, and
phosphor.”~” As the human eyes are highly sensitive to the silica matrix, among otglse_rg,l hav'e been de\{eloped to improve
green spectral region, the discovery and development of highly ’.che stablhty of PeQDs.” It is worthwhile to mention that
efficient narrowband-emitting phosphors are particularly INOrganic amorp hous .glass networks can aAccomr?f)date the
important to enlarge the color gamut in the display.*'" As a CsPbX,; crystalline lattice for their abundant interstitial spaces,

) . s and the nanocomposite structure strategy of in situ nucleation/
EZ{E;?;E;?I;:}EWEE)Y f:fG jfggzlih:;ghf}fewé;}ifjl %_gﬁg;; growth of CsPbX; PeQDs inside' the.z glass mat.rix (deﬁne.d as
green phosphor with fiwhm of ~50 nm are not suitable for the CsPbX,@glass) to enhance passivation of their surface is of
future wide-color-gamut display. As an alternative, semi-
conductor quantum dots (QDs) have been regarded as one Received: December 9, 2020
of the most compelling candidates for the next-generation Accepted: January 12, 2021
backlit display for their intriguing optical properties including
high photoluminescence quantum yields (PLQYs), exceptional
color purity, and tunable bandgaps."*™'® Among them, all-
inorganic CsPbX; (X = Cl, Br, I) perovskite QDs (PeQDs)
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Figure 1. (a) Photographs of precursor glasses and CsPbX,@glass samples (X = Br, Br, I, ) under daylight. HRTEM images of (b)
precursor glass, (c) CsPbBry@glass, and (d) CsPbBr, I, ;@glass. (e¢) XRD patterns of precursor glass and the obtained CsPbX;@glass
nanocomposites. Bars represent standard diffraction data of cubic CsPbBr; crystal (JCPDS No. 54-0752). (f) Schematic illustration of
CsPbBr, I, @glass structure, where the CsPbBr, I, ; particle resides in the interstices of the glass network and thus is surrounded by the

[Si0,], [BO,], and [BO,] structural units.

particular interest.>™*° An inorganic glass matrix can be
regarded as an ideal host for semiconductor QDs benefitting
from its compact network configuration and low chemical
activity.”” It can provide a protective insulating layer over the
easily degradable CsPbX;, which not only protects the CsPbX,
PeQDs from external environments but also effectively blocks
the agglomeration and color segregation among CsPbX;
particles, thereby significantly improving the stability of
CsPbX;.>**® Unfortunately, most reported PLQYs of
CsPbX;@glass composites are still not high enough (Figure
S1), which cannot match the colloidal CsPbX; counterparts,
and the genuine factors restraining their PLQYs are pending.
Consequently, the corresponding backlit films and devices
have not been successfully fabricated, and there is no report
concerning their practical applications in backlit displays so far.

520

Herein, it is demonstrated that the quality of in situ grown
PeQDs inside glass is actually high and comparable to colloidal
counterparts, and the dominant reason for low PLQYs is
ascribed to energy loss by multiple processes of reabsorbing
and then re-emitting from the enriched PeQDs in the glass
matrix. We provide a simple physical dilution strategy to
improve the apparent PLQYs of CsPbX;@glass approaching
their intrinsic ones. Indeed, ~100% PLQY of green CsPbBr;@
glass and ~80% PLQY of red CsPbBr, I, s@glass composites
are achieved, which are believed to be the highest values
reported for CsPbX;@glass composites so far (Figure S1). We
further embed CsPbX;@glass powders in polydimethylsiloxane
(PDMS) to produce homogeneous CsPbX;@glass@PDMS
films with near-unity PLQYs and compared their stability with
colloidal CsPbX; PeQDs@PDMS. The as-prepared composite
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Figure 2. Absorption, excitation, and emission spectra for (a) CsPbBr;@glass and (b) CsPbBr, (I, ;@glass, and (c) the corresponding PL
decay curves. (d) Quantitative PL spectra of the CsPbBr;@glass-Al,O; mixture and the reference upon 365 nm excitation to determine
PLQYs. (e) Dependence of PLQYs of CsPbBr;@glass on the ratio of CsPbBr;@glass to Al,O;.

films exhibit excellent stability against heat/water and UV
radiation, where no obvious change in PLQY is found after
experiencing UV radiation for 7 days and boiling in water (90
°C) for 24 h. The CsPbX;@glass@PDMS was tested
successfully as the backlight in LCD, showing a much wider
color gamut. Compared with the screen using a commercial
backlight, the demoed CsPbX;@glass LCD intuitively exhibits
a more remarkable color rendition and a higher saturation.
Besides, the CsPbX;@glass@PDMS films and the designed
backlit units present the potential for flexible displays owing to
the elastic properties of the PDMS matrix.

