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Metal halide perovskite materials are an emerging class of solution-
processable semiconductors with considerable potential for use 
in optoelectronic devices1–3. For example, light-emitting diodes 
(LEDs) based on these materials could see application in flat-
panel displays and solid-state lighting, owing to their potential 
to be made at low cost via facile solution processing, and could 
provide tunable colours and narrow emission line widths at high 
photoluminescence quantum yields4–8. However, the highest 
reported external quantum efficiencies of green- and red-light-
emitting perovskite LEDs are around 14 per cent7,9 and 12 per cent8, 
respectively—still well behind the performance of organic LEDs10–12 
and inorganic quantum dot LEDs13. Here we describe visible-light-
emitting perovskite LEDs that surpass the quantum efficiency 
milestone of 20 per cent. This achievement stems from a new 
strategy for managing the compositional distribution in the device—
an approach that simultaneously provides high luminescence and 
balanced charge injection. Specifically, we mixed a presynthesized 
CsPbBr3 perovskite with a MABr additive (where MA is CH3NH3), 
the differing solubilities of which yield sequential crystallization 
into a CsPbBr3/MABr quasi-core/shell structure. The MABr shell 
passivates the nonradiative defects that would otherwise be present 
in CsPbBr3 crystals, boosting the photoluminescence quantum 
efficiency, while the MABr capping layer enables balanced charge 
injection. The resulting 20.3 per cent external quantum efficiency 
represents a substantial step towards the practical application of 
perovskite LEDs in lighting and display.

MAPbI3−xClx and MAPbBr3 were used in early perovskite LEDs that 
achieved external quantum efficiencies (EQEs) of 0.76% and 0.1% for 
the near-infrared and green regimes, respectively14. Two strategies5–7,15 
have since led to notable improvements in LED performance. The first 
strategy involves direct spin-coating of colloidal perovskite nanocrys-
tals16–19; these nanocrystals are highly luminescent with a photolu-
minescence quantum yield (PLQY) of nearly 90%, and their optical 
properties can be tuned by compositional engineering and crystal 
size. The second approach requires deposition of bulk perovskite films 
using perovskite precursor solutions whose composition can be suit-
ably engineered (for example, stoichiometrically modified MAPbBr3

6 
and MAPbX3 with the addition of long-chain ammonium halides5 or 
1-naphthylmethylamine halides8).

Here we have built on prior works and pursued a new strategy for 
generating still higher EQEs. Our approach was to combine a high 
PLQY with balanced charge injection by constructing a composition-
ally graded perovskite based on a quasi-core/shell structure: the bottom 
part consists of perovskite light-emitting polycrystals capped with a 
defect-passivation layer that passivates the grain boundaries; and the 
top part serves to passivate the surface and simultaneously balance 
charge injection into the perovskite LED device.

We used the very different solubility and crystallinity of perovskite 
(CsPbBr3) and passivant (MABr) in polar solvent and—through a 
one-step deposition method—fabricated in situ the compositionally 

graded material. This consisted of a defect-passivated perovskite layer 
on the bottom (CsPbBr3/MABr) and an electrical passivating layer 
(MABr) on top. The resulting highly luminescent perovskite films and  
balanced charge injection enabled  the development of perovskite LED 
devices with an initial EQE of 17%. We further improved the device 
charge injection balance by inserting an insulating layer of poly(methyl 
methacrylate) (PMMA) between the perovskite layer and the electron- 
transfer layer (ETL), thereby maximizing the device efficiency at 20.3%.

We synthesized a CsPbBr3 perovskite powder as a starting material, 
and then added MABr. We engineered the amount of MABr additive 
to improve perovskite film formation and PLQY (for example, ‘mixture 
1.0’ signifies that the molar ratio of MABr to CsPbBr3 is 1). Figure 1a 
shows three different perovskite structures fabricated using a strategy 
that we term compositional distribution management: single-layered 
CsPbBr3 (prepared by one-step spin-coating); bilayered CsPbBr3/MABr 
(prepared by coating another layer of MABr on the as-formed CsPbBr3 
layer); and quasi-core/shell CsPbBr3/MABr (mixture 1.0). Figure 1b 
and Extended Data Fig. 1 show that the capping layer of MABr (in 
the bilayered structure) only slightly enhances photoluminescence 
emission, while the mixture-1.0 film with quasi-core/shell structure 
presents very bright photoluminescence emission (see Supplementary 
Information, video S1). We found an enhancement of photolumines-
cence proportional to the amount of MABr additive when the molar 
ratio of MABr to CsPbBr3 was increased from 0.4 to 1.0; photolumi-
nescence began to decrease when the molar ratio was increased beyond 
1.0 (Extended Data Fig. 1).

