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Recently, perovskite light-emitting diodes (PeLEDs) have drew widespread attention due
to their high efficiencies. However, because of the sensitivity to moisture and oxygen,
perovskite luminescent layers are usually prepared in high-purity nitrogen environment,
which increases the cost and process complexity of device preparation and seriously
hindrances its commercialization of PeLED in lighting and display application. Herein, dual-
phase all-inorganic composite CsPbBrz-Cs;PbBrg films are fabricated from CsBr-rich
perovskite solutions by a simple one-step spin-coating method in the air with high
humidity. Compared with the pure CsPbBrs film, the composite CsPbBrs-Cs,PbBrg
film has much stronger photoluminescence emission and longer fluorescence lifetime,
accompanied by increased photoluminescence quantum vyield (33%). As a result, we
obtained green PelLED devices without hole transport layer exhibiting a maximum
brightness of 72,082 cd/m? and a maximum external quantum efficiency of about
2.45%, respectively. More importantly, the champion device shows excellent stability
with operational half-lifetime exceeding 1,000 min under continuous operation in the air.
The dual-phase all-inorganic composite CsPbBrs-Cs,PoBrg film shows attractive
prospect for advanced light emission applications.

Keywords: all-inorganic perovskites, perovskite light-emitting diodes, dual-phase, CsPbBr;-Cs,PbBrg composites,
device stability

INTRODUCTION

As a star material, to date, metal halide perovskites have attracted considerable interests in
optoelectronic applications owing to their facile solution-processed ability (Li et al, 2017; Liu
etal., 2020), tunable band-gap (Van Le et al., 2018), high carrier mobility (Shen et al., 2020), and high
photoluminescence quantum yield (PLQY) (Lu et al., 2019). Since the first realization of perovskite
light-emitting diodes (PeLEDs) at room temperature pioneered by R. Friend and his coworkers in
2014 (Tan et al., 2014), the efficiency of PeLEDs has improved dramatically in just a few years, with
the external quantum efficiencies (EQEs) all exceeding 20% in green, red and near-infrared region
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(Zhang L. et al., 2017; Cao et al., 2018; Lin et al., 2018; Zhao et al.,
2018; Fang et al., 2020). However, subject to moisture and oxygen
sensitivity (Cho et al., 2018), high-quality perovskite films often
need to be prepared in high-purity nitrogen environment, which
increases the production cost and process complexity of PeLED
devices and seriously restricts their commercial applications in
lighting and display. In addition, the instability of perovskite
materials and their PeLED devices also limits their development
and application (Cho et al., 2018). Therefore, it is very desirable to
directly prepare efficient and stable perovskite films in
atmospheric environment.

So far, compared to the organic-inorganic lead halide
perovskite materials with a three-dimensional APbX; structure
(where A for CH;NH;" or HC(NH,)," cation; X for I”, Br, CI~
halide ion), which prone to degradation under moisture, oxygen,
heat, and illumination exposure (Cho et al., 2018), all-inorganic
perovskites such as CsPbX; have drew widespread attention due
to their excellent stability and high PLQY (Shen et al., 2020; Yang
et al, 2020; Lin et al., 2021). However, mainly derived from the
low solubility of CsBr precursor in commonly used solvents such
as dimethyl sulfoxide (Zhang et al, 2016), all-inorganic
perovskite films prepared by one-step solution-processed
method are often rough and discontinuous with pinholes,
which leads to large leakage current, thus compromising
device efficiency and stability. For high-performance PeLEDs,
many efforts have been devoted to optimizing solution-processed
perovskite films such as organic ligands modification (Wang
et al, 2016; Xiao et al, 2017; Yang et al, 2018), alkali-metal
ions doping (Abdi-Jalebi et al, 2018; Zhang et al., 2020),
structure-dimensionality reduction (Xing et al, 2018; Zhu
et al, 2021), stoichiometry control (Cho et al, 2017),
construction of nanocrystals (Wang et al., 2018) and so on.
Moreover, electric-field-induced ion migration has been
demonstrated to significantly restrict the stability of PeLED
devices, which requires a new structural design strategy
(Zhang et al., 2020; Woo et al, 2021). Obviously, it is very
important to explore the preparation of high-quality all-
inorganic perovskite films in air towards efficient and stable
PeLED devices to promote its commercialization process.

In this work, by regulating the molar ratios of PbBr, and CsBr,
the dual-phase all-inorganic composite CsPbBr;-Cs, PbBrg films
without pinholes are fabricated from CsBr-rich solutions by a
simple one-step spin-coating method in the air with high
humidity. Compared with the pure CsPbBr; film, the
composite CsPbBr;-Cs,PbBrs film has much longer lifetime
with increased PLQY of about 33%. Based on the optimized
composite CsPbBr;-Cs,PbBr films, combined with LiF interlayer
modification, the champion PeLED device without hole transport
layer exhibits a maximum brightness of 72,082 cd/m” with a
current density (CE) of =7.67 cd/A. More interestingly, the
champion device exhibits robust durability with the half-
lifetime over 1,000 min under continuous operation in the air
at an initial luminance of about 100 cd/m”. The dual-phase all-
inorganic composite CsPbBr;-Cs,PbBrg film and LiF interlayer
modification provides a useful idea for designing PeLED devices
with high air-stability.