The present CsPbX;@glass nanocomposites were prepared
by in situ nucleation/growth of the CsPbX; PeQDs inside the
glass matrix, which was achieved by heat-treatment of the
specially designed precursor glasses (PGs) with compositions
of $i0,-B,0;-Zn0-Cs,0-PbX,-NaX (X = Br, I). X-ray
photoelectron spectroscopy (XPS) and energy dispersive X-
ray (EDX) data confirm the existence of these elements for the
as-prepared glasses (Figure S2, Figure S3). As shown in Figure
1a, the precursor glasses are colorless and transparent, and they
are converted into bright green and red bulks after glass
crystallization, which indicates the successful precipitation of
CsPbX; crystals in the glass network. Notably, benefitting from
the facile and cost-effective glass preparation technique, the
CsPbX;@glass composites can be easily fabricated on a large
scale (Figure S4). Transmission electron microscope (TEM)
image verifies the amorphous structure of precursor glass
without any contrast (Figure 1b). Typical CsPbBr; and
CsPbBr, 51, 5 crystalline particles with sizes of 10—20 nm are
well discerned in the glass matrix (Figure 1c,d and Figure S5).
Importantly, high-resolution TEM (HRTEM) observation
demonstrates distinctly resolved lattice fringes of CsPbX;
PeQD in glass, confirming its high crystallinity and high
quality (inset of Figure SSa). Indeed, an amorphous halo in X-

521

ray diffraction (XRD) pattern of the precursor glass is
observed, and typical cubic CsPbX; (X = Cl, Br, I) crystalline
diffraction peaks are superimposed on the amorphous halo
after heat-treatment (Figure le). Fourier transform infrared
(FTIR) and Raman spectra evidence the existence of Si—O
and B—O vibrational structures in the composites (Figure S6,
S7). Magic angle spinning nuclear magnetic resonance (MAS
NMR) spectra show characteristic resonance bands of [SiO,],
[BO;], and [BO,] units (Figure S8). Therefore, it is believed
that CsPbX; PeQDs locate in the interstices of the glass
network and they are surrounded by the [SiO,], [BO,] and
[BO;] structrual units (Figure 1f and the discussion in
Supporting Information), which will be beneficial for them to
separate from external environment.

The as-prepared CsPbX;@glass composites exhibit typical
narrowband green and red photoluminescence with distinct
peaks at 518 and 630 nm (Figure 2a,b), attributing to the
band-edge exciton recombination emissions from the embed-
ded CsPbBr; and CsPbBr;sl; s PeQDs, respectively. Both
UV—vis absorption and excitation spectra contain strong
absorption/excitation edges near 516 and 628 nm correspond
to bandgap energies of CsPbBr; and CsPbBr,;l; s (Figure
2a,b). Worthy to be noted, there is only a slight stokes-shift
(5—10 meV) between the emission peak and the absorption/
excitation edge, which implies the risk of reabsorption for the
emitted photons. Time-resolved emission spectra reveal their
decays are in nanosecond scale (Figure 2c), further verifying
the intrinsic exciton recombination feature of CsPbXj,
embedded in glass. The fitted decay lifetime of 67 ns for
CsPbBr;@glass and 85 ns for CsPbBr, I, s@glass are longer
than the values of colloidal PeQDs,"” which may be attributed
to the reduced nonradiative transition and the improved
stability of CsPbX; passivated by the glass network. Taking
CsPbBr;@glass as a typical example, temperature-dependence
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Figure 3. (a) Schematic illustrating the quantum yield diversity between the unabridged CsPbBr;@glass bulk and the diluted glass powders.
(b) Spherical coordinate system for simulating the reabsorption and re-emission processes in the CsPbBr;@glass-Al,O; mixture. (c) The
plot of 7, versus the concentration of CsPbBr;@glass powders in the CsPbBr;@glass-Al,O; mixtures. The concentration values are
evaluated on the basis of the weight ratio of CsPbBry@glass to Al,O; and their densities (Supporting Note S2).

