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ARTICLE INFO ABSTRACT
Keywords: In this study, to address the stability issues, we synthesized a CsPbBrs-coated poly (maleic
Nanocomposites anhydride-alt-1-octadecene) (CsPbBr3/PMA) using a modified hot-injection method. The

Optical materials/properties

CsPbBr3/PMA perovskite nanocrystals (PNCs) exhibited effective green emission at 522 nm with
Perovskite nanocrystals

an improved photoluminescence quantum yield (86.8 %) compared to traditional CsPbBrz PNCs
(54.2 %). The ligands in the polymer coating can bond with the uncoordinated Pb and Br ions on
the surface of PNCs to minimize surface defects and avoid exposure to the external environment,
enhancing the stability of the perovskites. Time-resolved photoluminescence spectra showed
longer lifetimes for CsPbBrs/PMA PNCs, while transient absorption measurements provided
valuable insights into the intraband hot-exciton relaxation and recombination. We demonstrate
the potential application of CSPbBr3/PMA in a down-conversion white-light-emitting diode (LED)
by coupling green CsPbBrs/PMA and red K»SiFs:Mn*" phosphor-coated glass slides onto a 455-
nm blue GaN LED. The white LED produced a white light with the International Commission
on Illumination color coordinates of (0.323, 0.345), luminous efficiency of 58.4 Im/W, and color
rendering index of 83.2. The fabricated, white-LED system obtained a wide color gamut of 125.3
% of the National Television Standards Committee and 98.9 % of Rec. 2020. The findings
demonstrate that CsPbBr3/PMA can be an efficient down-conversion material for white LEDs and
backlighting.

1. Introduction

Metal halide perovskite nanocrystals (PNCs) have evolved as a fascinating class of materials in optoelectronics because of their
unique and excellent optical and electrical properties, which include a narrow-band and tunable emission, high photoluminescence
quantum yield (PLQY), direct band gap, defect tolerance, high absorption coefficients, long carrier lifetimes, and high charge carrier
mobilities make them as active components for lasers, solar cells, light-emitting diodes (LEDs) and X-ray scintillators [1-5]. However,
despite their significant optical characteristics, CsPbBrs PNCs still suffer from inherent stability issues upon exposure to environmental
conditions that lead to degradation of the nanocrystals, reduced efficiency, diminished optical properties, and limited device lifetime.
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Researchers have been actively investigating methods to improve the stability of CsPbBrs PNCs by doping, growth of oxide shells,
incorporating them into a composite structure with suitable matrix materials, capping with inorganic stable matrices such as silica,
alumina and polymers [6-11]. Using CsPbBrs nanocrystals for color conversion, rather than electroluminescent (EL) LEDs, is regarded
as a more practical and less resource-intensive approach for developing nanocrystal LEDs, considering both material stability and ease
of processing. This method reduces charging and thermal stress issues as no current flows through the layer, commonly seen in EL
LEDs. The standard process involves blending PNCs with a thermo-curable silicone resin and integrating it into the LED. The existence
of hydrophobic-organic ligands and solvents can impede the polymerization of the encapsulating resin; as a result, the mechanical
stability of the material decreases. For lead halide perovskites, this is particularly troublesome as they need an abundance of organic
ligands to avoid aggregation, reducing their QY and light emission [12-14]. To address these stability issues, polymer encapsulation is
considered a better strategy to suppress surface defects and is employed for LED color conversion layers.

