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Ultra-small α-CsPbI3 perovskite quantum dots
with stable, bright and pure red emission for Rec.
2020 display backlights†
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The synthesis of α-CsPbI3 perovskite quantum dots (QDs) with pure red emission around 630 nm is in

high demand for display backlight application. However, the phase transition of α-CsPbI3 to yellow non-

emitting δ-CsPbI3 has been proven to be a great challenge for the classic colloidal synthesis route for per-

ovskite QDs in octadecene (ODE). Herein, we report a novel colloidal synthesis route by replacing ODE

with lauryl methacrylate (LMA) as the reaction solvent to improve the solubility of precursors, resulting in

small sized α-CsPbI3 QDs with a diameter of only 4.2 nm, which are the smallest red PQDs reported so

far. The corresponding CsPbI3 QD films exhibit a tunable photoluminescence (PL) emission peak in the

bright pure red region of 627 to 638 nm. The CsPbI3 QD polymer composite films with PL emission at

630 nm exhibit a superior photoluminescence quantum yield (PLQY) and photostability to mixed halide

CsPbBrI2 films under intense illumination. Perovskite light emitting diodes (LED) with the color gamut

reaching 96% of the Rec. 2020 standard are achieved using these films. This study provides a high-per-

formance pure red fluorescent material with a robust, low-cost, and reproducible colloidal chemistry that

will pave the way for the adoption of perovskite QDs in display backlight application.

Introduction

Colloidal perovskite nanocrystals have attracted significant
attention in perovskite light emitting diodes (LED) and display
backlights in the past few years owing to their high luminance,
narrow emission linewidth and continuously adjustable band
gap.1–4 Improved performances have been achieved for perovs-
kite LEDs in the green,5 deep red6 and near-infrared7 emission
regions.8 However, for mixed halide perovskites, poor struc-
tural stability and phase segregation caused by defects have
limited their application in the bright red emission region
(620–640 nm).9 Therefore, CsPbI3 quantum dots (QDs) within
a quantum confined regime have been applied to bright red
LEDs.8,10,11 The challenge of CsPbI3 QDs is that they usually
exhibit emission in the deep-red region (670–690 nm) and

phase instability in the yellow non-emitting phase. To obtain
small perovskite QDs, efforts have been made to reduce the
size of CsPbX3 (X = Cl, Br, I) nanocrystals such as varying the
ligand composition,12 adjusting the amount of the oleyla-
mine–HX mixture,13 changing the ratio of Pb to X10,14 or con-
trolling the nucleation and growth process15 in the reaction.

However, growth control of the hot injection method is
more complex16 and some methods for CsPbX3 (X = Cl, Br) can
hardly be applied to CsPbI3 directly.12 CsPbI3 nanocrystals
suffer from degradation mainly in two aspects. On the one
hand, the as-synthesized CsPbI3 perovskite nanocrystals are
extensively purified and isolated from crude solution using
polar anti-solvents17–24 to separate CsPbI3 nanocrystals of
small size.25 The polar anti-solvent removes surface-bound
ligands, resulting in an increase of surface vacant sites and the
aggregation of perovskite nanocrystals,26–28 and the uniformity
of size distribution decreases. This effect will broaden emis-
sions and reduce the color purity29 as well as the PLQY.25

Thus, various surface treatment approaches11,30 are used to
stabilize CsPbI3 nanocrystals. On the other hand, phase
instability in the yellow non-emitting phase limits their use.
Doping methods such as using Yb2+ (ref. 31) and Mn2+ (ref. 32)
are used to stabilize CsPbI3. Although doping of Mn can stabil-
ize α-CsPbI3, higher feed ratios of Mn lead to the precipitation
of PbI2,

32 precluding the synthesis of Mn2+ alloy α-CsPbI3 QDs
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with emission in the bright red region (620–640 nm) using the
current method.10,33