We observed that, during film formation, CsPbBr3 crystallized 
rapidly, whereas MABr sequentially increased its crystallization rate 
after the CsPbBr3 precursor was completely consumed (Extended 
Data Fig. 1d). We explain this by noting that the solubility of CsPbBr3 
(which we find to be 0.56 M) is far below than that of MABr (5 M) in 
dimethylsulfoxidde (DMSO).

Secondary ion mass spectrometry (SIMS) depth analysis (Fig. 1c) 
supports the CsPbBr3/MABr gradient structure. From the SIMS results, 
one can see that the top layer contains CH4N+ ions (from the capping 
MABr; stage Ι); the middle layer comprises Pb+ ions with few CH4N+ 
ions (from CsPbBr3 and MABr; stage ΙΙ); and the bottom layer con-
sists of In+ ions (from the indium tin oxide (ITO) used as the support; 
stage ΙΙΙ). To gain insight into the compositional distribution of the 
as-formed mixture-1.0 films, we carried out cross-sectional scanning 
electron microscopy (SEM) and transmission electron microscopy 
(TEM) studies. We prepared the cross-sectional TEM samples by using 
a focused ion beam, with C and Pt layers predeposited in order to pro-
tect the perovskite from possible ion-beam-induced damage. The cross- 
sectional SEM image (Extended Data Fig. 2a) shows a high-quality  
perovskite film with obvious grain boundaries. The cross-sectional 
TEM and element-mapping images (Fig. 1d and Extended Data Fig. 2b) 
show a well defined layer-by-layer structure, with ITO at the bottom, 
topped with poly(3,4-ethylenedioxythiophene) polystyrene sulfonate 
(PEDOT:PSS), then with CsPbBr3, MABr and finally C. A shell of 

1Engineering Research Center of Environment-Friendly Functional Materials, Ministry of Education, College of Materials Science & Engineering, Huaqiao University, Xiamen, China. 2Division of 
Physics and Applied Physics, School of Physical and Mathematical Sciences, Nanyang Technological University, Singapore, Singapore. 3Department of Electrical and Computer Engineering, 
University of Toronto, Toronto, Ontario, Canada. *e-mail: weizhanhua@hqu.edu.cn; qihua@ntu.edu.sg; ted.sargent@utoronto.ca

1 1  O C T O B ER   2 0 1 8  |  V O L  5 6 2  |  N A T U RE   |  2 4 5
© 2018 Springer Nature Limited. All rights reserved.

https://doi.org/10.1038/s41586-018-0575-3
mailto:weizhanhua@hqu.edu.cn
mailto:qihua@ntu.edu.sg
mailto:ted.sargent@utoronto.ca


LetterRESEARCH

MABr can be seen in the grain boundaries of CsPbBr3 (white arrows 
in Fig. 1d), and another layer of MABr caps the CsPbBr3, forming the 
quasi-core/shell structure. We sought to estimate experimentally the 
trap state density of the three classes of perovskite samples. We found 
(Extended Data Fig. 3a) that the MABr shell reduces defects in the 
mixture-1.0 perovskite films by a factor of four compared with the 
single-layered CsPbBr3 film.