Among the various strategies being explored, encapsulating CsPbBrs nanocrystals within polymer matrices, such as poly (maleic
anhydride-alt-1-octadecene) (PMA), poly (methyl methacrylate) (PMMA), polystyrene (PS), polycarbonate, acrylonitrile, butadiene,
polyvinyl chloride, and styrene have gained much interest in the scientific community because the PNCs-polymer composite film offers
an attractive solution for color-conversion optical films in the context of blue, green, red LEDs within the liquid-crystal display (LCD)
backlight applications [15-18]. Moreover, the polymer layer acts as a barrier and effectively blocks the diffusion of moisture and
oxygen into the nanocrystal structure, minimizing their detrimental effects on the electrical and optical properties of PNCs and pre-
serving the structure [19,20]. Recent reports on various polymer matrices embedded with PNCs demonstrated promising results in
addressing stability issues and improving the PL and lifetime of the CsPbBrs PNCs for white LED applications. Wang et al. synthesized
(CsPbX3, X = Br/I and I) PNCs incorporated PMMA films for stable and high-speed white light communication with a pLED chip [21].
Tong et al. employed a hot-injection method to synthesize lead halide PNCs incorporated into acrylic monomers, producing
nanocrystal-polymer composite films characterized by remarkable stability and brightness [22]. Zhang et al. incorporated CsPbBr3
PNCs into PS polymer nanofiber employing a one-step electrospinning process and demonstrated its effectiveness in enabling the
high-efficiency detection of fluorescence in rhodamine solutions [23]. Babu et al. synthesized highly stable CsPbBrs incorporated poly
(vinylidene fluoride)-co-hexafluoropropylene fibers employing electrospinning technique and studied the charge-transfer dynamics
employing transient absorption (TA) spectroscopy. These results provided a number of photophysical insights and would pave the way
for the development of flexible and highly efficient solar cells and photodetector devices [24]. Peng et al. synthesized
polymer-encapsulated Zn-doped CsPbBryCl3 x PNCs-based color converters to mitigate the challenges of blue overshoot and cyan gaps
in white light-emitting diodes [25]. Adhikari et al. demonstrated that encapsulating metal halide perovskites in UV resin has enhanced
their air, moisture, and light irradiation resistance and also achieved a color rendering index of 85 and luminous efficacy of ~349
Im/W [26]. Zhu et al. utilized a 3D printing technique to fabricate water-stable resin-perovskite-based RGB color conversion layers.
The white LED fabricated using those RGB color conversion layers exhibited a color rendering index of 94 and a luminous efficacy of
~299 Im/W [27]. Ling et al. reported that poly (ethylene oxide) CsPbBr3s PNCS using a spin-coating approach produced a remarkable
PLQY of 60 %; moreover, it exhibited an electroluminescent efficiency above 53,000 edm™? [28].

PMA (poly (maleic anhydride-alt-1-octadecene) has proven to be an excellent ligand for encapsulating inorganic nanoparticles,
such as magnetic, semiconductor, and gold nanoparticles that are coated initially with oleic acid or oleylamine. This ligand integrates
within the carbon chain shell surrounding the nanoparticles, enhancing their stability. In cases where the nanoparticles have a stable
core, the PMA units can undergo further polymerization with a diamine, allowing for the encapsulation of the nanoparticle core and its
transfer to polar solvents [8,29]. In recent investigations, it has been found that the use of coating on CsPbBrz PNCs coated PMA (poly
(maleic anhydride-alt-1-octadecene) exhibited improved stability and PL performance because of the effective passivation of surface
defects in the PNCs. Meyns et al. synthesized PMA-coated cesium lead halide (CsPbX3, X = Cl, Br, I) NCs. They discussed how PMA
encapsulation passivated the NC surface and demonstrated their potential application in color conversion LEDs [8]. Li et al. synthe-
sized stable p-CsPblg incorporated PMA and achieved a remarkable PLQY of 89 %, and the corresponding red-emitting LED achieved a
high external quantum efficiency of 17.8 % [30]. Xu et al. reported transient optical properties of CsPbX3@PMA (X = Br, Br/I)
perovskite quantum dots and achieved white light emission by integrating CsPbBrs@PMA and CsPb(Br/I)3s@PMA films onto the blue
LED chip [31]. Wu et al. documented that CsPbBrs@PMA PNCs exhibited excellent stability against UV radiation, water, and exposure
to air. They successfully developed a white LED device by combining CsPbBrs@PMA PNCs with organic red luminescent phosphors on
blue LED chips, delivering an impressive power efficiency of 56.6 Im/W [32].

In this study, we synthesized CsPbBr3/PMA PNCs by a modified hot injection method. This conventional technique involves lead
halide precursors being completely dissolved in octadecene (ODE), oleic acid (OA), and oleylamine (OLm) solution medium at 120 °C
for 1 h under vacuum, subsequently rising temperature to 170 °C under Ar atmosphere. At this point, the PMA was introduced into the
reaction mixture before injection of Cs-a precursor to avoid any potential disruption of PNCs after their formation. Later, the PNCs are
subjected to centrifugation, separation, and subsequent redispersion of the perovskite nanocrystals into the toluene. The presence of a
protective PMA polymer during the growth of the nanocrystals makes their processing easier by stopping them from aggregating. Later,
the structure, PL mechanism, and environmental stability of these PNCs were analyzed. Furthermore, by incorporating PMA-
encapsulated CsPbBrs PNCs into the phosphor layer of a white LED, we achieved a wide color gamut and improved luminescence
efficiency, color rendering index (CRI), color temperature, and overall device performance.