Recently, Mir et al. developed quantum-confined CsPbI3
perovskite QDs with bright-red emission and a PL emission
maximum at 627 nm and a PLQY close to 100% by using
zwitterionic lecithin ligands.34 However, the CsPbI3 perovskite
QDs with high PLQYs can only be maintained in solution. The
nearly 100% PLQY of CsPbI3 QDs in the colloidal phase
decreased to 68% for lecithin-stabilized QD films and the PL
spectra of the QD films were red-shifted. Xie et al. developed
CsPbI3 perovskite LEDs with emission at 636 nm by treatment
with 3-phenyl-1-propylamine (PPA), tetrabutylammonium
iodide (TBAI) and methyl acetate.35 The surface treatment
needs large amounts of anti-solvents and small CsPbI3 QD
films with emission <635 nm still need further research. To
fabricate QD polymer composite films for down-conversion
perovskite LEDs, a purification process is inevitable for the
conventional process as shown in Scheme 1. During the purifi-
cation process, QDs are precipitated without protection of the
colloidal solution for transfer to the UV adhesive, leading to a
decrease of PLQY and broadening of the peak linewidth.25,36

Thus, a precipitation-free method for small CsPbI3 QD films is
also important for down-conversion perovskite LEDs.

Herein, we use lauryl methacrylate (LMA) instead of octade-
cene (ODE) as the reaction solvent to synthesize ultra-small
CsPbI3 QDs with a diameter of only 4.2 nm through hot injec-
tion. LMA has been reported earlier as both a solvent and
hydrophobic alkyl monomer for CsPbBr3 nanocrystal films.37

LMA enables perovskite polymer composite films to be formed
without further purification and redispersion. In addition, the
solubility of halide-rich precursors containing Mn is improved.
The precipitation of PbI2 caused by higher feed ratios of Mn in
the hot-injection reaction is solved as a result. By adjusting the
amount of LMA, the emission peak of pristine CsPbI3 QD solu-
tion can be varied from 653 nm to 631 nm. α-CsPbI3 QDs are
synthesized through adopting the feed ratio of Mn/Pb. The
emission peaks of the corresponding QD films are adjusted in
the bright red region of 638–627 nm. The bright red perovskite
QD polymer composite films exhibit superior stability to con-
ventional mixed halide perovskite nanocrystal polymer compo-

site films. Under continuous intense irradiation, the mixed
halide perovskite films undergo phase segregation and the
PLQY decreases sharply within 3 hours. In contrast, the PLQY
of the CsPbI3 QD polymer composite film still remains 73%
after continuous irradiation for 24 hours. Thus, a down-conver-
sion perovskite LED is fabricated using a green CsPbBr3 nano-
crystal polymer composite film and a bright red CsPbI3 QD
polymer composite film. Moreover, our modified method exhi-
bits a scale-up possibility and reproducibility towards future
display applications.

Results and discussion

As for the cubic α-CsPbI3 phase, the Cs+ ions are not large
enough to stabilize the cubic framework and a transition to
the yellow non-emitting orthorhombic δ-CsPbI3 phase is seen
below 315 °C.38 Mn2+ is used to enhance the formation energy
and improve the stability of the CsPbX3 perovskite.32,39

However, higher feed ratios of Mn result in the precipitation of
PbI2, which has been reported in a previous work.32 The com-
parison between CsPbI3 QD polymer composite films through
ODE and LMA strategies are shown in Scheme 1. Compared to
ODE, LMA exhibits better solubility for the precursor under
the same experimental conditions (Fig. S1†). In the ODE
process, the precursor cannot be completely dissolved, and the
preparation of the perovskite composite film requires purifi-
cation using anti-polar solvents to remove the ODE solution.
Since the solubility of the precursor affects the halide-rich
reaction conditions, Mn-doped CsPbI3 QDs can hardly reach
bright red emission <640 nm through the direct hot-injection
method.10,33 CsPbI3 perovskite QDs obtained using ODE
exhibit an emission peak at 642 nm (Fig. S2a†). To separate
QDs, perovskites need to be purified using methyl acetate. The
removal of surface-bound ligands using polar anti-solvents
results in the degradation of QDs.26–28 Without the protection
of the surface ligands, small QDs are easily transferred to the
non-emitting δ-CsPbI3. Furthermore, the CsPbI3 QDs are not
yet stable in pristine ODE solution.

As shown in Fig. 1a, the as-synthesized samples in pristine
ODE solution exhibit no significant absorption peaks in the
range from 450 nm to 600 nm. After 1 day, a peak around
504 nm appears, indicating that the ODE sample dissociates
into monolayer nanocrystals.40 After 2 days, an absorption
peak located at 517 nm is observed. This peak reflects the for-
mation of monolayer nanoplates36 confirmed by the XRD pat-
terns (Fig. S2b†). Aggregation, phase transition non-emitting
phase and self-assembly to the monolayer41 nanosheets of the
samples take place spontaneously after 2 days. The absorption
peak at 555 nm appears after the storage of the samples for
over 3 days. The peak is attributed to bi-layer nanocrystals.36,42

Compared to the ODE samples, the LMA samples exhibit
superior stability (Fig. 1b). A monolayer peak appears after
storage for over 6 days in the LMA solution (Fig. S3†).

