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Abstract

Stability is the primary hindrance for the application of halide perovskite material in light-emitting devices, solar cells,
and other devices. In this work, halide perovskite and polymer composite film have been prepared for stable and bright
light-emitting devices. Pure-phase Cs,PbBr; crystals have been synthesized, and their photoluminescence (PL) properties
and fluorescence lifetimes have been investigated. The Cs,PbBr, crystals exhibited high uniformity but underwent rapid
photodegradation under light irradiation. To address this issue, we prepared bright light-emitting devices using composite
of Cs,PbBrg crystals and polyethylene oxide (PEO) as the emission layer. The aim was to improve the optical and physical
properties of halide perovskites, such as photodegradation and stability. PEO, with its excellent film-forming ability, created
a uniform and dense film on the halide perovskite surface, filling microscopic defects and providing a protective barrier.
FTIR, morphology, and PL analyses confirmed the protective role of the halide perovskite and polymer composite film. The
composite film light-emitting devices demonstrated improved stability and higher PL brightness, with a peak brightness
approaching 3 x 10® cd/m?, which was approximately 75% higher than the pure halide perovskite devices.
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1 Introduction

b Cl?ao Yag)_ e In recent years, halide perovskite materials have attracted
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yansd widespread attention due to excellent optical and electrical
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properties, including long free carrier diffusion lengths, high
carrier mobility, tunable band gaps, high photoluminescence
quantum yields, and solution processability [1-5]. The gen-
eral formula of halide perovskite material is ABX;, where A
is typically a monovalent organic/inorganic cation, such as
formamidinium ion, methylammonium ion, and Cs™; B is a
divalent transition metal cation, commonly including Pb*",
Sn*, and Cd**; and X is a halide or pseudohalide ion includ-
ing CI7, Br™, I", and SCN™ [6-10]. ABX; halide perovskite
crystals belong to the three-dimensional perovskite structure,
featuring a continuous network of [PbBr6]4‘ octahedra, with
A™ ions filling the gaps between adjacent [BX6]4‘ octahedra
to form a three-dimensional lattice [11, 12]. Halide perovs-
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kites are particularly attractive in light-emitting devices and
have achieved a series of advancements over the past dec-
ade [13—17]. In 2014, Tan et al. fabricated halide perovskite
light-emitting diodes (PeLEDs) with an external quantum
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efficiency (EQE) of 0.1%, which highlighted the potential of
halide perovskite materials in the optoelectronic field [18].
Li et al. achieved a brightness of 591,197 cd/m?at 4.8 V
in CsPbBr; light-emitting diodes without a hole transport
layer [19]. Xuan and her team reported ultra-efficient green
perovskite LEDs, surpassing the milestone of 30% quan-
tum efficiency. By optimizing charge carrier transport and
near-field light distribution, they reduced electron leakage
and achieved a high light outcoupling efficiency of 41.82%
[20, 21].

However, the bond angles in the three-dimensional hal-
ide perovskite structure prevent the quantum confinement of
charge carriers, resulting in lower photoluminescence quan-
tum yields [13]. Additionally, 3D halide perovskite ABX;
has poor chemical and environmental stability [22], being
highly susceptible to humidity and light exposure, necessi-
tating optimization for stability to enhance its reliability in
practical applications [23-26]. A,BXj structured materials
are promising candidates: they belong to the zero-dimen-
sional halide perovskite structure, composed of isolated
[BX6]4' octahedra, each surrounded by Cs* ions. This struc-
ture gives A,BX, materials high chemical and environmen-
tal stability, allowing them to remain stable in air. Although
it is more stable under nature environmental conditions
than ABX;, Cs,PbBrg is still prone to degradation under
prolonged exposure to moisture and light, which can lead
to a decline in photoluminescence performance over time.
Additionally, the continuous large-scale production of high-
quality Cs,PbBr, remains a challenge due to its sensitivity
to environmental variables and precursor quality during the
crystallization process. One approach to addressing these
challenges is to combine polymers with halide perovskite
materials to form composite films. This strategy leverages
the complementary properties of polymers and halide per-
ovskites to enhance mechanical stability and improve overall
device performance while also enhancing the optoelectronic
performance of the devices [27]. Polymers such as poly-
ethylene oxide and polyvinylpyrrolidone (PVP) have been
studied for their compatibility with halide perovskite materi-
als, demonstrating enhanced film morphology and improved
device stability [28-33].