2. Experimental materials and methods

Lead bromide (PbBry, 99.99 %, Sigma-Aldrich), cesium carbonate (CsyCOs3, 99.99 %, Sigma-Aldrich), 1-octadecene (ODE, 90 %,
Sigma-Aldrich), oleic acid (OA, 90 %, Sigma-Aldrich), oleylamine (OLm, 80-90 %, Sigma-Aldrich), poly (maleic anhydride-alt-1-
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octadecene) (PMA) (99.99 %, Sigma-Aldrich, molecular weight = 30,000—50,000), n-hexane (95.0 %, Samchun), and toluene (99.99
%, Samchun) were purchased and used without further purification.

2.1. Synthesis methodology

2.1.1. Cesium-oleate preparation
Cs2C03 (0.204 g), 10 mL of ODE, and 0.6 mL of OA were loaded into a 50-mL three-neck flask, heated under vacuum to 120 °C for 1
h, and then heated under an Ar environment at 150 °C until Cs;CO3 was dissolved entirely, and a clear solution was obtained.

2.1.2. CsPbBrs PNCs synthesis

CsPbBr3 PNCs were synthesized by loading ODE (5 mL) and 0.2 mmol of PbBr5 into a 50 mL 3-neck flask and dried under vacuum at
120 °C for 1 h and then followed by heating the solution under Ar gas. Dried OA (0.5 mL) and OAm (0.5 mL) at 100 °C were injected at
150 °C under Ar gas. After complete solubilization of a PbBr; salt, the temperature was raised to 180 °C, and Cs-oleate solution (0.5
mL) was swiftly injected into the PbBry-ODE solution. After 60 s, the solution was immediately cooled to room temperature by
immersing the flask in an ice-water bath. After the reaction, the crude NCs were separated by centrifugation and the residue was
redispersed in 15 mL toluene, and the process was repeated. Later, the obtained PNCs were dispersed in the 5 mL toluene and
transferred to the glovebox until further used.

2.1.3. CsPbBrs/PMA PNC synthesis

A 50-mL three-neck flask is loaded with PbBr, (0.2 mmol) and ODE (5 mL) heated under vacuum at 120 °C for 1 h. The solution is
then heated to 150 °C under an Ar gas. Dried OA and OAm (0.5 mL each) at 100 °C were injected into the PbBr,-ODE solution at 150 °C
under an Ar environment. After complete solubilization of the PbBry salt, a clear solution was obtained. 215 mg of PMA was then added
to the clear solution and allowed to react for 10 min. The temperature was then increased to 180 °C, and 0.5 mL of a Cs-oleate solution
was quickly injected into the PbBry/PMA-ODE solution, which was promptly cooled to room temperature using ice-water bath after 60
s. After the reaction, the crude NCs were separated by centrifugation and the residue was redispersed in 15 mL toluene, and the process
was repeated. Later, the obtained PNCs were dispersed in the 5 mL toluene and transferred to the glovebox until further used.

2.1.4. Design of a CsPbBrs/PMA-coated LED device
For the construction of the prototype white-LED device, green-emitting CsPbBr3/PMA PNCs were drop-casted onto a glass plate,

and, similarly, K5SiFs:Mn*" was mixed in a PMMA/toluene solution and drop-casted on a glass plate. The two plates were allowed to
dry at room temperature to evaporate the toluene. The two glass plates were integrated into a 455-nm GaN blue LED.

2.2. Characterizations

The obtained PNCs were further characterized by XRD recorded using Bruker DE/D8 Advance X-ray Diffractometer, TEM
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Fig. 1. (a) Schematic illustration of the synthesis procedure of CsPbBrs/PMA PNCs using a modified one-pot hot-injection method, (b) structure of
PMA, and (c) PMA polymer-coated CsPbBr3 structure.
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employing JEOL JEM-2100 electron microscope operated at 200 kV accelerating voltage, UV-vis absorption spectroscopy recorded
using Shimadzu UV-2600 spectrometer, FT-IR spectroscopy recorded using Nicolet-5700 FT-IR spectrometer, PL spectroscopy
employing Shimadzu RF-6000 Spectro-fluoro-photometer, TRPL recorded using HORIBA Jobin Yvon FluoroMax-4 fluorescence
spectrometer. The PLQY of the PNCs dispersed toluene solutions were recorded using Shimadzu RF-6000 Spectro-fluoro-photometer
using toluene as a reference under ambient conditions. The TA measurements used a Ti: sapphire regenerative amplifier system
(LIBRA-USP-HE, Coherent, Inc.), which generated fundamental pulses centered at 805 nm (50 fs, 1 kHz rep. rate). Pump pulses of
100-200 nJ were produced at 480 and 403 nm, respectively, using a home-built noncollinear optical parametric amplifier and a sum-
harmonic generation in a BBO crystal. The supercontinuum pulses in a sapphire window were measured using a fiber-based spec-
trometer with a back-illuminated CCD detector (QE65pro, Ocean Optics). Electroluminescence spectra were measured on a Labsphere
CdS-610 spectrometer. The UV resistance measurement was carried out on freshly synthesized CsPbBrs and CsPbBr3/PMA PNC so-
lutions taken in vial by continuous irradiation using a UV lamp (365 nm, 6 W) kept at a distance of 10 cm for 75 days. To evaluate the
moisture stability of uncoated and coated PNC solutions, 1.5 mL of each solution was immersed in 1.5 mL of deionized water for seven
days. Temperature stability tests were conducted for the PNC powders under various temperatures.