CsPbBrg-Cs4PbBrg Films Based PelLEDs

MATERIALS AND METHODS

Materials

Lead bromide (PbBr,, 99.999%, Sigma Aldrich), Cesium bromide
(CsBr, 99.999%, Alfa Aesar), Dimethyl sulfoxide (DMSO, 99.8 wt
%, Alfa Aesar), PEDOT: PSS (Clevios Al4083, Haraeus),
Bathophenanthroline (Bphen, 99%, Nichem), Lithium fluoride
(LiF, 99.99%, Nichem) were used as received without further
purification.

Preparation of Perovskite Films

The perovskite precursor solutions were prepared by dissolving
0.35 M PbBr, and the corresponding amount of CsBr in DMSO
with different PbBr,: CsBr molar ratios = 1:0.8, 1:1.0, 1:1.1, 1:1.3,
1:1.5, and 1:1.7, respectively. The precursor solutions were stirred
in a high-purity nitrogen-filled glove box at room temperature for
4h. And then the solutions were stand for 1h at room
temperature, precipitates were formed in the CsBr-rich
solutions (PbBr,: CsBr = 1:1.3, 1:1.5, 1:1.7), top transparent
solutions were decanted for using. The perovskite films were
all prepared by a facile one-step spin-coating method without
anti-solvent assist. Before preparing the perovskite films, the glass
substrates were cut into a suitable size, cleaned with deionized
water and organic solvents, dried under a hot lamp, and treated in
an ultraviolet ozone environment for 10 min. Subsequently, the
perovskite precursor solutions were spin-coated at 1,000 rpm for
60 s in the air with high humidity (~60%). Finally, the samples
were annealed at 200°C for 60 s to obtain perovskite films in the
atmosphere.

Devices Fabrication

The structure of the PeLED devices is ITO/Perovskite/LiF (8 nm)/
Bphen (60 nm)/LiF (1 nm)/Al (100 nm). Emission area of the
devices was about 12 mm?. To prepare the devices, the indium-tin
oxide (ITO)-coated patterned glass substrates were cleaned with
deionized water and organic solvents, and then exposed to a
UV-ozone environment for 10 min. For the preparation of the
perovskite films, the aforementioned precursor solutions (about
0.25 ml) were spin-coated at 1,000 r.p.m for 60 s onto the clean
ITO-coated substrates and then annealed at 200°C for 60 s in the
air (humidity ~60%) to form the perovskite films. Finally, the
aforementioned substrates with perovskite films were transported
into a thermal evaporation chamber for the deposition of 8 nm
LiF, 60 nm Bphen, 1 nm LiF, and 100 nm Al, sequentially. The
evaporation rates for LiF, Bphen, and Al were 0.2, 1.5, and 4 A/s,
respectively. The basic pressure of vapor deposition is 1 x 10~ Pa.
Film thickness was determined in-situ by a quartz-crystal sensor
and confirmed by a profilometer.

Characterization

The surface of the all-inorganic perovskite films was investigated
by scanning electron microscopy (SEM, Quanta 250, FEI). The
surface morphology was measured by atomic force microscope
(AFM, NT-MDT, Russia). The crystalline structure was measured
by X-ray diffraction (XRD, D/MAX-2400, Japan, Rigaku) with
Cu-Ka radiation. The absorption spectra and the PL spectra were
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FIGURE 1| Top view SEM images of the corresponding all-inorganic perovskite films with different molar ratios of PoBr, and CsBr, such as (A) 1:0.8, (B) 1:1.0, (C)
1:1.1 (D) 1:1.3, (E) 1:1.5, (F) 1:1.7, respectively. The scale bar is 2 pm in all images.

obtained by an ultraviolet-visible spectrophotometer
(HITACHI U-3010, Japan) and a fluorescence
spectrophotometer  (Fluoromax-4  spectrofluometer),

respectively. Time-resolved PL spectra were recorded with
a 100 ps time resolution using a time-correlated single
photon counting (TCSPC) system (FLS920 spectrometer)
(excited by picosecond pulsed LEDs, pulse duration:
<850 ps, repetition rate: 10 MHz). Photoluminescence
quantum yield was tested using FLS920 spectrometer with
an integrating sphere. A cross-sectional SEM image of the
champion PeLED device is obtained by scanning electron
microscopy (SEM, Quanta 250, FEI). The luminance-
current-voltage (L-I-V) characteristics of blue PeLEDs
were measured using a computer-controlled source meter
(Keithley 2602) and a calibrated silicon photodiode
(integrated over 1s). The electroluminescence spectra
were measured by PR650 spectrometer. For the stability
of the champion PeLED device, the half-lifetime (50%
decay) was measured at an initial luminance of about
100 cd/m* under continuous constant current supplied by
Keithley 2602. All measurements were carried out at room
temperature in atmospheric environment. It should be
noted that, the luminance (cd/m?) was directly measured
using a computer-controlled source meter (Keithley 2602)
and a calibrated silicon photodiode (integrated over 1s).
The current density (mA/cm®) was calculated by dividing
the current (mA) flowing in the device by the effective area
(about 12mm?). The current efficiency (cd/A) was
calculated by dividing (the luminance (cd/m?) x the
effective area) by the current I (A). The EQE is the
ratio between the number of photons emitted from the
device and the electrons injected into the device. Thus,
the EQE will be:

where, @ is the total spectral power, A is the Planck constant, ¢ is
the speed of light, A is the electroluminescent wavelength and e is
the unit charge.

