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strong luminescence CsPbBr3–
Cs4PbBr6 thin films for all-inorganic perovskite
light-emitting diodes†

Tianxinyu Bai, Shenwei Wang, Kexin Zhang, Chunyang Chu, Yingqiang Sun
and Lixin Yi*

All-inorganic lead halide perovskite, characterized by its exceptional optical and electrical properties, is

burgeoning as a potential optoelectronic material. However, the standalone CsPbBr3 component

encounters several challenges including small exciton binding energy (z40 meV) and long charge

diffusion length, giving rise to low photo-luminescence quantum-yield (PLQY); ion migration leads to

instability in device operation, hindering device operation and potential development. To circumvent

these limitations, our research endeavors to construct a novel core–shell structure that transforms the

continuous [PbX6]
4− octahedron into an isolated octahedral structure. We introduce the Cs4PbBr6 phase

with 0D structure to passivate the vacancy defects in CsPbBr3, thereby suppressing ion migration and

enhancing the luminescence intensity and stability. Our methodology involves fabricating dense

CsPbBr3–Cs4PbBr6 composite films using a co-evaporation method, wherein the molar ratio of CsBr and

PbBr2 is precisely adjusted. The films are subsequently rapidly annealed under ambient air conditions,

and the effects of different annealing temperatures and annealing times on the CsPbBr3–Cs4PbBr6 films

were investigated. Our results demonstrate significantly improved stability of the annealed films, with

a mere 15% decrease in PL intensity after 100 days of storage under ambient air conditions at 48%

relative humidity (RH). Based on this thin film, we fabricated all-inorganic structure Ag/N–Si/CsPbBr3–

Cs4PbBr6/NiO/ITO light emitting diodes (LEDs), the devices have a low turn-on voltage VT ∼3 V and

under unencapsulated, ambient air conditions, it can operate continuously for 12 hours under DC drive

with only 10% attenuation. The results we obtained open up the possibility of designing and developing

air-stable perovskite LEDs.
1. Introduction

Metal halide perovskites CsPbX3 (X= Br, I, and Cl) have become
a research hotspot in recent years due to their extraordinary
optoelectronic properties,1,2 such as extremely narrow emission
bandwidth3 (full-width at half-maximum ∼20 nm), tunable
bandgap,4 excellent charge-transport properties,5 these unique
characteristics have been drawing great attention for high-
performance perovskite-based devices, for instance light emit-
ting diodes (LEDs),6–8 solar cells9–11 and photodetectors.12

However, the high electron and hole mobility of 3Dmetal halide
perovskites with low exciton binding energy leads to low pho-
toluminescence quantum yield (PLQY) in the low excitation
regime13 and low electroluminescence (EL) efficiency of the
cal Information, Ministry of Education,

ing Jiaotong University, Beijing, 100044,

tion (ESI) available. See DOI:

the Royal Society of Chemistry
devices. However, their poor stability to light, heat, air and
humidity limits the applications.14

Many solutions have been proposed by researchers to
improve the stability of perovskite light-emitting diodes
(PeLEDs), which can be divided into two categories: (1) passiv-
ation of defects and (2) inhibition of ion migration.15 The
addition of defect passivation additives to the perovskite layer
inhibits the increase of non-radiative recombination centers
and improves the operational stability of PeLEDs. Lin et al.16

spin-coated DDS solution on the surface of perovskite lms and
annealed the perovskite lms with DDS modied layer, which
effectively passivated the surface defects and reduced the non-
radiative recombination centers, and further improved the
stability as well as the luminescence efficiency. In addition, the
construction of core/shell grain structure, in which 3D bulk
grains are covered by a shell layer such as bulk organic cations,
may be a better strategy to achieve long lifetime PELEDs.15 The
grain boundaries in all directions are passivated by the large
grain shells, thus inhibiting ion migration, and CsPbBr3–Cs4-
PbBr6 microcrystals were prepared for the rst time by Hu
et al.,17 the embedded composite structure has excellent
RSC Adv., 2023, 13, 24413–24422 | 24413
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luminescent properties and good stability. The photo-
luminescence (PL) intensity decays by only 20% when placed in
ambient for 2 months. As for the low exciton binding energy of
perovskite, low quantum efficiency of perovskite thin lms,
strategies such as monitoring the growth, morphology, and
grain size of perovskite can result in a higher PLQY.18 Alterna-
tively, a new quantum-constrained structure can be con-
structed, for example, by converting continuous [PbX6]