PL spectra were recorded to evaluate exciton binding energy
(Figure S9). The obtained value is 107 meV (Figure S9),
which is far larger than that (~30—40 meV) of colloidal
CsPbBr; PeQDs.”’ The larger exciton binding energy ensures
the survival of excitons at room temperature (26 meV) and
even higher temperatures and leads to an improved
luminescence efficiency. Quantitative PL spectra for the
CsPbBry@glass sample upon 365 nm UV light excitation
were recorded to determine its PLQY of 52% (Figure S10a).
Confusingly, such ideal composite configuration, that is, high-
quality PeQDs and compact glass matrix passivation, does not
lead to desirable PLQYs.

To reveal their intrinsic PLQYs, the CsPbX;@glass
composites were ground into fine powders (1-2 pm) and
were thoroughly mixed with nonluminescent (inert) ALO;
powders in different weight ratios. The quantitative PL spectra
for the mixtures were recorded (Figure S10b). As evidenced in
Figure 2d and Figure S11, with the increase of Al,O,
concentration, the absorption of 365 nm excitation light
quickly descends owing to the reduced CsPbBr; emitting
particles in the mixture, while their PL only shows a slight
decrease. Additionally, the PL band gradually shifts toward
short-wavelength (Figure S12). A similar case is found for the
CsPbBr, I, @glass sample (Figure S13). As demonstrated in
Figure S14, the appearance colors for the mixtures with the
reduced CsPbX;@glass content related to Al,O; gradually
fade; however, the intense luminescence is retained.
Fluorescence images from the ensemble system and an
individual CsPbBry@glass particle (unit) clearly evidence
that each particle can yield green luminescence (Figure S15).
Compared with that of the ensemble system, obvious blue-
shifting and narrowing of emission from a single CsPbBr;@
glass unit are observed (Figure S16). These results indeed
verify the existence of frequent reabsorption effect in the
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ensemble system, which leads to energy loss (i.e., low PLQY)
via multiple reabsorption and re-emission processes. Therefore,
the intrinsic PLQY can be obtained by diluting CsPbBry
concentration with the addition of nonluminescent Al,O,
diluent. Evidently, PLQYs of both CsPbBr; and CsPbBr, I, g
gradually enhance with decrease of [CsPbX;@glass]/Al,O;4
ratio and reach ~100% and ~80%, respectively (Figure 2e). To
the best of our knowledge, these PLQYs represent the highest
efficiencies reported for the CsPbX;@glass (X = Br, Br/I)
composites (Figure S1). We believe this kind of physical
dilution is an effective route to promote PLQYs of CsPbX,
PeQDs and address liability for quenching in both colloidal
CsPbX; powder aggregate and CsPbX; enriched glass bulk.
Notably, different than the case of PLQY, the corresponding
external quantum efficiency (EQE) exhibits a gradual decrease
from ~50% to ~20% with an increase of inert Al,O; or PDMS
content (Figure S17) because of the reduction of emitting
PeQDs content in the composites.

Generally, three factors might affect PLQYs of QDs systems:
1. the quality of QDs;*” 2. the near-field multipole interactions
between neighboring QDs, which is known as Forster
resonance energy transfer and occurs within subwavelength
range (in a scale of nanometer);*’ 3. the far-field reabsorption
among diverse QDs, an effect known as the inner filter effect
(IFE), which takes place at a distance larger than emitting
wavelength (>1 um). """ 1t is experimentally demonstrated,
when the CsPbBry@glass is ground into small sized (1—-2 ym,
that is, in the far-field scale) powders and diluted by Al,O,
powders, the PLQYs of the mixtures can be significantly raised
up to a value close to 100% (Figure 2e). Therefore, it can be
concluded that the quality of CsPbBr; PeQDs inside glass is
already as good as colloidal ones, and the near-field energy
coupling can also be excluded by considering that millions of
PeQDs precipitate in an individual PeQDs@glass unit. Hence,
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Figure 4. (a) Dependence of PLQYs for the green film (CsPbBr;@glass@PDMS) on the weight ratio of [ CsPbBr;@glass]/PDMS. Insets are
the photographs of the luminescent films. (b) Dependence of PLQYs for the CsPbBr;@glass@PDMS and CsPbBr, (I, ;@glass@PDMS films
on the wavelength of incident excitation light. The excitation spectral lines are provided as the guides. (c) Photostability test under UV light
(6W) irradiation for 7 days. (d) Humidity-resistance test under the strengthening condition by directly immersing CsPbX;@glass@PDMS
films in water maintained at 90 °C for 24 h. As a comparison, the data for colloidal CsPbBr; PeQDs in PDMS (CsPbBr;@PDMS) are also

provided in (c, d).