RESULTS AND DISCUSSION

The all-inorganic perovskite films were all prepared by a facile
one-step spin-coating method in the air with high humidity using
the perovskite precursor solutions dissolving PbBr, and CsBr
with different molar ratios = 1:0.8, 1:1.0, 1:1.1, 1:1.3, 1:1.5, and 1:
1.7, respectively, as explained in the MATERIALS AND
METHODS. In order to study the influence of different molar
ratios of PbBr, and CsBr on the morphology of all-inorganic
perovskite films, the scanning electron microscopy (SEM)
analysis was carried out. As shown in Figures 1A-F, with the
increase of CsBr ratios, the grain size of perovskite decreases and
the film coverage rate increases gradually. Specifically, as shown
in Figure 1A, when the molar ratio of PbBr, to CsBr is 1:0.8, the
crystallinity of perovskite crystals is very poor with dendritic
grains. As the molar ratio of CsBr increases, the grain size
decreases significantly. It can be inferred that the decreasing
trend of the perovskite grain size is basically consistent with the
increase of CsBr ratios. Especially, when the CsBr is excessive, as
shown in Figures 1D-F, the film coverage rate increases
obviously with perovskite grain size decreasing to about
50-400 nm. The 3D AFM image of perovskite film with the
molar ratio of PbBr, to CsBr = 1:1.5 shows flat and compact
morphology with the root-mean-square (RMS) roughness of
about 24 nm (Supplementary Figure S1). It should be noted
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FIGURE 2 | Bragg-Brentano X-ray diffraction patterns for the
corresponding all-inorganic perovskite films with different molar ratios of
PbBr, and CsBr, such as 1:0.8, 1:1.0, 1:1.1, 1:1.3, 1:1.5, 1:1.7, respectively.
The right of the figure shows the crystal structures of CsPbBr3 (bottom)
and Cs,PbBrg (top) perovskite.

that, due to the poor solubility of CsBr, when the molar ratio of
PbBr, to CsBr exceeds 1:1.3, the perovskite precursor solutions
cannot be completely dissolved.

In order to analyze the crystallization properties of perovskite
films with different molar ratios of PbBr, and CsBr, XRD
measurements were further carried out. As shown in Figure 2,
all the XRD patterns show diffraction peaks at 15.09°, 21.36°, and
30.52°, which can be assigned to (100), (101), and (200) facets of
the typical three-dimensional CsPbBr; perovskite structure in the
cubic phase, respectively (Akkerman et al, 2017; Nasi et al,
2020). Obviously, with the increase of CsBr ratios, the XRD peaks
corresponding to CsPbBr; weaken, indicating smaller grain size
in the films, which is consistent with the SEM results (Figure 1).
In particular, when the molar ratio of PbBr, to CsBr exceeds 1:1.3,
new XRD peaks appear at 12.54° and 25.41°, corresponding to
(110) and (220) facets of the typical zero-dimensional Cs,PbBrs
perovskite structure in the rhombohedral phase (Zhang Y. et al.,
2017). It can be seen that, as for the CsBr-rich perovskite
precursor solutions, dual-phase all-inorganic composite
CsPbBr;-Cs PbBrs films were eventually formed. The energy
dispersion spectroscopy (EDS) result of the all-inorganic

CsPbBrs-Cs4PbBrg Films Based PelEDs

perovskite film with the molar ratio of PbBr, to CsBr = 1:1.5
shows the elemental ratio of Cs/Pb/Br is about 1.42:1:3.59
(Supplementary Figure S2), which also indicates the
formation of a dual-phase all-inorganic composite CsPbBr;-
Cs,PbBrg. The excessive CsBr on the surface of the perovskite
films reacts with partial CsPbBr; to form Cs,PbBrg, which is
agreement with the reported literature (Saidaminov et al., 2016;
Akkerman et al., 2017).

To investigate the effects of different CsBr ratios on the optical
properties of all-inorganic perovskite films, the PL spectra of
perovskite films with different molar ratios of PbBr, and CsBr
were measured, as shown in Figure 3A. It can be seen that, as the
proportion of CsBr increases, the PL intensity of the perovskite
films increases. When the molar ratio of PbBr, to CsBr is 1:1.5,
the PL intensity is the highest with the PLQY of about 33%. In
other words, compared with the pure CsPbBr; film, the dual-
phase composite CsPbBr;-Cs,PbBrs film has better PL
characteristics. When the molar ratio of PbBr, to CsBr exceeds
1:1.5, the PL intensity of perovskite films decreases slightly. In
addition, it can be seen intuitively that, with the increase of CsBr
ratios, the PL emission peaks continuously blue shift passably
derived from the change of crystal structure and film
morphology, which is consistent with XRD and SEM results.
The alignment of [PbBre]*” octahedron sublattices in the
composite CsPbBr;-Cs,PbBrs film dictates the optical
transition behavior (Saparov and Mitzi, 2016). In order to
further study the effect of different CsBr ratios on the
fluorescence lifetime of all-inorganic perovskite films, the
time-resolved photoluminescence (TRPL) measurements were
carried out, as shown in Figure 3B, which shows that all the
prepared samples have a double exponential decay behavior. The
TRPL decay curves are fitted by the double decay function, and
the average lifetime is obtained from the double exponential
decay function, as summarized in Supplementary Table SI1.
Obviously, as the ratio of CsBr gradually increases, the average
lifetime 7,,. of perovskite films first increases from 1.93 to
18.88 ns, and then decreases to 16.64ns when the CsBr
proportion exceeding 1.7, which is consistent with PL analysis
as shown in Figure 3A. These results suggest that excessive CsBr
can effectively passivate the defects of perovskite, which will

Normalized intensity (a.u.) 3

FIGURE 3 | (A) The steady-state PL spectra and (B) time-resolved photoluminescence (TRPL) measurements of the corresponding all-inorganic perovskite films

Af — 108
——1:1.0
— 111
;.‘ —1:13
> ——i1:1:5
g — 117
2
K7
c
QL
£
1
o
480 500 520 540 560
Wavelength (nm)
with different molar ratios of PbBr, and CsBr, such as 1:0.8, 1:1.0, 1:1.1, 1:1.3, 1:1.5, 1:1.7, respectively.