4−

octahedra into isolated octahedra in perovskites.19 Akkerman
et al.,20 introduced the Cs4PbBr6 phase and embedded nano-
crystals of CsPbBr3 in the photoactive Cs4PbBr6 forming a Cs4-
PbBr6/CsPbBr3 core–shell structure, electrons and holes formed
in CsPbBr3 are spatially conned by Cs4PbBr6, which can
signicantly improve the luminescence efficiency.21

The 0-D Cs4PbBr6 phase of CsPbBr3, known for its lattice
matching provides ideal passivation and efficient exciton
connement, has served as an inspiration for our research. This
has led us to introduce the Cs4PbBr6 phase to prepare CsPbBr3–
Cs4PbBr6 composite lms. As a derivative of CsPbBr3, Cs4PbBr6
has a zero-dimensional crystal structure with a wide band gap
(∼3.9 eV),22 where the [PbBr6]

4− octahedron is completely
separated by Cs+ ions, conning the charge carriers to two
dimensions.23 Owing to the Cs4PbBr6 lattice matches well with
CsPbBr3, Cs4PbBr6 can effectively passivate the vacancy defects
in CsPbBr3 and reduces the number of defects.24 Consequently,
the CsPbBr3–Cs4PbBr6 lms exhibit enhanced stability against
moisture and oxygen, which represents a marked improvement
over the 3D CsPbBr3 lms of inferior crystalline quality. The
wide band gap of Cs4PbBr6 (Eg z 3.9 eV), CsPbBr3 is embedded
in Cs4PbBr6, which inhibits ion migration and improves the
radiative recombination.25 Coupled with the high absorption in
the ultraviolet (UV) region, superior stability, and high PLQY,
these properties endow CsPbBr3–Cs4PbBr6 composite lms with
excellent performance capabilities in LEDs applications.

The fabrication of high-quality inorganic perovskite lms
through a specialized method is crucial for enhancing the
optoelectronic device performance. Researchers usually use
solution method to prepare perovskite lms. Because of the
poor solubility of CsX in the precursor solution, it would be an
obstacle for the reproducibility of smooth surface and full
coverage lms.26 In contrast, the vacuum evaporation method
allows for effortless deposition of multi-layer lms, character-
ized by superior atness and morphology. Despite its potential,
this method remains relatively underreported in the literature.27

In this paper, a dual-source vacuum co-evaporation method
is proposed for the fabrication of CsPbBr3–Cs4PbBr6 lms. By
adjusting the evaporation rate ratio in co-evaporation, we can
exibly adjust the molar ratio of the components. As the CsBr/
PbBr2 molar ratio increased from 1 to 1.58, a blue shi in the
photoluminescence (PL) wavelength from 520 to 508 nm was
observed. The thin lm prepared is compact, free of pinholes,
and exhibits optimal coverage and high repeatability. To further
improve the crystallization characteristics of the lm, the effects
of annealing temperature and annealing time in rapid air
annealing on CsPbBr3–Cs4PbBr6 lms were studied in detail.
Under optimal annealing conditions, the CsPbBr3–Cs4PbBr6 is
able to achieve excellent PL performance and stability. The
24414 | RSC Adv., 2023, 13, 24413–24422
annealed lm exhibited dense, even aer being placed under
ambient air (average humidity 48%) for 100 days, it was able to
retain 85% of its photoluminescence (PL) intensity. Utilizing
this annealed composite lm, an Ag/N–Si/CsPbBr3–Cs4PbBr6/
NiO/ITO structured LED was constructed. The maximum
brightness can reach 957 cd m−2, and unencapsulated device
operate continuously for 12 hours under direct current drive
with merely a 10% attenuation, even under ambient air
conditions.