To gain insight into the effect of the thick upper layer of MABr on 
photoluminescence enhancement, we washed the bright perovskite 
film using anhydrous isopropyl alcohol (IPA) solvent, and observed 
that the photoluminescence decreased gradually as the MABr was 
removed (Extended Data Fig. 3b). To make a direct comparison, we 
also prepared pure CsPbBr3 and MAPbBr3 perovskite films. As shown 
in Extended Data Fig. 3c, all perovskite films show a transparent  
yellow colour under room illumination. However, only the  
mixture-1.0 perovskite films reveal high brightness under ultraviolet- 
lamp excitation. The ultraviolet/visible absorbance spectra (Extended 
Data Fig. 3d) of the mixture-1.0 film present a band-edge absorbance 
at 531 nm, similar to CsPbBr3 (528 nm), corresponding to a bandgap 
of 2.33 eV. Analysis of the photoluminescence spectra of the three 
perovskite samples indicates that emission from the mixture-1.0 film 
is close to the emission of pure-CsPbBr3 films (Extended Data Fig. 3e). 
In order to quantify the photoluminescence enhancement induced by 
the MABr additive, we measured the absolute PLQY according to a 
reported protocol20. We determined that the PLQY of the mixture-1.0  
perovskite film was about 80%, while the PLQYs of CsPbBr3 and 
MAPbBr3 are not detectable (from an analysis of our system signal-
to-noise ratio, we conclude that their PLQYs lie below 1%). Time-
resolved photoluminescence spectra (Extended Data Fig. 3f) show 
that the mixture-1.0 film has a 50% longer radiative lifetime than that 
of pure CsPbBr3, and that the longer lifetime of the photolumines-
cence transition is direct evidence of a decrease in the concentration 
of defects and an increase in film crystallinity1,7,9. We attribute the 
long lifetime of photoluminescence to the fact that the composition-
ally graded structure combined with the MABr shell passivates the 
nonradiative defects in CsPbBr3.

We analysed the crystal structure of the perovskite films using 
X-ray diffraction (XRD; Extended Data Fig. 4a). We conclude that the 
mixture-1.0 perovskite exhibits the same crystal structure as mono-
clinic CsPbBr3, instead of a mixture of separate phases of CsPbBr3 and 
MAPbBr3. X-ray photoelectron spectroscopy (XPS) data (Extended 
Data Fig. 4b, c) also indicate the existence of CsPbBr3 and MABr in the 
mixture-1.0 perovskite film.

The perovskite layer requires high surface coverage and low rough-
ness in order to achieve high-performance LEDs. We characterized the 
surface morphology of the pure CsPbBr3, MAPbBr3 and mixture-1.0 
perovskite films using SEM and atomic force microscopy (AFM) 
(Extended Data Fig. 5). We observed small particles and pinholes in 
the CsPbBr3 and MAPbBr3 films; by contrast, in the mixture-1.0 film, 
smooth and well packed micrometre-sized cuboids were combined 
with good crystallinity.

We fabricated perovskite LEDs consisting of single-layered CsPbBr3, 
single-layered MAPbBr3, bilayered CsPbBr3 and MABr, or mixture-1.0 
perovskites with a quasi-core/shell structure, based on a device struc-
ture consisting of layered ITO/PEDOT:PSS/perovskite/B3PYMPM/
LiF/Al (Fig. 2a, where B3PYMPM is C37H26N6). PEDOT:PSS served 
as the hole-transfer layer (HTL), B3PYMPM as the ETL, LiF as an 
electron-injection layer and Al as the cathode (Extended Data Fig. 6a). 
Photographs of mixture-1.0 perovskite LED devices with six uniform 
and bright green-emitting pixels (2 mm × 1.5 mm) are shown in Fig. 2b. 
Larger-area devices (6 mm × 20 mm; Extended Data Fig. 6b) showcase 
uniform and bright emission.

The device performance of bilayered CsPbBr3/MABr perovskite is 
quite limited (Extended Data Fig. 6c)—only slightly better than that 
of the single-layered CsPbBr3—possibly because of its low PLQY and 
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Fig. 1 | Enhancing photoluminescence through compositional 
distribution management. a, Schematic illustrations of single-layered 
CsPbBr3, bilayered CsPbBr3/MABr, and quasi-core/shell CsPbBr3/MABr 
structures, all fabricated on ITO substrates. b, Photographs of the three 
as-prepared perovskite films under ultraviolet light. c, SIMS depth analysis 
of the as-prepared quasi-core/shell CsPbBr3/MABr structure on ITO glass. 
d, Cross-sectional TEM image of the quasi-core/shell CsPbBr3/MABr 
structure on PEDOT:PSS. White arrows indicate the MABr shell (the grain 
boundary). The sample was prepared using a focused ion beam, and the 
top C layer was predeposited in order to protect the perovskite.
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B3PYMPM as the HTL and ETL, respectively. b, Photographs of 
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showing six uniform and bright pixels and a logo of ‘Pero-LED’. c, Typical 
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perovskite LED. f, EQE–voltage characteristics of the best-performing 
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poor surface morphology. The mixture-1.0 devices display an emis-
sion peak at 525 nm with a full width at half maximum (FWHM) of 
20 nm (Extended Data Fig. 6d, e), corresponding to a CIE colour-space 
coordinates of (0.18, 0.75). We collected current-density–voltage (J–V) 
and luminance–voltage (L–V) curves in order to evaluate the LED per-
formance (Extended Data Fig. 6f–h). Devices fabricated using mixture 
1.0 exhibited the lowest current density at the same time as the highest 
luminance, indicating the best performance among our three classes 
of perovskite LED. The mixture-1.0 devices gave a maximum current 
efficiency of 23 cd A−1 at 3.8 V—fully three orders of magnitude higher 
than the current efficiency of the pure CsPbBr3- and MAPbBr3-based 
LEDs (Fig. 2c).