the far-field reabsorption effect is believed to be the primary
factor that restricts PLQY of our CsPbBry@glass bulk. Figure
3a illustrates a schematic to clarify the far-field reabsorption
effect on quantum yield diversity between the bulk and the
diluted powders. The PLQY for an individual CsPbBr;@glass
unit (1—2 pm) is identified as the intrinsic PLQY (17, ~100%).
For the CsPbBri@glass bulk or undiluted CsPbBr;@glass
powders aggregate, the emitted photons that succeed in
yielding from the bulk or the aggregate have experienced
multiple reabsorption and re-emission processes, leading to a
low PLQY (defined as the apparent PLQY 7;or, ~50%).
Mathematically, the apparent PLQY for the glass bulk or the
aggregate () is a cumulative product of the intrinsic one

(n)
Mo = L171 = 1" (1)

where i represents the average time that each photon
experiences the reabsorption and re-emission process.
Undoubtedly, the value of i can be reduced when the
CsPbBr;@glass powders aggregate is diluted by nonlumines-
cent Al,O; powders. Particularly, when the proportion of the
emitting units in the mixture decreases to a threshold value, the
value of i would be less than 1 (i.e., approach to zero) and the
apparent PLQY #,.,,; would approximate to its intrinsic value 7.
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On the basis of an established spherical coordinate system
(Figure 3b), we derive the relationship (Supporting Note S1,
S2 and Figures S18, S19) between the value of i and the
proportion of PeQDs@glass powders in the mixture (n, the
number of PeQDs@glass particles per unit volume)

i = 2mnA )
where A is a constant representing the absorbency of
CsPbBr;@glass, R is the macroscale of the mixture (~1
mm), and d is the mean size of the CsPbBr;@glass particle
(~1 pm). Accordingly, the value of n is 10° mm™ for the
CsPbBr;@glass bulk or the aggregate. Assuming that intrinsic
PLQY of an CsPbBry@glass unit is ~97%, the observed
apparent PLQY of ~50% for the bulk or the aggregate
corresponds to 20 times of reabsorption and re-emission (i.e., i
= 20) based on eq 1. In the case of the PeQDs@glass-Al,O4
mixture, to restore #, up to ~97%, the value of i must be
close to zero. According to eq 2, the calculated value of n
should be lowered down to the magnitude of 10° mm™>, which
agrees well with the experimentally designed n value of 9.2 X
10" mm™* for the PeQDs@glass-AL,O; mixture with a weight
ratio of 1:8 (Figure 3c). These estimated results verify that the
far-field reabsorption effect is the critical factor to restrain
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Figure 5. Demonstrations of CsPbX;@glass@PDMS film-based backlight unit with the size of 4 cm X 6 cm: (a) under daylight and (b) under
3.3 V applied voltage. EL spectra of white backlight units using blue LED chips with (c) Ce: YAG yellow phosphor and (d) CsPbX;@glass@
PDMS film. (e) Schematic illustration of LCD device structure using the as-prepared backlight unit. Display performance of LCD screen
with (f, g) commercial backlight unit and (h, (i) CsPbX;@glass@PDMS film backlight unit. (j) Color gamut of the commercial screen (blue
line), the CsPbX;@glass@PDMS film screen (red line) and NSTC 1953 standard (black line) in the CIE diagram. (k) Variation of luminance
of LCD devices with continuous operating times up to 48 h. Insets are the corresponding working green, red, and white LCD devices.

apparent PLQYs of the present CsPbBry@glass bulk or the
CsPbBr;@glass powders aggregate, and the proposed physical
dilution strategy is a facile and effective route to restore PLQYs
of the composites to their intrinsic ones. Furthermore, with the
decrease of the PeQDs@glass content in the composites or
films, the corresponding fwhm value exhibits a reduction
tendency (Figure S20), further confirming the alleviation of
the inner filter effect (i.e., reaborption effect).