2. Experimental

The substrates were meticulously cleaned using deionized
water, detergent, acetone, and absolute ethanol, followed by
drying with owing nitrogen gas. Deposition materials, namely
CsBr (99.9%) and PbBr2 (99.9%) powders, were prepared aer
undergoing water removal treatment, and were then placed in
two thermal evaporation crucibles.28 The evaporation chamber
was subjected to a vacuum level of 3 × 10−3 pa, with the
thickness of the lms and the evaporation rate of CsBr and
PbBr2 monitored using a quartz crystal monitor. To enhance the
crystalline quality of the lms, they were annealed in ambient
air (RTP-500) between temperatures of 200 °C and 350 °C. The
PeLEDs have a device structure of Ag (50 nm)/N-type Si/
CsPbBr3–Cs4PbBr6 (180 nm)/NiO (40 nm)/ITO (200 nm). The
LED emitting area was 0.2 cm2. Initially, CsPbBr3–Cs4PbBr6
lms were deposited on N-type Si (100) substrates through
thermal co-evaporation (SD400M). Following this, NiO lms
were deposited on the CsPbBr3–Cs4PbBr6 lms as a hole
transport layer via magnetron sputtering technique (XSYZKFQ-
1200), utilizing a sputtering power of 100 W and gas ow rates
of 45 and 10 sccm for Ar and O2, respectively. The sputtering
pressure is 0.55 pa, with a sputtering rate of 0.05 Å s−1. The ITO
electrode was deposited on the lm's surface with a radio
frequency (RF) power of 60 W, Ar ow rate of 40 sccm, the
sputtering pressure is 0.55 pa, and sputtering rate of 0.6 Å s−1.
The Ag electrode was placed on the backside of the N-type Si
substrate with a sputtering power of 150 W, Ar ow rate of 40
sccm, the sputtering pressure is 0.58 pa, and sputtering rate of 9
Å s−1.

Absorption spectra of the CsPbBr3–Cs4PbBr6 lms were
recorded using an UV-VIS-NIR scanning spectrophotometer
(UV-3101PC). The photoluminescence (PL) spectra were
measured by a 325 nm He–Cd laser and a uorescence spec-
trophotometer (FLS920) as the light source and detector.29 Each
device was carefully calibrated before every measurement to
ensure maximum accuracy and reliability. The crystallinity and
phases of lms were inspected via the X-ray diffraction (XRD,
Bruker D8 Advance, with Cu Ka radiation (l = 1.54 Å)) pattern.
The surface morphologies of thin lms were observed by
scanning electron microscope (SEM, Oxford, JSM-7800F(Prime),
accelerating voltage of 15 kV, resolution is 0.8 nm, spot size of
50 nm, Working distance is 10 mm). The element ratios of the
lms were measured by energy dispersive spectroscopy (EDS, X-
MaxN50 Aztec). Time-resolved photoluminescence (TRPL)
spectra were measured by steady-state and time-resolved pho-
toluminescence spectrometer (FLS1000). Transmitted electron
© 2023 The Author(s). Published by the Royal Society of Chemistry
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microscopy (TEM) images were acquired by the JEOL 1400
transmission electron microscope with an acceleration voltage
of 80 keV, spot size of 2 nm, to which an Oxford energy
dispersive X-ray spectroscopy (EDS) system X-max50 was
coupled for EDS-TEM mapping analysis. High resolution TEM
(HRTEM) images were acquired by the JEOL 1400F high reso-
lution transmission electron microscope (acceleration voltage
of 200 kV, minimum spot size of 0.2 nm, resolution of 0.19 nm).
The EL performances including current density, luminance,
and operational stability (without encapsulation) of the perov-
skite LEDs were recorded simultaneously by a commercial
measurements system (a programmable Keithley 2400 source
meter and a Photo Research Spectra Scan PR655).