We posited that the superior LED performance of the mixture-1.0 
devices arises not only from the high PLQY, but also from its com-
bination with improved charge injection balance. To quantify charge 
injection, we measured the J–V scharacteristics of electron-only devices 
(ITO/B3PYMPM/perovskite/B3PYMPM/Al) or hole-only devices 
(ITO/PEDOT:PSS/perovskite/Au) (Fig. 2d). We conclude that electrons  
dominate injection into the pure-CsPbBr3 devices, whereas a more 
balanced charge injection occurs in the case of mixture-1.0 devices. 
After optimization, we obtained an average current efficiency of 
35 cd A−1 from 20 devices, with the best current efficiency reaching 
65 cd A−1 (Fig. 2e). The EQE–V characteristics of the best-performing 
device show a maximum EQE of 17% at 4.2 V (Fig. 2f)—a record for a 
green-emitting perovskite LED.

Figure 2d shows that the capping MABr layer in the quasi-core/shell 
structure helps to reduce electron injection and improve charge balance.  
We thought that further improvement could potentially be realized 
through additional optimization of charge balance. We achieved this 
by depositing a thin PMMA layer on the as-formed perovskite. We 
then tested electron-only and hole-only device performance again, and 
found that the PMMA layer further helps in balancing charge injec-
tion (Fig. 3a). We therefore inserted a thin PMMA layer between the 
perovskite and ETL (Fig. 3b and Extended Data Fig. 7a). We found the 
PMMA to be continuous and smooth (Extended Data Fig. 7b, c), ena-
bling charge injection into perovskite via tunnelling13. After we opti-
mized the thickness of the PMMA layer and the molar ratio between 
MABr and CsPbBr3 in the mixed perovskite precursor (Extended Data 
Fig. 7d, e), the devices reached a higher current efficiency of 78 cd A−1 
(Fig. 3c).

Figure 3d presents the J–V and L–V curves of the best-performing 
mixture-1.0 device, showing a low driving current density and high 
luminance of 14,000 cd m−2. A low turn-on voltage of 2.7 V—just 
slightly higher than the bandgap of the mixture-1.0 perovskite—is 
obtained because of the high quality of the perovskite thin film and 
the more efficient carrier injection from the HTL and ETL. We also 
found that the electroluminescence spectra at different applied volt-
ages remained the same, and that the maximum power efficiency was 
69 lm W−1 at 3.6 V (Extended Data Fig. 8). A maximum EQE value 
of 20.3% is achieved with a luminance of 3,400 cd m−2 (Fig. 3e and 
Supplementary Information, videos S2 and S3).

We measured the lifetime of the device by applying a constant  
current and monitoring the evolution of luminance13,21. After we 
applied a constant driving current of 5 mA (167 mA cm−2), the lumi-
nance increased from 3,800 cd m−2 to 7,130 cd m−2 (L0) in 0.66 min 
and then began to diminish (Fig. 3f). The half-lifetime (T50)—defined 
as the time taken for the luminance to decrease to L0/2—was about 
10 min. By using a calculation of =L T constantn

0 50 , and assuming an 
acceleration factor of n = 1.5 (ref. 13; Extended Data Fig. 9a), we  
estimate this device’s T50 at 100 cd m−2 to be about 100 h—to our 
knowledge, the highest value estimated to date in high-performance 
perovskite LEDs, and an important step towards practical application. 
We also measured the stability of the device under continuous oper-
ation with luminance maintained at a constant value of about 
100 cd m−2, achieved by tuning the applied current to maintain lumi-
nance. The results (see Supplementary Information, video S4, and 
Extended Data Fig.  9b) show that the device could operate 

continuously for about 46 h, a similar order of magnitude to the 
extrapolated value from the accelerated ageing test. The corresponding  
EQE decreased from 13% to 5.6% over these 46 hours of continuous 
operation, indicating that the device did degrade even at this low 
luminance. Nonetheless, the stability performance shown here is  
two to three orders of magnitude higher than previous reported  
values7,9,22–25 (Extended Data Table 1).