The stability comparison between the samples in ODE and
LMA can also be observed from the PL emission, as shown in

Scheme 1 Schematic diagram of the conventional ODE strategy and
the new LMA strategy for the fabrication process of the perovskite
polymer composite films.
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Fig. 1c–e. It can be observed that after preservation for 5 days
in the pristine solution, the PL intensity of the ODE samples
decreases sharply to less than 5%, while the PL intensity of the
LMA samples remain at approximately 68% with respect to the
initial value. The PL emission peaks of the ODE solution shift
from 640 nm to 648 nm after 4 days, while the emission peaks
of the LMA samples exhibit nearly no shift until preservation
in the solution for 7 days (Fig. S4†). The overall comparison of
the optical properties between the two samples is shown
directly in Fig. 1f. The degradation of CsPbI3 QDs is sup-
pressed in LMA and the stability is improved as a result.

LMA provides a preferable environment for Mn-doped
CsPbI3 QDs, which enabled us to conduct more studies on the
synthesis of CsPbI3 QDs. As the high ligand concentration
decreases the reactivity of the precursors and nucleus sur-
faces,43 we can adjust the amount of LMA to increase the con-
centration of the precursor, according to which the CsPbI3 QD
solution with tunable emission is obtained. As shown in
Fig. 2a, with the amount of LMA decreasing from 16 mL to
6 mL, the emission peaks of the QD solution shift from
653 nm to 631 nm. The PL and absorption spectra of CsPbI3
QDs synthesized using 16 mL of LMA exhibit a red shift com-
pared with those synthesized using 8 mL of LMA after being
diluted in toluene (Fig. S5†). As shown in Fig. 2b, the diluted

pristine sample under the condition of 8 mL of LMA exhibits
emission at 630 nm with a full width at half maximum
(FWHM) of 45 nm. The corresponding QD film exhibits emis-
sion at 630 nm with a FWHM of 39 nm, which matches well
with the Rec. 2020 standard. After being purified using methyl
acetate for once, the PL emission peak shifts to 636 nm with a
FWHM of 36 nm, and the absorption is around 620 nm. The
CsPbI3 QDs exhibit a narrower FWHM compared to those in
previous works11,44 in the bright red region. Purification using
polar anti-solvents results in aggregation of small QDs, so a
purification-free method for small QD films is also meaning-
ful. The strong quantum confined effect results from the small
particles with an average size of 4.2 nm, observed through
transmission electron microscopy (TEM) images (Fig. 2c).
Compared with the QDs synthesized using 8 mL of LMA, the
CsPbI3 QDs obtained using 16 mL of LMA exhibit a larger
mean size of 5.2 nm (Fig. S5†). There is no obvious difference
in the Mn/Pb ratio between the QDs synthesized using 8 mL
and 16 mL of LMA (Table S1 and Fig. S6†). Thus, the change
of the PL peak position is attributed to the variation in QD size
controlled through the concentration of precursors. The time-
resolved PL (TRPL) decay spectrum is measured and fitted
with bi-exponential decay functions as shown in Fig. 2d. The
PL lifetimes (τavg) are listed in Table S2† (with the condition of
Mn/Pb = 1.6).

Although doping of Mn2+ in CsPbBr3 and CsPbI3 cannot be
detected through PL emission due to the mismatch between
the 4T1 →

6A1 transition of Mn2+ and the band gap absorption
of the perovskite,39,45 Mn2+ still has an impact on lead halide
perovskites.

Fig. 1 Comparison of the optical properties between the CsPbI3 QDs in
the ODE and LMA solutions. The absorption spectra of the CsPbI3 QDs
stored in the (a) ODE and (b) LMA solutions for different days without
further purification and with a reduced range from 450 nm to 600 nm.
The PL emission spectra of the CsPbI3 QDs stored in (c) ODE and (d)
LMA and (e) their comparison in terms of the relative PL intensity. (f ) The
images of the samples under room light and UV irradiation at 365 nm
after storing for different time periods.