3. Results and discussion
3.1. Optical spectra and crystal structures of as-deposited
CsPbBr3–Cs4PbBr6 lms

By regulating the ratio of CsBr/PbBr2 precursors, we anticipate
that the CsPbBr3 lms, when enveloped by excess CsBr or PbBr2
vapor, could be transformed into the derivative phase Cs4PbBr6
or CsPb2Br5. Previous literature has reported that the presence
of a derivative phase can not only improve light capture in the
UV region,30 but also due to lattice matching, it can passivate
interfacial defects.31 Moreover, the absence of a mesophase
obviates the need for introducing foreign organic additives,
thereby improving stability. While the Cs2PbBr5 phase has
inactive photoluminescence32 and a large indirect band gap of
about 3.1 eV, detrimental to device performance, the stronger
Coulomb interaction due to the spatial connement of CsPbBr3
grains within the Cs4PbBr6 host lattice could enhance the
carrier radiative recombination process.33

In this study, a composite lm of CsPbBr3–Cs4PbBr6 was
fabricated through thermal evaporation. Given the low charge
transport of Cs4PbBr6, the relative content of CsPbBr3 and
Cs4PbBr6 required careful regulation for effective charge injec-
tion.34 This was achieved by adjusting the evaporation rate ratio
Fig. 1 XRD patterns of as-deposited films with different molar ratios.

© 2023 The Author(s). Published by the Royal Society of Chemistry
of the precursors (CsBr and PbBr2), resulting in a series of Cs–
Pb–Br lms with varied CsBr/PbBr2 molar ratios. The CsBr/
PbBr2 ratio is approximately estimated by an energy-dispersive
spectrometer (EDS) measurement (ESI Table S1†). Through
examination of the XRD patterns of lms with different ratios
(as shown in Fig. 1), it was noted that the transformation of the
lms from the cubic CsPbBr3 phase to the coexistence of
CsPbBr3 and Cs4PbBr6 phases as the Cs/Pb ratio transitions
from 1/1 to 1.58/1. The cubic structure of CsPbBr3 produces
diffraction peak at approximately 15.8°, 22.4°, 31.9°, and 35.7°
corresponding to the (100), (110), (200) and (210) crystal planes
(PDF #75-0412), respectively. As the CsBr/PbBr2 ratio increases,
the products show diffraction peaks at about 12.9°, 20.1°, 21.8°,
25.4°, 28.6° and 30.3°, corresponding to the (110), (113), (104),
(024), (214) and (223) crystal planes of the rhombic phase (PDF
#73-2478) of Cs4PbBr6. It is clear that a higher Cs/Pb ratio
results in a higher content of Cs4PbBr6. Cs/Pb = 1.34 exhibits
stronger diffraction peaks on the (104) and (223) crystal planes,
suggesting superior crystalline quality at this ratio. Additionally,
it was observed that as the Cs/Pb ratio increases, the full width
at half peak (FWHM) of the diffraction peak on the (100) crystal
plane of CsPbBr3 becomes wider. According to the Debye–
Scherrer formula (D= Kl/B cos q, where B is the FWHM and D is
the mean diameter of the crystal domains),35 this indicates
a decrease in the size of CsPbBr3 grains.

Further examination was conducted on the optical proper-
ties of the four lms at different ratios. The PL spectra Fig. 2
illustrate that as the Cs/Pb ratio ranged from 1 : 1 to 1.58 : 1, the
luminescence peak shied from 520 nm to 508 nm. Concur-
rently, the lm luminescence changed from green to cyan. We
speculate that when the composites incorporate a larger
proportion of CsBr, according to the XRD patterns, a high CsBr/
PbBr2 ratio generally yields high content of Cs4PbBr6, the Cs-
rich Cs4PbBr6 phase possesses a 0D structure with [PbBr6]

4−

octahedra completely isolated by Cs+ cations, which can serve as
a barrier to break the connectivity of [PbBr6]

4− in CsPbBr3 and
impede the growth of CsPbBr3, the spatial connement effect is
enhanced resulting in the decrease of CsPbBr3 grain size,
Fig. 2 PL spectra of Cs–Pb–Br films with different molar ratios.