3. Results and discussion

Fig. 1aillustrates the synthesis of CsPbBr3/PMA PNCs by employing a modified hot-injection method, Fig. 1b displays the structure
of PMA, and Fig. 1c shows the PMA polymer-coated CsPbBrs structure. The TEM images of the pristine CsPbBrs (Fig. 2a) and CsPbBrs/
PMA PNC (Fig. 2c) reveal that at a reaction time of 30 s (30 s after the injection of Cs-oleate) the NCs with cubic morphology are
formed. Both PNC systems exhibited a well-defined pattern in the HRTEM images (Fig. 2b-d), suggesting a highly crystalline structure.
The HRTEM images of pristine and coated PNCs show a lattice spacing of 0.58 nm, corresponding to the (100) planes, confirming the
cubic crystal structure [8]. Additionally, the HRTEM images reveal that the lattice spacing remains consistent in both the pristine and
coated PNCs, further confirming the preservation of the cubic crystal structure upon coating. These findings demonstrate the successful
synthesis of highly crystalline CsPbBr3/PMA PNCs with a well-defined morphology and uniform coating. The XRD patterns of the
pristine and coated PNCs are presented in Fig. 2e. The diffraction patterns of the pristine and coated PNCs are well indexed with Pm-3m
cubic CsPbBr3 (JCPDS card no: 54-0752) [16]. The diffraction pattern observed in the pristine and coated PNCs indicates that both
PNCs have the same crystal structure, further supporting the preservation of the CsPbBrj crystal structure upon coating and confirming
the high crystallinity of the synthesized PNCs. The absence of any additional peaks suggests the absence of impurities, or the formation
of a secondary phase suggests the formation of high-purity PNCs. The XRD results provide strong evidence for successfully synthesizing
high crystalline CsPbBrs/PMA PNCs with a uniform coating. The two materials displayed excellent uniformity and monodispersity,
with a narrow size distribution at 9.51 and 9.90 nm, respectively (Fig. S1). The TEM and HRTEM images, along with the XRD patterns,
reveal that both the pristine CsPbBrs and CsPbBrs/PMA PNCs have a highly crystalline, cubic structure with excellent uniformity and
monodispersity. These characteristics can contribute to the stability and enhanced optical properties of the NCs. Fig. S2 shows the
Fourier transform infrared (FTIR) spectra measured for CsPbBrg and CsPbBr3/PMA PNCs to understand the interaction between
vibrational modes of PNCs and the PMA polymer matrix. On comparing the FTIR Spectra of CsPbBrs and CsPbBr3/PMA PNCs, they
almost exhibit identical characteristic vibrational bands, although with varying intensities. However, the main difference in the FTIR
spectra of pristine and PMA-coated CsPbBrs PNCs lies with the presence of additional vibrational bands at around 1786 cm ™, which is

CsPbBr,/PMA
5

8 —— CsPbBr,
>
—
(")
c
[}
]

£ JCPDS #54-0752

I IR N A Y

10 20 30 40 50

20 (degrees)

Fig. 2. (a, ¢) TEM and (b, d) HRTEM images of CsPbBr; and CsPbBr3/PMA PNCs, respectively, and (e) XRD patterns of CsPbBr; (green trace) and
CsPbBr3/PMA PNCs (blue trace) and the standard XRD pattern for cubic CsPbBr3 (PDF#54-0752). (For interpretation of the references to color in
this figure legend, the reader is referred to the Web version of this article.)
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attributed to the stretching vibrations of carbonyl (C—0) emanating from the anhydride group of the PMA polymer. The vibrational
band at around 1267 em™! is associated with the stretching vibrations of the C-O group, which arises due to the anhydride group.
Therefore, the emergence of C—=0 and C-O groups strongly indicates that the PNC surface is coated with PMA [8,31].