Fig. 2 (a) The PL emission spectra of the QD solution with different
amounts of LMA. (b) The PL spectra of the diluted pristine CsPbI3 QDs,
purified QDs and QD films, and the UV-vis absorption spectrum of the
purified QDs obtained using 8 mL of LMA, along with their corres-
ponding PL peak wavelength and FWHM. (c) The TEM image of the
CsPbI3 QDs obtained using 8 mL of LMA. The inset shows the size distri-
bution of the CsPbI3 QDs. (d) The time-resolved PL decay spectrum of
the QDs obtained using 8 mL of LMA with Mn/Pb = 1.6.
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The stability of CsPbBr3 and CsPbI3 perovskites is influ-
enced by the amount of Mn2+.32,39 Thus, the feed ratio of Mn/
Pb has a crucial effect on the stability of small CsPbI3 QDs.
The improved solubility of the precursor in LMA makes it poss-
ible to adjust the feed ratio of Mn/Pb for small QDs. As shown
in Fig. 3a, the UV-vis absorption spectra indicate that CsPbI3
QDs with a feed ratio of Mn/Pb = 1.6 exhibit superior stability
after being purified using methyl acetate twice, compared to
the undoped CsPbI3 QDs and QDs with other feed ratios. The
QDs with Mn/Pb = 1.6 exhibit an absorption peak at 625 nm.
The red shift originates from the removal of surface ligands in
the purification process using methyl acetate.25 In addition,
QDs with the conditions of Mn/Pb = 1.5 and Mn/Pb = 1.7
exhibit an exciton absorption peak at around 500 nm, which
comes from the formation of single layer nanocrystals36,46 dis-
sociated from the QDs. QDs with the conditions of Mn/Pb = 0
and Mn/Pb = 1.8 turn into yellow precipitates after the same
purification process and lose their luminescence. The PL
peaks of the diluted pristine colloidal QD solution with the
conditions of Mn/Pb = 1.5, 1.6 and 1.7 all centered at 630 nm
(Fig. S7†). After being purified using methyl acetate once, the
PL spectra of the QDs with the conditions of Mn/Pb = 1.5 and
Mn/Pb = 1.7 show a small peak at 513 nm (Fig. 3b), which orig-
inates from the single layer nanocrystals,36,46 corresponding to
the absorption spectra. The CsPbI3 QDs with a feed ratio of
Mn/Pb = 1.6 exhibit a single emission peak. The PL decay
curves and PL decay parameters of QDs with different feed
ratios are shown in Fig. 3c and Table S2.† QDs with the con-
ditions of Mn/Pb = 1.5 and Mn/Pb = 1.7 exhibit a triexponen-
tial decay. The τ1, τ2, and τ3 lifetime components belong to the
band-edge recombination, shallow trap-mediated recombina-

tion and trap state, respectively.47 When Mn/Pb = 1.6, the triex-
ponential decay curve of the QDs changes to a biexponential
decay, and the lifetime component τ3 corresponding to the
trap state disappears. In addition, the phase stability of the
QDs is also related to the feed ratio. The samples purified
using a large amount of methyl acetate are characterized by
XRD, as shown in Fig. 3d. The XRD patterns indicate that
CsPbI3 QDs with Mn/Pb = 1.6 adopt the α-phase perovskite
structure.48 The samples with a lower feed ratio of Mn/Pb = 1.5
degrade to non-emitting δ-CsPbI3 and the samples with a
higher feed ratio of Mn/Pb = 1.7 degrade to δ-CsPbI3 and PbI2,
as can be seen in Fig. S8.† With increasing amount of Mn, the
stability of CsPbI3 QDs improves first and then decreases. This
phenomenon owes to the change of the formation energy
caused by the different amounts of Mn.39 The formation
energy will reach the maximum for perovskite after reaching a
certain amount of Mn2+ content and then decrease rapidly
with further increasing content of Mn2+. The enhanced for-
mation energy improves the thermal stability and optical per-
formance of the perovskite QDs. As for small CsPbI3 QDs, the
amount of Mn is more critical. As shown in Fig. S9,† QDs with
a feed ratio of Mn/Pb > 1.6 are less stable. After being purified
using methyl acetate and dried on the Si substrate, the PL
emission of QDs with Mn/Pb = 1.7 disappeared and Mn disso-
ciated, while the QDs with Mn/Pb = 1.6 still remained stable.
Notably, CsPbI3 QDs with an appropriate amount of Mn2+

exhibit superior stability.
By adjusting the amount of LMA, the emission peaks of the