30

40
Time (ns)

Frontiers in Chemistry | www.frontiersin.org

January 2022 | Volume 10 | Article 828322


https://www.frontiersin.org/journals/chemistry
www.frontiersin.org
https://www.frontiersin.org/journals/chemistry#articles

Yuan et al.

CsPbBrs-Cs4PbBrg Films Based PelEDs

CsBr = 1:1.5. (C) Energy band diagram of the perovskites and PeLED devices.

FIGURE 4 | (A) Device configuration and (B) cross sectional SEM image of the PeLED based on the all-inorganic perovskite film with the molar ratio of PoBr, to
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FIGURE 5 | (A) Current density-voltage (J-V), (B) luminance-voltage (L-V), (C) current efficiency-voltage (CE-V), (D) EQE-voltage (EQE-V) of the PeLED devices
based on the perovskite films doped with different molar ratios of PbBr, and CsBr, such as 1:0.8, 1:1.0, 1:1.1, 1:1.3, 1:1.5, 1:1.7, respectively.
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effectively inhibit the non-radiative recombination channels, and
then enhance the PLQY of composite CsPbBr;-Cs,PbBrg films. It
is proved that, compared with the pure CsPbBr; film, the dual-
phase composite CsPbBr;-Cs PbBr film has much higher PLQY
and longer fluorescence lifetime, which is beneficial to the
improvement of electroluminescent device efficiency.

Based on the above-mentioned all-inorganic perovskite
films with different molar ratios of PbBr, and CsBr, the
green PeLEDs are then fabricated. Inspired by the
“Insulator-Perovskite-Insulator” structure reported in details
elsewhere in our previous work which could effectively induce
charge carriers into perovskite crystals and block leakage
currents via pinholes simultaneously (Shi et al., 2018; Yuan

et al.,, 2018; Yuan et al., 2020; Zhang et al., 2020), the device

structure used here is ITO/Perovskite/LiF (8 nm)/
Bathophenanthroline  (Bphen, 60 nm)/LiF (1 nm)/Al
(100nm), and the schematic diagram of device

configuration is shown in Figure 4A. The cross-sectional
SEM image of PeLED based on the all-inorganic perovskite
film with the molar ratio of PbBr, to CsBr = 1:1.5 is shown in
Figure 4B. Each functional layer of the PeLED device can be
cleanly observed with a flat contact surface. The energy level
diagram of the perovskites and PeLED devices is shown in
Figure 4C. It should be pointed out that, we prepared the
luminescent perovskite layers directly on ITO substrates
without hole transport layer here. As a material with
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TABLE 1 | Device performance parameters of the prepared PeLED devices based on the corresponding perovskite films with different molar ratios of PbBr, and CsBr, such

as 1:0.8, 1:1.0, 1:1.1, 1:1.3, 1:1.5, 1:1.7, respectively.

Devices PbBr,:CsBr EL peak (nm)

Max. L (cd/cm?)

Max. CE (cd/A)

Max. EQE (%)

1:0.8 523 19 0.006 0.001
1:1.0 525 230 0.04 0.012
111 522 11,725 1.91 0.59
1:1.3 520 28,324 3.57 1.11
115 518 72,082 7.67 2.45
1:1.7 519 29,358 6.27 1.94
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FIGURE 6 | (A) EL spectra of the PeLED device based on the all-inorganic perovskite film with the molar ratio of PbBr, to CsBr = 1:1.5 operating under different
applied voltages. The inset shows its normalized EL and PL spectra, as well as its digital photographs in operation at 6 V. (B) CIE chromaticity coordinate diagram, (C)
histogram of maximum luminance, (D) stability test under continuously operational conditions for the PeLED device based on the all-inorganic CsPbBrz-Cs,PbBrg
perovskite film with the molar ratio of PbBr, to CsBr = 1:1.5.

bipolar injection characteristics, the all-inorganic perovskite
layer acts as both hole transport layer and emitting layer, and
the holes and electrons radiatively recombine between the
perovskite layer and the electron transport layer (Bphen).
For the thin LiF layer embedded between perovskite and
Bphen, its main role is to accumulate holes in perovskite
layer, effectively avoid luminescence quenching caused by
the Bphen layer and greatly suppress leakage current, thus
improve the device performance (Shi et al., 2018).