Fig. 3a and b demonstrate absorption and PL spectral profiles of the pristine and coated PNCs, respectively. The absorption spectra
of the pristine and coated PNCs exhibit absorption onsets at 509 and 516 nm, respectively. The absorption edges of the pristine and
coated PNCs are estimated to be 2.43 and 2.40 eV, respectively. Fig. 3c shows photographs of the pristine and coated PNCs in a
colloidal solution under day and UV lights. The CsPbBrs PNCs exhibited a robust green emission at 516 nm, characterized by a small
FWHM of 18.7 nm. On the other hand, the CsPbBrs/PMA exhibited a strong green emission centered at around 522 nm, with an FWHM
of 21.2 nm. The absorption and PL spectra of PMA-coated PNCs displayed a slight redshift compared to those of the pristine PNCs. This
shift can be attributed to the quantum confinement effect, resulting from the increase in particle size due to the PMA coating of CsPbBr3
PNCs. Additionally, multiple factors are involved in the redshift, such as defect transitions, thermal effects, and reabsorption effects
caused by the overlap of the absorption band edge with the PL emission (spontaneous emission spectrum) contribute to the peak shift
[19,33]. Furthermore, the coated PNCs appear to have a higher intensity of green emission than the pristine PNCs, suggesting that the
coating has enhanced the photoluminescence efficiency of the CsPbBrs material. Considering these spectral features, we intended to
measure the PLQY for the pristine and PMA-coated PNCs. The CsPbBr3/PMA PNCs exhibit a PLQY of 86.8 %, greater than the PLQY of
CsPbBrs3 (54.2 %) (Fig. S3) attributed to decrease in surface defects from effective passivation by PMA. When the PMA polymer was
added to the precursor solution during the synthesis, the polymer was more tightly bound to the ligands on the surface of PNCs.
Additionally, the PMA on the surface of the CsPbBr3 PNCs decreases the number of surface dangling bonds, increasing the PL intensity.
However, this does not always lead to a blue shift in luminescence [8,34,35].

The PL decay kinetics of the PNCs were investigated to comprehend the underlying mechanism responsible for the increase in the
PLQY (Fig. 3d). By analyzing the emission intensity as a function of time, it is possible to extrapolate the PL lifetimes and decay
components from the TRPL spectra. The PL decay spectra were subjected to a tri-exponential decay model (Eq. (1)). The average
lifetimes were computed using Eq. (2) [36-38].

c(t)=C exp(ft/ﬁ) +C exp(ft/fz) +Cs exp(ft/l_z) (¢h)
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Fig. 3. (a) Absorption spectra of CsPbBrs (black trace) and CsPbBrs/PMA (red trace) PNCs solutions. (b) PL spectra of CsPbBrs (black trace) and
CsPbBr3/PMA (red trace) PNCs solutions. (c) Photographs of the colloidal solutions of CsPbBr; and CsPbBr3/PMA PNCs. (d) TRPL spectra of the
CsPbBrj3 (black trace) and CsPbBrs/PMA (red trace) PNCs solutions. (For interpretation of the references to color in this figure legend, the reader is
referred to the Web version of this article.)
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Tav = (Cl’[% + CzT% -+ C3T§) / (Cl‘fl + Csz + C3T3) (2)

where the lifetime component (z7) and its amplitude (C;) are related to the intrinsic exciton relaxation, the intermediate lifetime
component (z72) and its amplitude (C,) corresponds to the phonon-exciton interactions, and the ultralong-lived lifetime component (z3)
and its amplitude (Cs) are associated with the interactions between excitons and defects. The prolonged lifetime component (r3) may
result from the reduced nonradiative energy transfer to trap states [36-39]. Fig. 3d reveals that the emission lifetime of the coated
PNCs (23.5 ns) is longer than that of the pristine (12.8 ns). The extended decay time is attributed to surface passivation, i.e., sup-
pression of surface defects on the pristine PNCs. Consequently, surface passivation increases the average lifetime and decreases the
surface recombination velocity compared to the uncoated CsPbBrs PNCs. In addition, as a result of the delayed PL relaxation dynamics
(extended decay time), which results from a reduction in the nonradiative recombination pathways and density of surface-trap defect
states due to self-passivation, the PMA-coated PNCs have a significantly higher intensity than the uncoated PNCs. These findings are
partially attributed to the suppression of surface defects on the uppermost surface of the PNCs. In addition to the TRPL decay analysis,
we investigated the recombination dynamics of the CsPbBrs and CssPbBrs/PMA PNCs and obtained the radiative (k;) and nonradiative
(kny) decay rates and radiative to nonradiative recombination ratio (k,/kp) using the PLQYs and lifetimes (Table S1) [22]. The
CsPbBr3/PMA has a low nonradiative recombination rate (k,r = 0.0063 ns~!) and better radiative recombination rate (k; = 0.0402
ns~1) than that of the CsPbBrs PNCs, which indicates fewer traps owing to the suppression of nonradiative routes resulted from PMA
coating. The k,/k,, ratio for the CsPbBrs/PMA (6.35) is considerably better than that for CsPbBr3 (0.842), which suggests that the PMA
coating can reduce the nonradiative routes. According to the longer lifetime and higher k,/k;,, the CsPbBr3/PMA contains fewer trap
states compared to CsPbBrjs as a result of the effective passivation of the CsPbBrj3 surface by PMA.