RSC Adv., 2023, 13, 24413–24422 | 24415
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Fig. 3 The absorption spectra of Cs–Pb–Br films with different molar
ratios.

Fig. 5 TEM images of (a) 1 : 1 thin film (b) 1.34 : 1 thin film.

Fig. 6 (a) TEM images of (b) element atomic percentage of (c) HR-
TEM images of CsPbBr3–Cs4PbBr6 core–shell structure.
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causing a blue shi in the PL peak position.18 This suggests that
the electrons and holes formed in CsPbBr3 are spatially con-
strained by Cs4PbBr6, resulting in enhanced PL.36 The strongest
PL intensity was observed at a Cs/Pb ratio of 1.34, time-resolved
photoluminescence (TRPL) spectra are shown in Fig. S1,† sug-
gesting superior optoelectronic quality and high radiative
recombination rate in these lms. The ultraviolet-visible
absorption spectra in Fig. 3 exhibited two absorption peaks at
317 nm and 514 nm, ascribed to Cs4PbBr6 and CsPbBr3,
respectively. A progressive increase in the intensity of the
absorption band at 317 nm was observed as the Cs/Pb ratio rose
from 1.21 to 1.58, which implies an increase in the Cs4PbBr6
phase content within the nanocomposite corresponding to the
increased CsBr content in the precursor.

Surface morphologies of the CsPbBr3 and CsPbBr3–Cs4PbBr6
composite lms were further investigated using SEM. As shown
in Fig. 4, the lms appear dense and devoid of pinholes,
featuring two distinct grain morphologies as the Cs/Pb ratio
increases. A transmission electron microscopy (TEM) image
Fig. 4 SEM images of as-deposited films with different molar ratios.

24416 | RSC Adv., 2023, 13, 24413–24422
(Fig. 5(a)) of a specimen made by scraping a Cs/Pb = 1 : 1 thin
lm exhibited the similar cubic CsPbBr3 structure, and on
further increasing the molar ratio to Cs/Pb = 1.34/1 reveals that
two crystal morphologies appear in the image (Fig. 5(b)). The
larger rhombic shaped crystal with smooth outer surface and
almost sharp edges (crystal size of about 187 nm) and the cubic
shaped CsPbBr3 small grains with an average size of 54 nm,
which is similar to the previously reported TEM results for the
CsPbBr3/Cs4PbBr6 material.37 Therefore, a high-resolution TEM
(HR-TEM) image was acquired to identify the rhombic shaped
phase. Fig. 6(c) shows a HR-TEM image exhibiting different sets
of lattice fringes, which can be attributed to the CsPbBr3 and
Cs4PbBr6 phases. Fig. 6(c) exhibited a lattice spacing of 0.56 nm
in inner layer, which is consistent with the (100) crystal plane,
conrming the cubic CsPbBr3 structure. As for grain edges,
a lattice spacing of 0.41 nm, corresponding to the (104) crystal
plane, conrming the rhombohedral Cs4PbBr6 structure.
Therefore, the HR-TEM results demonstrate that CsPbBr3 are
embedding into the rhombohedral prism of the Cs4PbBr6
structure, forming core–shell CsPbBr3/Cs4PbBr6 structure. The
energy-dispersive spectroscopy (EDS) in Fig. 6(b) conrm the
conclusion. Due to the existence of the thin shell layer, size of
the CsPbBr3 would reduce resulting in a blue shi,38 this is
consistent with PL spectra and SEM images.

Based on the results obtained from PL spectra and XRD
patterns, it is evident that the lms exhibit high photo-
luminescence intensity and good crystalline quality when the
Cs/Pb ratio is 1.34. With the increasing Cs/Pb ratio, the lm
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 XRD patterns of the films at different annealing temperatures.
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luminescence changes from green to cyan due to the shi of the
luminescence peak position, which deviates from our desired
luminescence color. In addition, too much CsBr leads to the
water instability of CsPbBr3–Cs4PbBr6 lm. Therefore, for
further study and the fabrication of electroluminescent devices,
we focus on the lm with a CsBr/PbBr2 ratio of 1.34.