The electroluminescent characteristic curves of the PeLEDs
based on the all-inorganic perovskite films with different molar
ratios of PbBr, and CsBr are shown in Figures 5A-D. Table 1
collects the performance parameters of all the PeLED devices
based on the corresponding perovskite films with the structure of
ITO/Perovskite/LiF/Bphen/LiF/Al. From the current density-
voltage (J-V) characteristic curves shown in Figure 5A, the
current density is relatively high when the molar ratio of
PbBr, to CsBr is 1:1.5, suggesting efficient carrier injection.
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Besides, as the luminance-voltage (L-V) curve shown in
Figure 5B, the turn-on voltage decreases from ~5.8 V for the
device with the molar ratio of PbBr, to CsBr = 1:0.8-~3.5V for
the CsBr-rich devices, which also indicates more efficient carrier
injection. With the increase of CsBr ratios, the brightness of the
corresponding device first increases and then decreases when the
CsBr percentage exceeding 1.5 (Table 1), which is consistent with
the PL characteristics of the perovskite films. The current
efficiency-voltage ~ (CE-V) and EQE-voltage (EQE-V)
characteristic curves of the PeLED devices are shown in
Figures 5C,D. Apparently, the maximum current efficiency
and EQE are significantly enhanced with the dual-phase all-
inorganic composite CsPbBr;-Cs PbBrg films. Particularly, the
device with the molar ratio of PbBr, to CsBr = 1:0.8 shows the
maximum luminance, CE and EQE of 19 cd/m?, 0.006 cd/A, and
0.001%, respectively. While the champion device based on the all-
inorganic perovskite film with the molar ratio of PbBr, to CsBr =
1:1.5 exhibits significantly improved luminance, CE and EQE of
72,082 cd/m?, 7.67 cd/A, and 2.45%, respectively (Table 1). The
significantly improved device performance can be mainly
attributed to the improved luminescent characteristics of the
dual-phase composite CsPbBr;-Cs,PbBrs films generated by
excessive CsBr, such as high PLQY, low defect density and
compact film morphology, effectively inhibiting non-radiative
recombination and reducing leakage current, enhancing carrier
injection, thereby improving the luminous efficiency of the
PeLED devices. More importantly, the introduction of 8 nm
LiF layer is critical to the improvement of device performance.
For devices without 8 nm LiF layer, that is, with the structure of
ITO/Perovskite/Bphen (60 nm)/LiF (1 nm)/Al (100 nm), based
on the optimized all-inorganic perovskite film, the optimized
PeLED shows drastically reduced performance, exhibiting a
maximum luminance, CE and EQE of 45,708 cd/m’, 3.63 cd/A,
and 1.16%, respectively (Supplementary Figure S3).

In addition to the high EL performance, the PeLED device
based on the dual-phase all-inorganic composite CsPbBr;-
Cs4PbBrg with the molar ratio of PbBr, to CsBr = 1:1.5 shows
high operational stability and high reproducibility. Figure 6A
shows the EL spectra of the PeLED device based on the all-
inorganic perovskite film with the molar ratio of PbBr, to CsBr =
1:1.5 collected under different applied voltages, showing constant
EL peak positions at 518 nm. It shows bright and homogeneous
green emission throughout the whole active device area from its
representative photograph of operating PeLED device at 6 V, as
shown in the inset in Figure 6A, and its EL spectrum almost
coincides with its PL spectrum, demonstrating the outstanding
spectral stability. Figure 6B shows the CIE chromaticity
coordinate diagram of the PeLED device based on the all-
inorganic perovskite film with the molar ratio of PbBr, to
CsBr = 1:1.5, enabling a CIE 1931 chromatic coordinate as
(0.11, 0.73). These PeLED devices also show a high
reproducibility (Figure 6C), which originates from the
superior film-forming ability for the CsBr-rich solutions. High
operational stability is the base of long-term stability of PeLEDs,
which is critical for lighting and displaying applications. As
shown in Figure 6D, the operational stability of the champion
device was further measured by testing the durable time of 50%

CsPbBrg-Cs4PbBrg Films Based PelLEDs

loss in EL intensity under continuously working conditions.
Herein, the device lifetime measurement was operated with
the initial luminance of about 100 cd/m? and it was observed
that the device shows a rapid 50% loss of its initial EL intensity
after 1,030 min. It is worthy pointed out that, compared to the
PeLED devices with traditional hole transport layers such as poly
(3,4-ethylenedioxythiophene) polystyrene sulfonate (PEDOT:
PSS), the structure without hole transport layer of ITO/
Perovskite/LiF/Bphen/LiF/Al is designed here on purpose to
effectively improve the operational stability. Due to the huge
barriers induced by the compact inorganic interlayer and
insulating layers on both sides of perovskite layer, the
structure used here could significantly suppress the electric-
field-induced ion migrations of the perovskites, thus greatly
improving the device stability (Zhang et al., 2020).

CONCLUSION

In conclusion, dual-phase all-inorganic composite CsPbBr;-
Cs,PbBrg films were prepared from CsBr-rich solutions by a
simple one-step spin-coating method in the air with high
humidity, which possess higher PLQY, longer fluorescence
lifetime, and dense film morphology compared to the pure
CsPbBr; films. Combined with LiF interlayer modification, the
optimized PeLED based on the composite CsPbBr;-Cs,PbBr,
film with the molar ratio of PbBr, to CsBr = 1:1.5 has a brightness
of 72,082 cd/cm® at 518 nm, a maximum current efficiency of
7.67 cd/A, and a maximum EQE of 2.45%, respectively. In
addition, the half-decay lifetime of champion device exceeds
1,000 min under continuous operation in the air. This work
suggests a feasible way to improve the performance of PeLEDs
in the air, paving the way for the practical application of PeLEDs.

DATA AVAILABILITY STATEMENT

The original contributions presented in the study are included in
the article/Supplementary Material, further inquiries can be
directed to the corresponding author.

AUTHOR CONTRIBUTIONS

ZW designed the project and funded the subject experiments. FY
participated in all the experiments. MZ, CZ, XL, CZ, and JD
conducted some of the experiments and characterization. FY
wrote and revised the paper. HD, BJ, XL, and ZW participated in
the discussion. All the authors contributed to revision of the
manuscript and approved the final version.