In this work, we synthesized phase-pure Cs,PbBr, crys-
tals and studied their photoluminescence properties and
fluorescence lifetime. The Cs,PbBr, crystals exhibited high
uniformity, while they quickly underwent photodegrada-
tion under light irradiation. To address this issue, we pre-
pared bright light-emitting devices using Cs,PbBry crystals
and PEO composite as the emission layer. The aim was to
improve the optical and physical properties of halide per-
ovskites, such as photodegradation and stability. PEO, with
its excellent film-forming ability, can create a uniform and
dense film on the halide perovskite surface and provide a
protective barrier [34]. FTIR, morphology, and PL analyses
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confirmed the protective role of the halide perovskite and
polymer composite film. The composite film light-emitting
devices demonstrated improved stability and higher PL
brightness, with a peak brightness approaching 3 x 10% cd/
m?, which is approximately 75% higher than that of pure
halide perovskite light-emitting devices.

2 Results and discussion

In this approach, the synthesis of phase-pure Cs,PbBr per-
ovskite crystals was controlled through a vacuum method to
avoid the formation of CsPbBr; (Fig. S1). CsBr and PbBr,
(1:4) were dissolved in DMSO to form a precursor solution.
The solution was drop-cast onto FTO glass and heated under
vacuum at 120 °C for 24 h to obtain Cs,PbBrg crystals as
illustrated in Fig. 1a. Under the optical microscope (Fig. 1c¢),
Cs,PbBr, crystals displayed well-defined, geometrically reg-
ular shapes, indicating a successful crystallization process.
As shown in Fig. 1, Cs,PbBr, crystals emitted strong green
light under UV light. From the high-resolution transmission
electron microscopy (HRTEM) image presented in Fig. 1d,
we observed the crystalline structure of Cs,PbBr4. The inset
shows a magnified view with a clear identification of the
(214) lattice planes. The measured lattice spacing of 0.31 nm
was consistent across different areas of the sample, dem-
onstrating excellent crystal quality and phase purity. This
precise structural information is crucial for the electronic
and optical properties of these materials. The synthesis and
characterization results confirmed that the vacuum method
for synthesizing Cs,PbBr, crystals is effective, producing
high-quality crystals with desirable optical properties while
avoiding the formation of CsPbBr;. This method can be uti-
lized to prepare pure Cs,PbBr, crystal.

The fluorescence lifetime imaging (FLIM) across the sur-
face of the Cs,PbBr, crystal (Fig. 2a—d) and CsPbBr; crystal
(Fig. 2e—h) was revealed in the analysis. The PL lifetime
was measured using a picosecond laser with a wavelength
of 409 nm and a Micro Time 200 time-resolved confocal
fluorescence microscope. The FLIM in Fig. 2a showed that
the Cs,PbBr, surface had a lifetime distribution and lifetime
events. Figure 2b displays the fast lifetime histogram of the
image in Fig. 2a. The sharp peak centered at 15 ns in Fig. 2b
indicates a narrow lifetime distribution, which is critical for
achieving consistent photoluminescence properties in practi-
cal applications. The inset of Fig. 2b shows the correspond-
ing PL excited by 409 nm together with the laser line itself.
The bottom-right region exhibits different intensities (colors)
compared to the top-left corner in fluorescence lifetimes in
Fig. 2a. It can be argued that it is due to the sample align-
ment in the experimental setup. A further study revealed that
the bottom-right region has a slightly higher lifetime than
the top-left corner which is closer to the edge of the crystal
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Fig.2 a-d The fluorescence lifetime imaging and lifetime histogram
of Cs,PbBry . e-h CsPbBr; crystals. FLIM of Cs,PbBr, crystal away
from the crystal edge (a) and near the edge (c¢) and their correspond-
ing lifetime histogram (b, d). The inset in b shows the PL excited by
409 nm together with 409 nm laser line. The inset in c is the micro-

as shown in the inset of Fig. 2¢c. Figure 2a can be divided
into three regions by dashed white lines parallel to the crys-
tal edge in Fig. 2c. The FLIM and the lifetime histogram
at the edge in Fig. 2¢ and d has a slightly smaller lifetime
(14.5 ns) than the one away from the edge in Fig. 2a and b.
It explains the slight intensity (color) distribution along the
diagonal direction perpendicular to the dashed white lines.
Figure 2e and f shows the fluorescence lifetime imaging and
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scope image of the measured Cs,PbBr; crystal. All dashed white lines
are parallel. FLIM of CsPbBr; crystal on the surface (e) and 0.17 mm
beneath the surface (g) and their corresponding lifetime histogram
(t-h)