QD solution are tunable, and the emission peaks of the corres-
ponding QD films can be adjusted from 638 nm to 627 nm
(Fig. 4a) in the bright red region. The CIE chromaticity coordi-
nates of the red QD films from different amounts of LMA vary
continuously from (0.69, 0.31) to (0.67, 0.33), as shown in
Fig. S10.† A film with a PL emission peak at 630 nm is
achieved under the condition of 8 mL of LMA with a FWHM of
39 nm. As for mixed halide perovskites, phase segregation can
be aggravated under photo-illumination.49 Phase segregation
results in color inhomogeneity and deviation, which limits the
reliability of backlight applications.29 Thus, we used CsPbI3
QD films with bright red emission for backlight applications.
CsPbI3 QD polymer composite films based on LMA are fabri-
cated by photo-polymerization. We compared the optical pro-
perties of the bright red emissive films of mixed halide
CsPbBrI2 nanocrystals and CsPbI3 QDs, as shown in Fig. 4.
Triphenylphosphine (TPP)50 is used as a stabilizing agent for
CsPbBrI2 films. Fig. S11† shows the cross-sectional images of
the CsPbI3 QD composite film. The thickness of the samples
within the two PET substrates is estimated to be ∼90 μm using
scanning electron microscopy (SEM) images. The photostabil-
ity test is executed using a home-made 450 nm LED lamp with
irradiance of 1750 mW cm−2 in a dark room with a distance of
2.5 cm under a relative humidity (RH) of around 70%
(Fig. S11d†). As shown in Fig. 4b, the CsPbBrI2 nanocrystals
are unstable in the UV adhesive, leading to a peak blue-shift to
520 nm for the film without TPP. With the protection of TPP,
the main peak of the CsPbBrI2 film shifts from 634 nm to

Fig. 3 The influence of the Mn/Pb feed ratio for the CsPbI3 QDs. (a)
The UV-vis absorption spectra of the CsPbI3 QDs with feed ratios of Mn/
Pb = 0, 1.5, 1.6, 1.7 and 1.8. The (b) PL emission spectra, (c) time-resolved
PL decay spectra and (d) XRD patterns of the CsPbI3 QDs with feed
ratios of Mn/Pb = 1.5, 1.6 and 1.7. The asterisks upon the XRD peaks indi-
cate signals from α-CsPbI3.
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622 nm, and a second emission peak is detected at 510 nm
after 3 h. For the mixed halide perovskites, phase segregation
can be aggravated under illumination. The emission peaks of
the CsPbI3 QD films exhibit merely no shift owing to their
pure iodide composition.

The time-dependent PLQY characterization of perovskite
films is performed as shown in Fig. 4g and Fig. S12.† The
main initial emission peak of the CsPbBrI2 films without TPP
was seen to be shifted to 520 nm already, meaning that phase
segregation has occurred during the adhesive mixing process.
The PLQY of the CsPbBrI2 films with TPP is 10.3% at the
beginning and decreases rapidly under continuous irradiation,
reflecting the instability of the mixed halide CsPbBrI2 perovs-
kite. As for the CsPbI3 QD films, the PLQY has been improved
from 61% to 71% and remain at 73.5% after 24 h. The increase
in the PLQY after 1 h owes to the enhanced binding of the car-
boxylic acid from the ligand in the pristine QD solution.37,51

After continuous irradiation, the PLQY and emission peak
position of the CsPbI3 QD films remain stable (Fig. 4b, g and
Fig. S11c†). The morphology of the QD films exhibits no
obvious change, as shown in Fig. S11b.† When the excitation

wavelength varied from 440 nm to 600 nm, the PLQY of the
CsPbI3 films did not decrease significantly (Fig. 4e) and the
peak did not shift (Fig. 4f). As shown in Fig. 4e, the low PLQY
with an excitation wavelength <440 nm is generated from the
blank film. The change of the PLQY matches well with the
absorption spectrum of the blank film. The PLQY of the
CsPbI3 films fabricated using the other UV adhesive did not
decrease significantly and the peak did not shift with the vari-
ation of the excitation wavelength from 420 nm to 600 nm
(Fig. S13†). After 1 month of preservation at room temperature
under an average RH over 60%, the PLQY of the CsPbI3 films
decreased to 53% (Fig. S12†), remaining at 87.3% with respect
to the initial ratio (Fig. 4g). After continuous intense
irradiation for another 9 h, the PLQY decreased to 38%,
remaining at 63.4% compared to the initial PLQY. It can be
seen that the CsPbI3 films exhibit superior photostability com-
pared to the mixed halide perovskite film. Therefore, by apply-
ing the CsPbI3 films, the deficiencies that limit the use of lead
halide perovskites in LED backlights due to poor structural
stability and phase segregation are alleviated in the bright red
region.