FUNDING

This work was financially supported by National Key Research
and Development Plan of China (Grant No. 2019YFE0111900),
National Natural Science Foundation of China (Grant No.

Frontiers in Chemistry | www.frontiersin.org

January 2022 | Volume 10 | Article 828322


https://www.frontiersin.org/journals/chemistry
www.frontiersin.org
https://www.frontiersin.org/journals/chemistry#articles

Yuan et al.

61904145 and 61875161), China Postdoctoral Science
Foundation (Grant No. 2018M643652), Fundamental Research
Funds for the Central Universities (Grant No. xzy012020006).
The SEM work was done at International Center for Dielectric
Research (ICDR), Xi'an Jiaotong University, Xi'an, China.

REFERENCES

Abdi-Jalebi, M., Andaji-Garmaroudi, Z., Cacovich, S., Stavrakas, C., Philippe, B.,
Richter, J. M., et al. (2018). Maximizing and Stabilizing Luminescence from
Halide Perovskites with Potassium Passivation. Nature 555, 497-501. doi:10.
1038/nature25989

Akkerman, Q. A, Park, S., Radicchi, E., Nunzi, F., Mosconi, E., De Angelis,
F., et al. (2017). Nearly Monodisperse Insulator Cs4PbX6 (X = Cl, Br, I)
Nanocrystals, Their Mixed Halide Compositions, and Their
Transformation into CsPbX3 Nanocrystals. Nano Lett. 17, 1924-1930.
doi:10.1021/acs.nanolett.6b05262

Cao, Y., Wang, N., Tian, H., Guo, J., Wei, Y., Chen, H., et al. (2018).
Perovskite Light-Emitting Diodes Based on Spontaneously Formed
Submicrometre-Scale Structures. Nature 562, 249-253. doi:10.1038/
s41586-018-0576-2

Cho, H., Kim, Y.-H., Wolf, C,, Lee, H.-D., and Lee, T.-W. (2018). Improving the
Stability of Metal Halide Perovskite Materials and Light-Emitting Diodes. Adv.
Mater. 30, 1704587. doi:10.1002/adma.201704587

Cho, H., Wolf, C., Kim, J. S, Yun, H. J., Bae, J. S,, Kim, H., et al. (2017).
High-Efficiency Solution-Processed Inorganic Metal Halide Perovskite
Light-Emitting Diodes. Adv. Mater. 29, 1700579. doi:10.1002/adma.
201700579

Fang, Z. B., Chen, W. ], Shi, Y. L,, Zhao, J., Chu, S. L., Zhang, J., et al. (2020). Dual
Passivation of Perovskite Defects for Light-Emitting Diodes with External
Quantum Efficiency Exceeding 20. Adv. Funct. Mater. 30, 1909754. doi:10.
1002/adfm.201909754

Li, J., Xu, L., Wang, T., Song, J., Chen, J., Xue, J., et al. (2017). 50-Fold EQE
Improvement up to 6.27% of Solution-Processed All-Inorganic Perovskite
CsPbBr3 QLEDs via Surface Ligand Density Control. Adv. Mater. 29,
1603885. doi:10.1002/adma.201603885

Lin, J., Lu, Y., Li, X,, Huang, F., Yang, C,, Liu, M,, et al. (2021). Perovskite Quantum
Dots Glasses Based Backlit Displays. ACS Energ. Lett. 6, 519-528. doi:10.1021/
acsenergylett.0c02561

Lin, K,, Xing, J., Quan, L. N, De Arquer, F. P. G., Gong, X,, Lu, ], et al. (2018).
Perovskite Light-Emitting Diodes with External Quantum Efficiency Exceeding
20 Per Cent. Nature 562, 245-248. doi:10.1038/s41586-018-0575-3

Liu, X.-K,, Xu, W., Bai, S,, Jin, Y., Wang, J., Friend, R. H., et al. (2020). Metal Halide
Perovskites for Light-Emitting Diodes. Nat. Mater. 20, 10-21. doi:10.1038/
541563-020-0784-7

Lu,M,, Zhang, Y., Wang, S., Guo, J., Yu, W. W., and Rogach, A. L. (2019). Metal Halide
Perovskite Light-Emitting Devices: Promising Technology for Next-Generation
Displays. Adv. Funct. Mater. 29, 1902008. doi:10.1002/adfm.201902008

Nasi, L., Calestani, D., Mezzadri, F., Mariano, F., Listorti, A., Ferro, P., et al. (2020).
All-Inorganic CsPbBr3 Perovskite Films Prepared by Single Source Thermal
Ablation. Front. Chem. 8, 313. doi:10.3389/fchem.2020.00313

Saidaminov, M. I, Almutlaq, J., Sarmah, S., Dursun, L., Zhumekenov, A. A., Begum,
R, et al. (2016). Pure Cs4PbBr6: Highly Luminescent Zero-Dimensional
Perovskite Solids. ACS Energ. Lett. 1, 840-845. doi:10.1021/acsenergylett.
6b00396

Saparov, B., and Mitzi, D. B. (2016). Organic-inorganic Perovskites: Structural
Versatility for Functional Materials Design. Chem. Rev. 116, 4558-4596. doi:10.
1021/acs.chemrev.5b00715