To better comprehend the impact of the surface passivation on the PNCs and to investigate the ultrafast exciton relaxation and
recombination kinetics femtosecond transient absorption spectroscopy (fs-TAS) was performed. Fig. 4a—c shows TA spectra of CsPbBr3
and CsPbBr3/PMA measured in the region of 430-600 nm at an excitation at 400 nm at an energy of 4 nJ/pulse under various time
intervals. Based on previous reports [40-42], TA spectra recorded in this spectral window show multiple features. First, strongly
quantum-confined QDs have a positive photo-induced absorption band (PAl, A > 0) in the 441-496 nm region due to a forbidden
exciton transition induced by the band-edge excitons. Second, the Stark effect, which results from the Coulombic interaction between
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Fig. 4. Fs-TA absorption spectra of (a) CsPbBr; and (c) CsPbBrs/PMA measured for different pump-probe delay times at excitation at 400 nm.
Excited-state kinetic spectra for the bleach signal and positive absorption bands of (b) CsPbBr3 and (d) CsPbBrz/PMA.
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band-edge excitons and hot carriers, is attributed to a short-lived absorption band (PA2) in the 521-560 nm wavelength region. Third,
a ground-state bleach signal (GSB, AA < 0) at 510 nm for CsPbBrs and 515 nm for the CsPbBr3/PMA PNCs is identified from which
charge carrier density on the bandgap can be determined [40-43]. The GSB signal is the first exciton absorption peak at the
steady-state onset. Both samples exhibited narrow GSB signals due to charge carrier localization, indicating regularity in nanocrystal
sizes. In both samples show that the negative GSB signals become progressively broader during the initial time delay, spanning a wide
wavelength range, and reach high levels at approximately 2 ps because of state filling. With increase in delay time the signals become
narrow and symmetric indicating a gradual recovery. This broadening of the GSB signals during the initial increase in time delay
results from the time necessary to attain a quasi-thermal distribution of charge carrier density, which depends on the temperature
variation between the carriers and lattice in the dark. Fig. 4b-d shows that the intensity of the GSB signals for CsPbBr3/PMA is higher
than that of CsPbBrs. This suggests that PMA can suppress the defect surface states of CsPbBrsg PNCs, eliminating trap fillings. The
increased intensity of the bleach signal of CsPbBr3/PMA compared to CsPbBrs is because of an increment in charge carrier density in
the CsPbBr3/PMA PNC core-shell-like system. The GSB trends in the TA profiles for CsPbBrs and CsPbBrs/PMA are consistent with
those reported for core-shell materials [31,43-45]. With the increase in the delay time, the bleach signals in the TA spectra of both
perovskite systems undergo a longer wavelength shift, suggesting different relaxation pathways from the initial excited state resulting
from laser pumping. As a result of exciton—exiton interactions, PA1 and PA2 exhibit a subtle longer wavelength shift in the initial
picoseconds, and their intensity decreases as the delay time progresses. This phenomenon results from the rapid population of charge
carriers at the band edges following intraband cooling, resulting in a state-filling-induced bleach, which predominates the spectral
profiles and depletion of the Stark effect generated by carriers. After reaching their maximum intensities at 20 and 0.5 ps, the strengths
of the absorption bands PA1 and PA2 gradually diminish. Fig. 4a—c shows TA kinetic curves of the bleach (GSB) and PA1 and PA2
bands at particular wavelengths for CsPbBrs and CsPbBr3/PMA, spanning a time delay in the range of 0-1200 ps. Both samples show a
rising component along with two decay components. A tri-exponential model is employed to provide the recovery dynamics of the GSB
signals of the two samples. The time constants 77 (shorter), 72 (longer), and 73 (ultra longer) correspond to the hot-exciton intraband
cooling, exciton trapping to bandgap trap states, and exciton recombination processes, respectively [31,41,42]. The time constants are
determined to be 71 = 0.32 ps, 73 = 63 ps, and 73 = 1.22 ns for CsPbBr3, and 71 = 0.26 ps, 72 = 86 ps, and 73 = 1.46 ns for CsPbBr3/PMA.
Due to the reduced surface trap states, longer excitation lifetimes of CsPbBr3/PMA are observed, indicating an effective passivation of
the CsPbBr; surface by PMA.