Fig. 4 The PL and stability properties of the perovskite composite films. (a) The PL spectra of the polymer films with CsPbI3 QDs synthesized using
different amounts of LMA. (b) The PL emission peak position of different perovskite polymer composite films under illumination for different time
periods. (c) The PLQY of the CsPbI3 QD films before and after continuous irradiation for 24 h. (d) The PL spectrum of the CsPbI3 QD film after
irradiation for 24 h. (e) The PLQY of the QD films after irradiation for 24 h under various excitation wavelengths (red scatter) and the absorption
spectrum of the corresponding blank film (black line). (f ) The three-dimensional excitation–emission matrix (EEM) fluorescence spectrum of the
CsPbI3 QD film after irradiation for 24 h. (g) Normalized photostability curves of the perovskite composite films under illumination with respect to
the initial PLQY. The inset shows the image of the film.
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The stable CsPbI3 QD film exhibits emission at 630 nm
with a narrow FWHM of 39 nm, which is suitable for display.
Thus, a perovskite white LED is fabricated using a CsPbBr3
nanocrystal polymer composite film and a CsPbI3 QD polymer
composite film. The emission spectra of the blue chip,
CsPbBr3 film and CsPbI3 film are shown in Fig. S14.† As
shown in Fig. 5a, a wide color gamut backlight is fabricated by
successively superimposing a CsPbI3 QD composite film and a
CsPbBr3 composite film on a blue source. The CIE chroma-
ticity coordinates of the blue-chip, green-emissive CsPbBr3
film and bright red-emissive CsPbI3 film are (0.15, 0.05), (0.12,
0.79) and (0.69, 0.31), respectively. The CIE chromaticity coor-
dinate of the white point is (0.36, 0.33), with a correlated color
temperature (CCT) of 4000 K. The color gamut exceeds 128%
of the NTSC1953 standard and 96% of the Rec. 2020 standard
in the CIE 1931 color space. Moreover, the synthesis method
can be scaled up. As shown in Fig. S15,† the precursor is com-
pletely dissolved, and around 250 mL of the colloidal QD solu-
tion is collected. The pristine solution exhibits PL emission
centred at 630 nm with a FWHM of 44 nm, which is similar to
the results shown in Fig. 2b. Thus, our modified method exhi-
bits scale-up possibility and reproducibility towards future
display applications.

Conclusions

In summary, we achieved α-CsPbI3 QD polymer composite
films with superior stability in the bright red emission region
through a precipitate-free method. By replacing ODE with
LMA, the solubility of the precursor has been improved, and
thus, a higher feed ratio of Mn for the smallest CsPbI3 QDs
with a diameter of 4.2 nm is achieved so far. The emission
peaks of CsPbI3 colloidal solution change from 653 nm to
631 nm by changing the amount of LMA. The emission peaks
of QD films are tunable from 638 nm to 627 nm, with the

corresponding CIE chromaticity coordinates varying from
(0.69, 0.31) to (0.67, 0.33). Stable α-CsPbI3 QDs are obtained
through an optimized feed ratio of Mn/Pb. Compared with
CsPbBrI2 composite films, CsPbI3 QD composite films with
emission at 630 nm (FWHM = 39 nm) exhibit superior stability
and the peak shift caused by phase segregation is avoided. A
white perovskite LED is fabricated using a CsPbBr3 nanocrystal
polymer composite film and a CsPbI3 QD polymer composite
film on a blue light source. An exceedingly wide color gamut
of 96% has been achieved through our work relative to the
Rec. 2020 standard in the CIE 1931 color space. Our modified
method exhibits scale-up possibility and reproducibility
towards future display applications. The proposed strategy
using LMA paves a new way for effective doping of perovskites
and has potential application in high-performance perovskite
nanocrystals.
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