fluorescence lifetime distribution of the CsPbBr; crystal.
The large red areas in the center of Fig. 2e indicate regions
with longer fluorescence lifetimes, while the green and blue
areas represent shorter lifetimes. Figure 2f shows a broad
lifetime distribution below 15 ns for CsPbBr; crystal. The
main peak exhibits a pronounced sharp peak with a clearly
defined peak position. There are minor fluctuations at the
base of the peak. By focusing the laser 0.17 mm beneath the
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sample surface, the measured FLIM in Fig. 2g has less red
colors than the one in Fig. 2e, and the lifetime histogram
in Fig. 2h reproduces the tail below 15 ns as indicated by
the dash line. We can consider the lifetime in Fig. 2h for
CsPbBr; bulk.

The synthesized Cs /PbBrg crystal exhibits a high degree
of uniformity in terms of fluorescence lifetime and photo-
luminescence efficiency, which are essential for the reliable
performance of optoelectronic devices utilizing these crys-
tals. These results confirm the effectiveness of our synthesis
approach in producing high-quality Cs,PbBr, crystal.

We examined the photoluminescence properties of phase-
pure Cs PbBr, crystals under 2-h exposure to 375 nm UV
laser on days 1, 2, and 3 as shown in Fig. 3a. On all days,
PL intensity dropped quickly once the crystal was exposed
to UV laser for 1 min, dropped fast in 1 h, and then slowly
after 1 h. On day one, the PL intensity dropped from 10,100
to 7100 with about 29.7% decrease. The self-healing brought
the PL intensity to 9600 after keeping the crystal in dark
for overnight. On day two, the PL intensity dropped from
9600 to 6900 with about 28.1% decrease and from 8800 to
6700 with about 23.8% decrease on day three. Figure 3b
shows the PL spectra at the end of exposure on day one, two,
and three. The PL intensity dropped after each day (33.8%
decrease). The PL wavelength did not shift, as indicated by
the dashed line. Then, 519 nm PL was observed. The crys-
tal’s PL intensity gradually but steadily declines, indicating
progressive degradation over time. The PL emission results
confirm the Cs,PbBr, crystal’s sensitivity to UV light, likely
due to changes in exciton recombination processes triggered
by UV-induced damage.

The stability of halide perovskites is critical for long-term
operation. To enhance the stability, we added 10% wt PEO
to the Cs,PbBr4 precursor solution, forming a mixed solu-
tion (Fig. S2). After stirring evenly, a drop of the solution

(2)

was spin-coated onto the wick (Fig. S3). The wick was then
placed in a vacuum oven and heated for 24 h, resulting in
a uniform and dense Cs,PbBrg-PEO composite film on the
surface of the wick, as shown in Fig. 4a. Firstly, the PEO
film exhibited high optical transparency, which did not sig-
nificantly affect the optical properties of the halide perovs-
kite material. This characteristic is particularly important
for optoelectronic applications, as it ensures efficient light
transmission and utilization. Secondly, PEO demonstrated
excellent film-forming properties, capable of forming a uni-
form, dense, and smooth film on the wick surface. Figure 4b
shows optical and scanning electron microscopy (SEM)
images of the Cs,PbBry film and Cs,PbBr¢-PEO film on the
surface of the wicks. By comparing these images, it can be
observed that PEO also helped to disperse the halide per-
ovskite crystals, preventing their grains from becoming too
large. Smaller and even halide perovskite grains generally
have higher photoluminescence efficiency due to less recom-
bination, while larger grains can cause severe recombina-
tion, reduce film uniformity, and lower photoluminescence
efficiency [35, 36].

The presence of PEO in the halide perovskite films was
confirmed by reflection Fourier-transform infrared (FTIR)
spectra. In Fig. 4c, the FTIR spectra provided more insights
into the chemical composition and interactions within the
composite film. Both the PEO and the halide Cs,PbBrs-PEO
composite film exhibited C-H stretching vibrations at
2875 cm~! and 1460 cm™! [37, 38]. In contrast, the pure
halide perovskite film did not show corresponding infra-
red characteristic peaks. Additionally, we compared the
Raman spectra of Cs,PbBrs-PEO composite film, PEO
and Cs,PbBrg film (Fig. S4). The PEO spectrum displayed
distinct characteristic peaks at 870 cm™!, 1150 cm™!, and
1423 cm™', corresponding to the symmetric and asym-
metric stretching vibrations of C—O-C bonds and CH,
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Fig.3 a PL intensity of Cs,PbBrg as a function exposure time to UV 375 nm laser. b PL of Cs,PbBry at the beginning of UV exposure (original)