A UV resistance test (Fig. 5a) was performed by continuously irradiating the CsPbBr3 and CsPbBr3/PMA PNCs under UV light. After
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Fig. 5. (a) Relative PL intensity of pristine CsPbBr3 (blue trace) and CsPbBrs/PMA (violet trace) solutions against UV light (photostability test). (b)
Relative PL intensity of pristine CsPbBr3 (magenta trace) and CsPbBrs/PMA (green trace) solutions against storage time in water (water stability
test). (c) Relative PL intensity of pristine CsPbBrs (red trace) and CsPbBrs/PMA (wine red trace) solutions at different temperatures (thermal
stability test). (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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75 days of continuous UV irradiation, the CsPbBr3 PNCs retained only 6.2 % of their initial emission intensity, while the CsPbBr3/PMA
PNCs retained 42.4 %, demonstrating good UV resistance. This decrease in emission intensity can be attributed to the degradation of
CsPbBrs PNCs under UV light, leading to the detachment of surface ligands. Consequently, defects and clusters on the surface of
CsPbBr3 PNCs occur, significantly reducing their emission intensity. Conversely, the CsPbBrs/PMA PNCs exhibit better UV resistance,
as the presence of PMA as a surface ligand prevents the desorption and degradation of CsPbBrs PNCs, thereby maintaining a higher
emission intensity even after prolonged UV irradiation. This enhanced UV resistance of CsPbBr3/PMA PNCs suggests that PMA
effectively stabilizes the surface of CsPbBrg PNCs. Water resistance experiments were conducted by adding 1.5 mL of each colloidal
solution of CsPbBr3 and CsPbBr3/PMA PNCs into vials containing 1.5 mL water under ambient conditions for seven days (Fig. 5b).
Following the seven days of exposure, the emission intensities of the two PNC materials decreased, with the CsPbBrs PNCs having a
more significant decrease than the CsPbBrs/PMA PNCs. The PL intensity of the pure CsPbBr3 PNCs decreased to 14.1 % because of the
aggregation of the ligand-protected CsPbBrs PNCs upon exposure to moisture. This aggregation phenomenon was attributed to the
weak bonding between ligands and the CsPbBrj3 surface, which made the CsPbBr3 PNCs susceptible to moisture-induced degradation.
On the other hand, the CsPbBr3/PMA PNCs demonstrated a higher PL retention capability of 68.9 % due to the protective barrier
provided by the PMA matrix, which prevented moisture from reaching the PNC surface and causing aggregation. In addition, a thermal
resistance test (Fig. 5c) for CsPbBr3 and CsPbBr3/PMA PNCs was carried out in the temperature range of 280-393 K. The thermal
stability of the CsPbBr3/PMA PNCs was 71.3 % higher than that of the CsPbBr3 PNCs, which had a thermal resistance of 39.5 %. The PL
emission intensities of both PNCs decrease with the increase in temperature due to increase in electron—phonon interaction with
increase in temperature, leading to enhanced nonradiative recombination and reduced PL intensity. The presence of capping ligands
on the surface of the PNCs can form surface energy states within the forbidden gap of the PNCs, resulting in a reduction of the PL
intensity [6,46-48]. These results indicate that CsPbBr3/PMA PNCs exhibited excellent stability under UV irradiation, moisture and
thermal treatments, highlighting their exceptional suitability for various potential applications, such as in LEDs. Because of the
effective passivation by PMA, the CsPbBr3/PMA PNCs exhibit superior stability over CsPbBrg PNCs.