Based on the physical dilution strategy, the CsPbX;@glass
fine powders were dispersed in PDMS matrix to fabricate the
required backlit films to explore their application in LCD
(Figure S21). Similarly, adjusting the weight ratio of CsPbX;@
glass to PDMS can modify PLQYs of the films, and increasing
the PDMS content related to CsPbBr;@glass will lead to high
PLQY up to 95% (Figure 4a). To evaluate whether the
CsPbX;@glass@PDMS films are suitable for LCD backlights,
excitation-wavelength-dependent PLQYs were determined, as
presented in Figure 4b and Figure S22. High PLQYs remain
upon 365—480 nm light excitation. Specifically, both green and
red CsPbX;@glass@PDMS films show above 80% PLQYs
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upon blue light excitation, confirming their suitability as color
converters in the blue-chip excited backlight.

In a further experiment, photostability and moisture stability
tests for the CsPbX;@glass@PDMS films were carried out. For
the photostability test, the composite films were directly
irradiated by a UV lamp (6 W) for different durations, and the
related PL spectra were recorded. Evidently, no obvious
attenuation in PL intensity is observed after UV light
irradiation for 7 days (Figure 4c). As a comparison, PL from
the colloidal CsPbBr; PeQDs embedded polymer film
(CsPbBr;@PDMS) quickly descends to ~5% (ie., ~90%
loss) after UV light irradiation for only 3 days (Figure 4c). For
moisture stability, no variation of PLQY is found when
exposing the CsPbBr;@glass@PMDS film in air for 90 days
(Figure S23). Furthermore, the composite films were directly
immersed into water and heated at 90 °C for different times.
Nearly 100% PL of CsPbX;@glass@PDMS is retained after
experiencing the strengthening experiment for 24 h (Figure 4d,
Figures S24—S26), while PL of CsPbBr;@PDMS is almost
quenched (Figure 4d). All these results certainly verify that the
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Figure 6. Luminescent photographs of (a) twisted green, red, and yellow CsPbX;@glass@PDMS films. (b) Luminescent photographs of
stretched green CsPbBr;@glass@PDMS film. (c) Flexible blue, green, red, and white backlit units upon 3.3 V applied voltage.

present CsPbX;@glass@PDMS films exhibit superior photo-
stability and humidity resistance, which is believed to benefit
from the effective protecting role of robust inorganic glass.
With significantly improved PLQYs and stability, the
CsPbX;@glass@PDMS yellow film (Figure S21) is potentially
applicable in LCD backlights. Notably, in order to avoid
detrimental color segregation via halogen anion exchange, the
traditional green and red colloidal CsPbX; films must be
separately prepared. Noteworthily, the currently reported color
converters generally consist of green PeQDs film and Mn*":
K,SiFs film stacked above the light guide plate.'>'®*
Importantly, for the present CsPbX;@glass@PDMS films,
dispersing both green CsPbBry@glass powders and red
CsPbBr, I, s@glass powders in the same PDMS matrix does
not induce any change of spectral profiles upon the excitation
of a commercial blue chip. As far as we know, this kind of all-
PeQDs CsPbX;@glass@PDMS yellow monolithic film (Figure
S21) is used in the backlight for the first time. The complete
inhibition of halogen anion exchange between CsPbBr;@glass
and CsPbBr, I, @glass is benefited from the effective
passivation of CsPbX; PeQDs surrounded by [SiO,]/[BO,]
glass structural units. We further examine the optoelectronic
parameters for the CsPbX;@glass-based LEDs using the on-
chip mode (Figure S27). The fabricated LEDs exhibit
extremely bright green, red, and white electroluminescence
(EL) with maximal luminance and external quantum efficiency
(EQE) of 300000 cd/m? 25000 cd/m? 350 000 cd/m?, and
5.1%, 3.3%, 7.2%, respectively (Figures $28—S30). Such high
luminance ensures their practical application in backlit LCD.
As shown in Figure Sa,b, the assembly backlight unit yields
bright white light at an operating bias of 3.3 V. This voltage is
applied on the blue LEDs, which further excite the yellow film
to produce the combined white-light luminescence. The
corresponding EL spectrum exhibits 450 nm (blue LED
chips), 518 nm (green CsPbBry@glass), and 630 nm (red
CsPbBr, I, ;@glass) tricolor narrowband emissions (Figure
5d). As a comparison, the traditional (commercial) backlight is
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generally combined by the blue chips and yellow Ce: YAG
phosphor with a broadband emission (Figure Sc).