and at the end of days one, two, and three
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Fig.4 a Synthesis of Cs,PbBr,-PEO composite film on wick. b
SEM images and optical images of Cs,PbBr film on wick and
CsPbBrs-PEO composite film on wick. ¢ FTIR spectra of PEO,

deformation vibrations, respectively [39—41]. There are no
peaks for pure Cs,PbBr, above 200 cm™! [42—44]. On this
basis, the spectrum of the Cs,PbBr,-PEO composite film
showed peaks close to those of the PEO spectrum. Although
the intensity was lower and slightly shifted, this was due to
the interactions between PEO and the perovskite crystals.
These spectra confirmed that we successfully synthesized
the Cs,PbBrs-PEO composite film.

To further verify the purity of the Cs,PbBr crystal, XRD
measurements were conducted for a comprehensive analysis
of the composite film and crystal (Fig. S5). The XRD pattern
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of the sample predominantly matched the characteristic dif-
fraction peaks of Cs,PbBrg, indicating that Cs,PbBr; is the
primary phase in the material. After the addition of PEO, the
main diffraction peaks of Cs, PbBry remain prominent and
show no significant shifts in their positions. This indicates
that the crystalline structure of Cs,PbBr is not significantly
affected by the presence of PEO.

As reported in the literature, Cs,PbBr, phases can be
converted to CsPbBr; phases in a humid environment [23,
45, 46]. Figure 4d presents an overview of the transforma-
tion of Cs,PbBrg nanocrystals into CsPbBr; nanocrystals.
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Therefore, if a significant portion of Cs,PbBry crystals
were to transform into CsPbBrs crystals, the brightness of
the device would be adversely affected (Fig. S6). We spin-
coated Cs,PbBr, film and Cs,PbBr-PEO film onto wicks
and placed them in an indoor environment for several days.
The surface morphologies were then observed using an
optical microscope (Fig. S7). Large green Cs,PbBr; crys-
tals and yellow CsPbBr; crystals were clearly visible on the
pure Cs,PbBr, film. In contrast, no yellow CsPbBr; crystals
were observed on the composite film. Cs,PbBry is a zero-
dimensional perovskite structure and composed of isolated
[PbBr6]4‘ octahedra separated by Cs* ions. In the presence
of moisture or water, this structure tends to decompose as
water molecules penetrate the lattice, breaking the bonds
between octahedra and restructuring to form CsPbBr; crys-
tals [47, 48].

The green light-emitting device was excited using a
wick. The wick used in the study emits violet light with a
peak wavelength of 365 nm, and its maximum brightness
was measured to be approximately 9 x 107 cd/m?. After
spin-coating the Cs,PbBrs-PEO composite film onto the
wick, the device emitted green light with increased bright-
ness, indicating that the significant increase in brightness

is attributed to the light emitting of the composite film.
The emission spectrum of the wick was measured and
confirmed to exhibit a peak at 365 nm (Fig. S8a). The
luminance versus voltage characteristics of the device are
shown in Fig. S6, demonstrating the enhanced brightness
due to the Cs,PbBry composite film. Furthermore, the
current efficiency of the wick is provided in Fig. S8b.
As shown in Fig. 5a, all halide perovskite light-emitting
devices exhibited higher brightness than the devices using
the wick alone. The pure halide perovskite light-emitting
devices reached a maximum brightness of 1.6 x 10% cd/m?
at 3.4 V. After UV light is absorbed by Cs,PbBry, elec-
trons transited to a higher energy level and then quickly
return to a lower energy level and emitting green light
with a longer wavelength (lower energy). This energy
conversion (Stokes shift) helps improve the efficiency
of visible light emission. The Cs,PbBr,-PEO composite
film light-emitting devices reached a maximum bright-
ness of 2.8 x 108 cd/m? at 3.5 V with a current effi-
ciency of 30 cd/A (Fig. 5b). The brightness of the pure
Cs,PbBrg light-emitting devices was lower than that of
the Cs,PbBrs-PEO composite film light-emitting devices,
partly because some Cs,PbBr reacted with moisture in
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the air, converting to CsPbBr; and CsBr. CsPbBr; pro-
duces very low light response under illumination [49].
The luminescent properties of corresponding devices
based on CsPbBr; are shown in Fig. S6, which indicates
that CsPbBrs crystals are not a good candidate for this
case. Another reason is that PEO significantly improved
the optical properties of Cs,PbBrg crystals by reducing
defects and enhancing crystal quality, thereby increas-
ing PL efficiency [50]. To verify the reasonableness of
using 10% wt PEO, we tested Cs,PbBrs-PEO compos-
ite film devices with different ratios ranging from 5 to
25% (Fig. S9). Among them, the 10% wt perovskite-PEO
devices exhibited the highest brightness. Although the
25% wt Cs,PbBr-PEO composite film light-emitting
device had higher brightness than the 20% Cs,PbBr-PEO
composite film light-emitting device, further increasing
the PEO ratio would lead to phase separation between the
halide perovskite and PEO, forming an uneven composite
film (Fig. S10). Additionally, compared to other polymers
with good film-forming properties and light transmit-
tance, such as PMMA and PVP, PEO still demonstrated
superior brightness (Fig. S11).