Considering the high PLQY, exceptional optical performance, and environmental stability of CsPbBrs/PMA, it can be used as a
green-light-emitting component to fabricate a white LED. To fabricate a white LED, the green-emitting CsPbBr3/PMA and red-emitting
K,SiFg:Mn*" were separately coated onto glass slides and integrated onto a commercial blue-LED chip (lem; = 455 nm) operating at 20
mA. Fig. 6a shows the EL spectra of the resultant white LEDs constructed using CsPbBrs/PMA PNCs as green component. The inset in
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Fig. 6. (a) EL spectra of the white-LED device obtained by integrating CsPbBrs/PMA and K,SiFs:Mn*"-coated glass slides onto a 455-nm GaN LED
(the inset image shows a photograph of the fabricated white-LED device) and (b) ICI diagram with white light coordinates of the white-LED device
shown in (a). EL spectra of a constructed white LED device operated at (c) different operating currents and (d) different time intervals.
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Fig. 6a is the photograph of the fabricated CsPbBr3/PMA-based white-LED device generating white light under an operating current of
20 mA. The EL spectrum exhibited three distinctive peaks in red, green, and blue (RGB) regions at 455, 524, and 630 nm, respectively.
Under a driving current of 20 mA, the white-LED device exhibits a luminous efficiency of 58.4 Im/W and CRI of 83.2 with a correlated
color temperature of 5916 K and International Commission on Illumination (ICI) coordinates of (0.323, 0.345) (Fig. 6b). The white LED
has an exceptionally wide color gamut, spanning 125.3 % of the National Television Standards Committee (NTSC) and 98.9 % of the
Rec. 2020. For a comprehensive comparison, EL spectrum of the white LED constructed using pristine CsPbBrs was measured (Fig. S4a)
and respective color coordinates are displayed in chromaticity diagram (Fig. S4b). Additionally, the EL parameters (LE, CRI, CCT and
color coordinates) of the constructed pristine CsPbBrs and CsPbBrs/PMA-based white LEDs are summarized in Table S2.

Stability is a key factor for the commercial viability of white LEDs, as it ensures consistent and reliable performance over a wide
range of applied currents and durations. We further examined the performance of the constructed white-LED device under varying
drive currents, within the 20-100 mA range (Fig. 6¢). The electroluminescence (EL) spectra displayed distinct peaks corresponding to
the of RGB emissions of blue-LED, CsPbBr3/PMA, and KZSiFG:Mn‘Pr materials. As the forward-bias current increased from 20 mA to
100 mA, we observed an enhancement in emission intensities and a shift in their respective color coordinates from (0.323, 0.345) to
(0.311, 0.327). This shift was accompanied by increased color temperature (CCT) from 5916 K to 6618 K, while CRI slightly declined
from 83.2 to 74.7. However, the luminescence efficiency experienced a significant drop from 58.4 lm/W at 20 mA to 17.6 lm/W at 100
mA. This reduction in luminescence efficiency is likely due to the increase in non-radiative recombination processes at higher current
levels. Furthermore, the EL spectra were captured at various time intervals to test the stability of white LED operating at 20 mA [49,
50]. The results showed that there is no significant variation in EL spectra even after 24 h of continues operation (Fig. 6d), suggesting
that the white LED we constructed exhibits excellent stability, making it suitable for commercial use. The absence of spectral variation
or shift implies that the LED can maintain its desired color temperature and color rendering properties, making it versatile for various
lighting applications. The EL parameter (LE, CRI, and CCT) of our designed CsPbBr3/PMA-based white-LED device is shown in Fig. S5.
Finally, we compared the PLQY, stability, LE, CRI and color gamut (NTSC%) of currently synthesized CsPbBr3/PMA with the other
polymer like PMMA-coated CsPbBr; and summarized in Table S3.

4. Conclusion

CsPbBr3 and CsPbBr3 coated PMA (CsPbBr3/PMA) PNCs have been successfully synthesized using a modified hot-injection method.
The absorption and PL spectra of PMA-coated PNCs displayed a slight redshift compared to those of the pristine PNCs, which can be
attributed to the quantum confinement effect resulting from the increase in particle size due to the PMA coating of CsPbBr3 PNCs. The
CsPbBr3/PMA PNCs exhibited an improved PLQY of 86.8 % compared to that of CsPbBrs PNCs of 54.2 % due to the passivation of
surface defects reducing non-radiative recombination pathways, resulting in improved PLQY. The TRPL spectra and transient ab-
sorption measurements revealed longer lifetimes for CsPbBr3/PMA PNCs because of the effective passivation of surface defects by PMA
coating. Additionally, the CsPbBr3/PMA PNCs exhibited good stability against UV light, moisture, and temperature, retaining 42.4 %,
68.9 %, and 71.3 % of initial PL intensity, respectively. The enhancement can be attributed to the polymer coating, which uses its
ligands to connect with the uncoordinated Pb and Br ions on the surface of PNCs and avoid exposure to the external environment.
Furthermore, to demonstrate the potential application of CsPbBr3/PMA in down-conversion white LEDs, we integrated the green-
emitting CsPbBrs/PMA and red KoSiFs:Mn** phosphor-coated glass slides to a 455-nm blue-LED. The resulting white LED emitted a
bright white light with ICI color coordinates of (0.323, 0.345), luminous efficiency of 58.4 %, and CRI of 83.2. The fabricated white-
LED system also attained a wide color gamut of 125.3 % of NTSC and 98.9 % of Rec. 2020. These findings highlight the potential of
CsPbBr3/PMA as an efficient down-conversion material for white LEDs and backlighting applications.
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