For concept demonstration, a wide color gamut display
device (Figure Se, Figure S31) was successfully designed by
using a commercial TFT-LCD panel backlit by the present
CsPbX;@glass@PDMS yellow film in combination with blue
LED chips in the light guide plate. The inputted images can be
modulated and controlled by the single-chip micyoco and the
module integrated circuit (IC). The real LCD prototypes
intuitively demonstrate the difference of the display perform-
ance (Figure 5f—i). Compared with the commercial ones, the
LCD screens adopting CsPbX;@glass@PDMS assembly
backlight exhibits more details of object colors. For instance,
for the display of green color, the commercial screen presents a
yellowish green color (Figure 5f), while the assembly backlight
unit screen demonstrates a pure green color and a more
remarkable color rendition (Figure Sh). Similarly, a pure red
color and a high saturation can be realized for the display of
red color using the backlight with the CsPbX;@glass@PDMS
film (Figure Si). The color gamut of the as-obtained assembly
backlight display was compared with that of commercial
backlight display and the standard of NTSC 1953. According
to the calculated CIE color coordinates (Table S1), the color
gamut of the assembly backlight display is 103% of NTSC
1953 and 152% of that of the commercial backlit display
(Figure 5j). To test the stability of the working CsPbX;@
glass@PDMS backlight, the EL spectra were recorded after the
backlight was lightened for 48 h. As shown in Figure S32 and
Figure Sk, blue/green/red tricolor emissions and the yielded
white light are stable, and almost 100% EL intensities are
remained. Consequently, the (green, red, and white)
luminance for the LCD devices remain unchanged after
continuously operating for 48 h (insets of Figure Sk).

Finally, we demonstrate that the present CsPbX;@glass@
PDMS films are flexible. After these films are severely twisted
and stretched, their bright luminescence is maintained without
any loss of emitting intensities (Figure 6a,b), confirming a high
mechanical endurance owing to the well elastic properties of
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PDMS matrix. For instance, the stretching length of CsPbBr;@
glass@PDMS at break can reach as high as ~180% of the
original one, while the intense green luminescence is retained
(Figure 6b). Furthermore, flexible backlights can be easily
achieved by coupling the present films with a homemade
bendable light guide plate. As shown in Figure 6¢, the bended
backlight units yield green, red, and white light by using
CsPbBr;@glass@PDMS, CsPbBr, I, s@glass@PDMS, and
mixed@glass@PDMS as color converters, respectively, imply-
ing that these CsPbX;@glass@PDMS composite films may
find potential applications in flexible displays and other
cutting-edge optoelectronic devices.

In conclusion, although metal halide perovskite quantum
dots (PeQDs) possess excellent optical properties, their
congenital unstable nature is still haunting the prospect of
applying in high color rendition backlit display. In situ
nucleation/growth of CsPbX; (X = Cl, Br, I) PeQDs inside
inorganic glass has been regarded as a promising approach to
produce ultrastable PeQDs@glass composites. Unfortunately,
their photoluminescence quantum yields (PLQYs) reported so
far are not comparable to those of colloidal counterparts,
which remains formidable barriers for their practical
applications. In this work, we demonstrated that the low
PLQYs for the as-prepared high-quality CsPbX;@glass bulks
were primarily attributed to the inner filter effect (i.e.,
reabsorption effect) from abundant PeQDs in glass medium.
A facile physical dilution strategy was proposed to restore their
apparent PLQYs to the intrinsic ones via diluting them by
nonluminescent (inert) Al,O; or PDMS polymer, leading to
~100% PLQYs for the CsPbBr;@glass-Al,O; mixtures and the
CsPbBr;@glass@PDMS films. Importantly, the composite
films succeeded in passing various harsh stability tests, and
no obvious loss in PL was found after experiencing UV
radiation for 7 days and boiling in 90 °C water for 24 h. As an
application demo, a white LED backlight designed by coupling
a yellow composite film with blue chips endowed the LCD
with a wide color gamut (152% area of commercial LCD, and
103% of NTSC 1953 standard), confirming a great potential in
the optoelectronic industry. Moreover, it is also demonstrated
that the CsPbX;@glass@PDMS films and the designed backlit
units present the potential for flexible displays because of the
well elastic properties of PDMS matrix.
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