Shen, Z., Zhao, S., Song, D., Xu, Z., Qiao, B., Song, P., et al. (2020). Improving the
Quality and Luminescence Performance of All-Inorganic Perovskite
Nanomaterials for Light-Emitting Devices by Surface Engineering. Small 16,
1907089. doi:10.1002/smll.201907089

Shi, Y., Wu, W, Dong, H., Li, G., Xi, K., Divitini, G., et al. (2018). A Strategy
for Architecture Design of Crystalline Perovskite Light-Emitting Diodes

CsPbBrg-Cs4PbBrg Films Based PelLEDs

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at:
https://www.frontiersin.org/articles/10.3389/fchem.2022.828322/
full#supplementary-material

with High Performance. Adv. Mater. 30, 1800251. doi:10.1002/adma.
201800251

Tan, Z.-K., Moghaddam, R. S., Lai, M. L., Docampo, P., Higler, R., Deschler,
F., et al. (2014). Bright Light-Emitting Diodes Based on Organometal
Halide Perovskite. Nat. Nanotech 9, 687-692. doi:10.1038/NNANO.
2014.149

Van Le, Q, Jang, H. W, and Kim, S. Y. (2018). Recent Advances toward High-
Efficiency Halide Perovskite Light-Emitting Diodes: Review and Perspective.
Small Methods 2, 1700419. doi:10.1002/smtd.201700419

Wang, K.-H., Peng, Y., Ge, J,, Jiang, S., Zhu, B.-S.,, Yao, J., et al. (2018).
Efficient and Color-Tunable Quasi-2D CsPbBrxCl3-X Perovskite Blue
Light-Emitting Diodes. ACS Photon. 6, 667-676. doi:10.1021/
acsphotonics.8b01490

Wang, N., Cheng, L., Ge, R., Zhang, S., Miao, Y., Zou, W., et al. (2016).
Perovskite Light-Emitting Diodes Based on Solution-Processed Self-
Organized Multiple Quantum wells. Nat. Photon 10, 699-704. doi:10.
1038/NPHOTON.2016.185

Woo, S.-]., Kim, J. S., and Lee, T.-W. (2021). Characterization of Stability and
Challenges to Improve Lifetime in Perovskite LEDs. Nat. Photon. 15, 630-634.
doi:10.1038/s41566-021-00863-2

Xiao, Z., Kerner, R. A., Zhao, L., Tran, N. L., Lee, K. M., Koh, T.-W., et al. (2017).
Efficient Perovskite Light-Emitting Diodes Featuring Nanometre-Sized
Crystallites. Nat. Photon 11, 108-115. doi:10.1038/s41566-021-00863-210.
1038/nphoton.2016.269

Xing, J., Zhao, Y., Askerka, M., Quan, L. N., Gong, X., Zhao, W, et al.
(2018). Color-stable Highly Luminescent Sky-Blue Perovskite Light-
Emitting Diodes. Nat. Commun. 9, 3541. doi:10.1038/s41467-018-
05909-8

Yang, C., Zhuang, B,, Lin, J., Wang, S., Liu, M., Jiang, N,, et al. (2020). Ultrastable
Glass-Protected All-Inorganic Perovskite Quantum Dots with Finely Tunable
green Emissions for Approaching Rec. 2020 Backlit Display. Chem. Eng. J. 398,
125616. doi:10.1016/j.cej.2020.125616

Yang, X., Zhang, X,, Deng, J., Chu, Z,, Jiang, Q., Meng, ], et al. (2018). Efficient
green Light-Emitting Diodes Based on Quasi-Two-Dimensional Composition
and Phase Engineered Perovskite with Surface Passivation. Nat. Commun. 9,
570. doi:10.1038/s41467-018-02978-7

Yuan, F,, Ran, C,, Zhang, L., Dong, H,, Jiao, B., Hou, X,, et al. (2020). A Cocktail of
Multiple Cations in Inorganic Halide Perovskite toward Efficient and Highly
Stable Blue Light-Emitting Diodes. ACS Energ. Lett. 5, 1062-1069. doi:10.1021/
acsenergylett.9b02562

Yuan, F,, Xi, J., Dong, H.,, Xi, K., Zhang, W., Ran, C,, et al. (2018). All-
Inorganic Hetero-Structured Cesium Tin Halide Perovskite Light-
Emitting Diodes with Current Density over 900 A Cm-2 and its
Amplified Spontaneous Emission Behaviors. Phys. Status Solidi RRL
12, 1800090. doi:10.1002/pssr.201800090

Zhang, L., Yang, X,, Jiang, Q., Wang, P., Yin, Z., Zhang, X,, et al. (2017). Ultra-
bright and Highly Efficient Inorganic Based Perovskite Light-Emitting Diodes.
Nat. Commun. 8, 15640. doi:10.1038/ncomms15640

Zhang, L., Yuan, F., Xi, ], Jiao, B., Dong, H., Li, J., et al. (2020). Suppressing Ion
Migration Enables Stable Perovskite Light-Emitting Diodes with All-
Inorganic Strategy. Adv. Funct. Mater. 30, 2001834. doi:10.1002/adfm.
202001834

Zhang, X., Xu, B., Zhang, J., Gao, Y., Zheng, Y., Wang, K., et al. (2016). All-
Inorganic Perovskite Nanocrystals for High-Efficiency Light Emitting Diodes:
Dual-phase CsPbBr3 -CsPb2 Br5 Composites. Adv. Funct. Mater. 26,
4595-4600. doi:10.1002/adfm.201600958