To further test the stability of the halide perovskite and
polymer composite film, the Cs,PbBrg-PEO light-emitting
device was operated continuously at 3.5 V for 2 h. The
device’s brightness slightly decayed in the first few min-
utes and then maintained a very stable level, as shown in
Fig. 5c. The initial decay in brightness may be related to
the wick heating up, leading to increased resistance of
wick.

The solid-state photoluminescence spectra of the pure
light-emitting devices and Cs,PbBrs-PEO composite film
light-emitting devices are shown in Fig. 5d. Both the pure
and Cs,PbBr4-PEO composite film light-emitting devices
exhibit emission peaks at 519 nm, which is close to the
reported PL peak of Cs,PbBry [13, 49, 51]. Notably, the
PL peak of the Cs,/PbBrg-PEO composite film light-emit-
ting device has a full width at half maximum (FWHM) of
approximately 20.0 nm, which is 1.8 nm narrower than the
pure Cs,PbBrg. This result indicates a more uniform emis-
sion center, which results in a more concentrated emission
spectrum. This is primarily because the presence of PEO
helps control the crystal growth, leading to a more uniform
particle size distribution. These results demonstrate that
incorporating PEO into light-emitting devices not only
enhances brightness and efficiency but also significantly
improves stability and reduces degradation under continu-
ous operation. In recent years, the developments of more
sophisticated materials for electric-optoelectronic devices
have been a hot topic for scientific inquiry and technical
advancement [52]. These results make the Cs,PbBrs-PEO
composite film a promising material for high-performance
optoelectronic applications.

3 Conclusions

In this study, we successfully synthesized phase-pure
Cs, PbBrg crystals and developed Cs PbBry,-PEO com-
posite films to enhance the performance and stability of
light-emitting devices. The synthesis method employed,
involving a vacuum process, yielded Cs,PbBry crys-
tals with high uniformity and well-defined geometrical
shapes. The photoluminescence properties of these crys-
tals demonstrated high uniformity in electronic states, as
evidenced by consistent fluorescence lifetimes. To address
the issue of photodegradation and enhance the stability
of the halide perovskite material, we incorporated 10%
wt PEO into the Cs,PbBr¢ precursor solution. The result-
ing Cs,PbBrs,-PEO composite film exhibited high optical
transparency and excellent film-forming properties, creat-
ing a uniform, dense, and smooth protective layer on the
halide perovskite surface. This composite film effectively
dispersed the halide perovskite crystals, preventing exces-
sive grain growth and reducing surface defects, which in
turn improved photoluminescence efficiency. Experimen-
tal results showed that the Cs,PbBrs-PEO light-emitting
device had superior environmental stability compared
to pure Cs,PbBr, light-emitting device. The composite
film prevented significant morphological changes under
indoor environmental conditions and maintained high
luminance and efficiency during continuous operation.
The incorporation of PEO not only enhanced the optical
properties of Cs /PbBrg crystals but also improved carrier
recombination efficiency and altered the energy distribu-
tion of photoluminescence, as indicated by the red shift in
the emission peak. Raman spectroscopy and FTIR analy-
ses confirmed the successful integration of PEO into the
halide perovskite structure, providing additional insights
into the chemical composition and interactions within the
composite film. In summary, the Cs,PbBr,-PEO composite
film demonstrated significant improvements in brightness,
efficiency, and stability, making it a promising material for
high-performance optoelectronic applications. These find-
ings highlight the potential of polymer-assisted crystalliza-
tion in advancing halide perovskite-based devices and pave
the way for future developments in this field.
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