3.2. Effect of air-annealing temperature on the CsPbBr3–
Cs4PbBr6 lms

In order to further improve the crystalline quality of the lms
and reduce the defect concentration, we employed rapid
thermal annealing on CsPbBr3–Cs4PbBr6 lms (with a Cs/Pb
ratio of 1.34) in an ambient air atmosphere. This allowed us
to observe the effect of various annealing temperatures (ranging
from 200 °C to 350 °C) on the luminescence properties and
crystallinity of the lms.

Fig. 7(a) illustrates the photoluminescence (PL) spectra of
the annealed composite lms at different temperatures. For the
annealed samples, it is observed that as the annealing
temperature increases, the PL intensity strengthens constantly.
The strongest PL intensity is observed in the CsPbBr3–Cs4PbBr6
lm annealed at 300 °C, indicating that the lm has the best
photoluminescence with lower defects. Aer that, the PL
intensity decreases as the annealing temperature continues to
increase. In addition, the PL emission peaks of the annealed
samples exhibit a red shi as the annealing temperature
increases, in comparison to the unannealed lms. This may be
attributed to the increase in grain size.

Fig. 7(b) exhibits the time-resolved photoluminescence
(TRPL) spectra of the lms at different annealing temperatures
and a double exponential t to the PL lifetime. The deduced
decay lifetimes are shown in Table S2.† Typically, the slow decay
(s2) component represents the process of trap-assisted radiative
recombination within the bulk perovskite phase, while the fast
decay (s1) component reects the carrier quenching at the
interface.39 The recombination lifetimes of both the surface and
bulk phase of the annealed lms were substantially prolonged,
from 1.41 ns and 6.34 ns to 2.02 ns and 26.24 ns, respectively.
When compared to the unannealed lms, this signies
Fig. 7 (a) PL spectra (b) time-resolved photoluminescence (TRPL) spect

© 2023 The Author(s). Published by the Royal Society of Chemistry
a signicant reduction in both the surface defect density and
bulk phase defect density of the lms.40

The XRD patterns of the CsPbBr3–Cs4PbBr6 lms at different
annealing temperatures are depicted in Fig. 8. We noted the
disappearance of the (104) crystal plane of Cs4PbBr6 and the
appearance of the (111) crystal plane, correlating to the CsBr
phase (PDF#78-0615), with the increase in annealing tempera-
ture. Also with the increase of annealing temperature, the
diffraction intensity of the (100) crystal plane corresponding to
CsPbBr3 increases continuously below 300 °C, while the FWHM
of the diffraction peak becomes narrower, and the grain size of
CsPbBr3 increases according to the Debye–Scherrer formula.
This is likely a consequence of the gradual decomposition of
Cs4PbBr6 into CsPbBr3 and CsBr under the inuence of ambient
humidity, relevant to the reaction process Cs4PbBr6 / CsPbBr3
+ 3CsBr. During this process, the decomposed CsPbBr3 grains
and the Cs4PbBr6 internal CsPbBr3 grains continue to fuse and
grow, and the crystallinity tends to be complete,41,42 eventually
leading to enhanced uorescence. This is also consistent with
the conclusion obtained from PL spectra. The diffraction peak
intensity of (100) and (223) crystal plane reaches the highest at
ra at different annealing temperatures.

RSC Adv., 2023, 13, 24413–24422 | 24417
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Fig. 9 SEM images of films annealed at different temperatures (a) unannealed (b) 200 °C (c) 250 °C (d) 300 °C (e) 350 °C.

Fig. 11 XRD patterns of the films at different annealing times.
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300 °C. This implies a superior crystalline quality of the lm at
this temperature.