In summary, we have demonstrated a new strategy for realizing 
compositionally graded perovskite devices that simultaneously achieve 
high PLQY and balanced charge injection. Our approach exploits the 
differing solubilities of perovskite precursors to control the crystalliza-
tion of CsPbBr3/MABr gradient structure in a single step. The MABr 
shell passivates nonradiative defect sites in CsPbBr3 crystals, and the 
MABr capping layer balances charge injection. These effects together 
allow us to achieve perovskite LEDs with a narrow green emission, 
exhibiting a record EQE that surpasses 20%. This high EQE is now on 
a par with those of more mature technologies such as organic LEDs. 
Improvements in device stability remain a challenge, and strides in 
that direction might be achieved by suppressing ion migration with 
additives or a blocking layer, fabricating a high-quality perovskite 
layer, and further optimizing the perovskite/ETL and perovskite/HTL 
interfaces26–28.

Online content
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best-performing mixture-1.0 perovskite LED device. A constant driving 
current of 5 mA (167 mA cm−2) led to the luminance increasing from 
3,800 cd m−2 to 7,130 cd m−2 (L0) and then diminishing. We estimate this 
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Methods
Unless otherwise stated, all chemicals were purchased from Sigma-Aldrich and 
used as received.
Preparation of perovskite precursor. We first synthesized CsPbBr3 powder and 
used it as a starting material for precursor preparation. Specifically, we dissolved 
PbBr2 (10 mmol, 3.67 g) in hydrobromic acid (8 ml), then added CsBr (10 mmol, 
2.12 g, dissolved in 3 ml of water) drop by drop, producing an orange precipitate. 
The precipitate was filtered, washed twice using ethanol, and dried at 60 °C in a 
vacuum oven for 12 h before use.

CH3NH3Br (abbreviated to MABr) was prepared by reacting 12 ml of meth-
ylamine (33 wt.% in absolute ethanol) and 11 ml of hydrobromic acid (48 wt.% 
in H2O) in an ice bath for 2 h with continuous stirring. The solvent was removed 
using rotary evaporation at 50 °C to obtain a white MABr powder. For purification, 
the as-prepared MABr powder was re-dissolved in ethanol and precipitated with 
diethyl ether. Finally, the white powder was collected by filtration and dried at 60 °C 
in a vacuum oven for at least 12 h before use.

The MAPbBr3 precursor was prepared by dissolving PbBr2 and MABr (1:1 
molar ratio) in DMSO solvent to make a 0.5 M solution. CsPbBr3 powder can be 
fully dissolved in DMSO solvent to make a 0.5 M starting solution. Then, different 
amounts of MABr were added to the as-prepared CsPbBr3 solution to make a 
mixture perovskite precursor, with the mixture being named through the molar 
ratio of MABr to CsPbBr3. For example, to prepare a precursor of mixture 1.0, 
55.98 mg of MABr (0.5 mmol) was added to 1 ml of the as-prepared CsPbBr3 
(0.5 mmol) solution.
Fabrication of perovskite LEDs. Prepatterned ITO glasses (20 mm × 20 mm) were 
ultrasonically washed in, sequentially, detergent solution, deionized water, acetone 
and ethanol, and then dried with compressed N2. The substrates were further 
cleaned with UV-Ozone cleaner (Novascan, PSD) for 30 min before spin-coating. 
A 40-nm-thick HTL was prepared by spin-coating using PEDOT:PSS (Clevios PV 
P AI4083) at 4,000 r.p.m. for 60 s and baking at 150 °C for another 15 min. After 
cooling to room temperature, the substrates were transferred into a nitrogen-filled 
glove box (H2O less than 1 part per million (p.p.m.); O2 less than 1 p.p.m) for dep-
osition of the perovskite layer. The perovskite layer was prepared through the same 
spin-coating procedures but used a different precursor solution. Specifically, 30 µl 
of perovskite precursor was dropped onto the substrate and spun at 2,000 r.p.m. for 
60 s, during which time (at 30 s) 500 µl of toluene was dropped quickly onto the 
surface. Another thin layer of PMMA blocking layer was prepared if needed: 50 µl 
of PMMA solution (0.5 mg ml−1 in acetone) was spin-coated onto the as-prepared 
perovskite layer at 4,000 r.p.m. for 60 s. There was no annealing process and the 
as-prepared substrates were transferred into a thermal evaporator. The chamber 
was vacuum-pumped down to 5.0 × 10−4 Pa, and a 40-nm-thick layer of B3PYMPM 
(Lumtec, Taiwan), 2-nm-thick layer of LiF and 100-nm-thick layer of Al were 
sequentially evaporated. We defined the area of the perovskite LED device as the area 
of overlap between the ITO and the Al electrode; it is 3 mm2 (2 mm × 1.5 mm). We 
also used a charge-coupled-device (CCD) camera to measure the actual device area.