Zhang, Y., Saidaminov, M. I, Dursun, I, Yang, H., Murali, B., Alarousu, E., et al.
(2017). Zero-Dimensional Cs4PbBr6 Perovskite Nanocrystals. J. Phys. Chem.
Lett. 8, 961-965. doi:10.1021/acs.jpclett.7b00105

Frontiers in Chemistry | www.frontiersin.org

January 2022 | Volume 10 | Article 828322


https://www.frontiersin.org/articles/10.3389/fchem.2022.828322/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fchem.2022.828322/full#supplementary-material
https://doi.org/10.1038/nature25989
https://doi.org/10.1038/nature25989
https://doi.org/10.1021/acs.nanolett.6b05262
https://doi.org/10.1038/s41586-018-0576-2
https://doi.org/10.1038/s41586-018-0576-2
https://doi.org/10.1002/adma.201704587
https://doi.org/10.1002/adma.201700579
https://doi.org/10.1002/adma.201700579
https://doi.org/10.1002/adfm.201909754
https://doi.org/10.1002/adfm.201909754
https://doi.org/10.1002/adma.201603885
https://doi.org/10.1021/acsenergylett.0c02561
https://doi.org/10.1021/acsenergylett.0c02561
https://doi.org/10.1038/s41586-018-0575-3
https://doi.org/10.1038/s41563-020-0784-7
https://doi.org/10.1038/s41563-020-0784-7
https://doi.org/10.1002/adfm.201902008
https://doi.org/10.3389/fchem.2020.00313
https://doi.org/10.1021/acsenergylett.6b00396
https://doi.org/10.1021/acsenergylett.6b00396
https://doi.org/10.1021/acs.chemrev.5b00715
https://doi.org/10.1021/acs.chemrev.5b00715
https://doi.org/10.1002/smll.201907089
https://doi.org/10.1002/adma.201800251
https://doi.org/10.1002/adma.201800251
https://doi.org/10.1038/NNANO.2014.149
https://doi.org/10.1038/NNANO.2014.149
https://doi.org/10.1002/smtd.201700419
https://doi.org/10.1021/acsphotonics.8b01490
https://doi.org/10.1021/acsphotonics.8b01490
https://doi.org/10.1038/NPHOTON.2016.185
https://doi.org/10.1038/NPHOTON.2016.185
https://doi.org/10.1038/s41566-021-00863-2
https://doi.org/10.1038/s41566-021-00863-210.1038/nphoton.2016.269
https://doi.org/10.1038/s41566-021-00863-210.1038/nphoton.2016.269
https://doi.org/10.1038/s41467-018-05909-8
https://doi.org/10.1038/s41467-018-05909-8
https://doi.org/10.1016/j.cej.2020.125616
https://doi.org/10.1038/s41467-018-02978-7
https://doi.org/10.1021/acsenergylett.9b02562
https://doi.org/10.1021/acsenergylett.9b02562
https://doi.org/10.1002/pssr.201800090
https://doi.org/10.1038/ncomms15640
https://doi.org/10.1002/adfm.202001834
https://doi.org/10.1002/adfm.202001834
https://doi.org/10.1002/adfm.201600958
https://doi.org/10.1021/acs.jpclett.7b00105
https://www.frontiersin.org/journals/chemistry
www.frontiersin.org
https://www.frontiersin.org/journals/chemistry#articles

Yuan et al.

Zhao, B., Bai, S., Kim, V., Lamboll, R., Shivanna, R., Auras, F., et al. (2018).
High-efficiency ~Perovskite-Polymer Bulk Heterostructure Light-
Emitting Diodes. Nat. Photon 12, 783-789. do0i:10.1038/s41566-018-
0283-4

Zhu, Z., Wu, Y., Shen, Y., Tan, J., Shen, D., Lo, M.-F., et al. (2021). Highly
Efficient Sky-Blue Perovskite Light-Emitting Diode via Suppressing
Nonradiative Energy Loss. Chem. Mater. 33, 4154-4162. doi:10.1021/
acs.chemmater.1c00903

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

CsPbBrs-Cs4PbBrg Films Based PelEDs

Publisher’s Note: All claims expressed in this article are solely those of the authors and
do not necessarily represent those of their affiliated organizations, or those of the publisher,
the editors and the reviewers. Any product that may be evaluated in this article, or claim
that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2022 Yuan, Zhang, Zhu, Liu, Zhao, Dai, Dong, Jiao, Lan and Wu. This
is an open-access article distributed under the terms of the Creative Commons
Attribution License (CC BY). The use, distribution or reproduction in other forums is
permitted, provided the original author(s) and the copyright owner(s) are credited
and that the original publication in this journal is cited, in accordance with accepted
academic practice. No use, distribution or reproduction is permitted which does not
comply with these terms.

Frontiers in Chemistry | www.frontiersin.org

January 2022 | Volume 10 | Article 828322


https://doi.org/10.1038/s41566-018-0283-4
https://doi.org/10.1038/s41566-018-0283-4
https://doi.org/10.1021/acs.chemmater.1c00903
https://doi.org/10.1021/acs.chemmater.1c00903
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/chemistry
www.frontiersin.org
https://www.frontiersin.org/journals/chemistry#articles

	Hole Transport Layer Free Perovskite Light-Emitting Diodes With High-Brightness and Air-Stability Based on Solution-Process ...
	Introduction
	Materials and Methods
	Materials
	Preparation of Perovskite Films
	Devices Fabrication
	Characterization

	Results and Discussion
	Conclusion
	Data Availability Statement
	Author Contributions
	Funding
	Supplementary Material
	References