Fig. 9 presents the surface morphologies of the CsPbBr3–
Cs4PbBr6 thin lms annealed at varying temperatures and the
grain size distribution statistics are shown in Fig. S2.† All the
samples are uniform and dense, and the surface is fully covered.
When the initial annealing temperature is low, the grain size
increase is limited, and the grain boundaries become blurred.
When the annealing temperature reaches 300 °C, the CsPbBr3
grains located inside Cs4PbBr6 keep growing, the crystallinity
tends to be complete,34 the thin lms become more dense, and
the crystalline quality improves, which is benecial to the
device performance. This is consistent with the XRD observa-
tion. Therefore, we believe that CsPbBr3 is embedded in the
host Cs4PbBr6 and the annealing process is always accompa-
nied by the growth and crystalline improvement of CsPbBr3.

3.3. Effect of air-annealing time on the CsPbBr3–Cs4PbBr6
lms

We further investigated the impact of annealing conditions,
including temperature and time, on CsPbBr3–Cs4PbBr6.
Fig. 10 (a) PL spectra (b) time-resolved photoluminescence (TRPL) spec

24418 | RSC Adv., 2023, 13, 24413–24422
Fig. 10(a) shows the PL spectra of the lms aer annealing at
300 °C for 40–100 s in an ambient atmosphere. As the annealing
time is extended, the PL intensity initially increases, peaking at
tra at different annealing times.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 12 SEM images of films annealed at 300 °C for different time (a)
40 s (b) 60 s (c) 80 s (d) 100 s.
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60 s, before declining. This indicates that the proper annealing
time is benecial to the luminescence of the lms. Meanwhile,
the lms at 60 s have longer surface and bulk phase combina-
tion lifetimes compared with other annealing times, as shown
in Fig. 10(b). The deduced decay lifetimes are shown in Table
S3,† s1 and s2 were signicantly prolonged from 1.1 ns and 6.94
ns to 2.02 ns and 26.24 ns, respectively.
Fig. 13 (a) Peak positions of PL spectra of unannealed films, (b) peak p
ambient air (lex = 325 nm) (b) the PL intensity trend.

© 2023 The Author(s). Published by the Royal Society of Chemistry
The XRD patterns of the lms, presented in Fig. 11, reveal that
as the annealing time increases, the intensity of the (100) and
(223) crystal plane diffraction peak is the strongest at 60 s, indi-
cating a good crystallinity at this time, and a proper annealing
time is favorable for the luminescence and crystallinity.

SEM images of the lms at different annealing times are
presented in Fig. 12 and the domain size distribution histo-
grams are shown in Fig. S3.† As the annealing time increases,
the small grains corresponding to CsPbBr3 grow together with
Cs4PbBr6 grains and the grain size keeps increasing. However,
with the further prolongation of annealing time, the lm grains
decompose and holes appear in the lm leading to a decrease in
crystallinity. The appropriate annealing time enhances the
luminescence due to the improvement of crystal quality and the
reduction of defects,29 but the large grains produced by the
excessively long annealing time lead to weakened carrier
connement and reduced luminescence intensity.13 Conse-
quently, the optimal annealing condition for CsPbBr3–Cs4PbBr6
lms is determined to be 60 s at 300 °C. This condition yields
the strongest PL intensity and the highest crystallinity.
3.4. Research on the stability of CsPbBr3–Cs4PbBr6 thin
lms

The stability of the as-deposited and annealed CsPbBr3–Cs4-
PbBr6 thin lms were assessed by monitoring the attenuation of
ositions of PL spectra of annealed films at different storage times in

RSC Adv., 2023, 13, 24413–24422 | 24419
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Fig. 14 (a) The devices architecture, (b) EL spectra, the insets show the photograph of the PeLEDs at an injection voltage of 10 V, (c) current
density against voltage (J–V) curves of PeLEDs and (d) luminance against voltage (L–V) curves.
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PL intensity in an ambient air environment at 48% relative
humidity (RH), as depicted in Fig. 13(a) and (b). The images and
surface morphology of the unannealed and annealed lm aer
being placed in the air for 150 days are shown in Fig. S4 and S5.†
Fig. 13(c) reveals that during the rst 50 days of storage,
a signicant decay ∼40% in PL intensity was observed in
Fig. 15 (a) EL spectra acquired at different operating cycles under the s
trend, the insets show the corresponding photographs of the PeLED aft

24420 | RSC Adv., 2023, 13, 24413–24422
unannealed lm, however, the PL strength of the annealed lm
only attenuated by 12%. Over the following 50 days, the
annealed lm showed no signicant decay in PL intensity. This
could be due to annealing for improved crystallization quality
and reduced defects. Meanwhile, sufficient passivation of the
surface, which protected CsPbBr3 from PL quenching.
ame dc bias of 8 V and measurement conditions. (b) The EL intensity
er different running periods.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Environmental stability experiment showed the annealed lm
∼15% of the PL intensity loss aer storage in ambient condi-
tions for 100 days, signifying that the annealed lms exhibit
excellent environmental stability.
3.5. Study on the PeLEDs

Last, based on the best crystallinity and morphology, with the
optimized parameters (Cs/Pb ratio of 1.34/1; perovskite lm's
thickness of 180 nm; annealing temperature of 300 °C with 60
s); we fabricated Perovskite light emitting diodes (PeLEDs)
devices with the architecture of Ag/N–Si/CsPbBr3–Cs4PbBr6/
NiO/ITO. The devices architecture is shown in Fig. 14(a). The
perovskite CsPbBr3–Cs4PbBr6 layer serves as the emitting layer
of carrier radiation recombination. The working mechanism of
the device can be elucidated according to the fundamental
physical processes of light-emitting diodes.43,44 Driven by
forward voltage, green electroluminescence of the device is
observed under dark conditions, the PeLEDs show good recti-
cation characteristics, with small reverse current and the turn-
on voltage of the device is ∼3 V. Fig. 14(b) presents the elec-
troluminescence (EL) spectrum of the devices, with an inset
showing a photograph of our PeLEDs at an injection voltage of
10 V. The spectra shows an emission peak at 517 nm with the
FWHM of 16 nm, indicating that our PeLEDs possess excellent
color purity. Furthermore, devices with annealed CsPbBr3–
Cs4PbBr6 lms exhibit higher EL intensity compared to the
unannealed lms, which indicates that the enhancement of
lms quality and device performance by rapid annealing in
ambient air. Aer annealing, the devices performed best with
a maximum luminance (Lmax) of 957 cd m−2. Importantly, our
unencapsulated PeLEDs operate continuously for 12 hours
under direct current drive with only a 10% attenuation in
ambient air conditions, demonstrating their relatively superior
stability in Fig. 15. Compared to reference devices using tradi-
tional organic carrier injection layers such as PEDOT:PSS,45 our
device provides signicantly improved operational stability.
4. Conclusion

In conclusion, high quality CsPbBr3–Cs4PbBr6 lms were
successfully prepared via a co-evaporation method, guided by
the careful adjustment of the CsBr/PbBr2 molar ratio. The
enhancement in the optical properties and stability of the lms
was observed with an increase in Cs/Pb ratio, with the optimal
ratio found to be 1.34/1. A luminescence peak near 515 nm was
identied in the lms with a narrow FWHM An air rapid
annealing treatment was utilized to further improve the lms'
crystalline quality. The optimal PL intensity and crystalline
quality were achieved at an annealing temperature of 300 °C for
60 s. These annealed lms exhibited excellent stability, main-
taining 85% of their PL intensity aer 100 days in ambient air
conditions. Based on these lms, we constructed all-inorganic
structured PeLEDs (Ag (50 nm)/N–Si/CsPbBr3–Cs4PbBr6 (180
nm)/NiO (40 nm)/ITO (200 nm)), the unencapsulated device
showed only a 10% decay aer 12 h, under ambient air
© 2023 The Author(s). Published by the Royal Society of Chemistry
condition. This work presents a promising approach for future
design and development of stable perovskite-based LEDs.
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