Material characterization. We characterized surface morphologies by field-emission  
SEM (using a Hitachi S-8000 scanning electron microscope). To determine the 
distribution of ions in the perovskite film, we used TOF-SIMS (ION-TOF GmbH, 
ToF SIMS V). We characterized bright-field, high-angle annular dark field, and 
element-mapping images with a FEI Talos F200S transmission electron micro-
scope. We prepared the perovskite sample for TEM observations with a focused 
ion beam (FEI Scios); protective layers of C and Pt were deposited before ion-beam 
cutting and etching. We recorded XRD patterns using a D8 Advance diffractometer 
(Bruker AXS). Ultraviolet/visible and steady-state photoluminescence spectra were 
acquired using a Flame spectrometer (Ocean Optics) in a glovebox. We measured 
PLQYs using a blue excitation laser (405 nm), an integrating sphere and a Flame 
spectrometer. Photoluminescence decay curves were measured using a fluores-
cence lifetime imaging microscope (FLIM, Leca TCS SP8) with a pulsed excitation 
laser of 405 nm.
Performance evaluation of perovskite LEDs. We inserted the as-fabricated per-
ovskite LED devices into a home-made test socket and took measurements in a 
glovebox (Supplementary Information, videos S2 and S3, from which we can see 
that the luminance loss caused by light absorbance and reflection of the glove box 
glass is 16%). Using a Keithley 2400 instrument, we measured J–V data from 0 V 
to 5 V with a step voltage of 0.2 V and delay time of 3 s; simultaneously, we meas-
ured the luminance using a luminance meter (Konica Minolta, LS-160 or CS-200). 
Electroluminescence characteristics were recorded with a Flame spectrometer 
(Ocean Optic). The current efficiency was calculated by dividing the luminance 
by the current density. The EQE was calculated using Lambertian emission profiles 
and the obtained electroluminescence spectra. The initial high-performance device 
with an EQE of 16% was first investigated by the Nanyang Technological University 
group; the electroluminscence characteristics were further studied there as well.
Measurement of device lifetime by accelerated ageing. Prior studies have shown 
that the product of the initial luminance (L0) of the lifetime measurement and the 
T50 lifetime (defined as the time when the luminance drops to 50% of L0) is a 
constant: × =L T constantn

0 50 , where the n is the acceleration factor. The n factor 
can be determined experimentally by running lifetime tests for different L0 values. 
The equation can be rewritten in the form: logT50 = K – nlogL0. In this way, n is 
obtained as the slope of the linear fitting curve of the various measured T50 and L0 
values.
Measurement of operational lifetime (constant luminance). As shown in 
Supplementary Information, video S4, we could maintain the luminance of our 
perovskite LED devices at around 100 cd cm−2 by carefully tuning the applied 
current. In other words, we had to increase the applied current a little bit once 
an obvious decrease in luminance was observed. The device worked steadily for 
around 46 h, and then began to degrade rapidly.

Data availability
The data that support the findings of this study are available from the correspond-
ing author upon reasonable request.
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Extended Data Fig. 1 | Emission properties and formation mechanism 
of mixture perovskites. a, Photoluminescence spectra of single-layered 
CsPbBr3, bilayered CsPbBr3/MABr, and quasi-core/shell-structured 
mixture-1.0 films. b, Photoluminescence spectra of various mixture 
perovskite films with different amounts of MABr. The numbers in the key 

indicate the molar ratio of MABr to CsPbBr3. c, Photograph of mixture 
perovskite films under ultraviolet light. d, The formation process of 
the CsPbBr3/MABr quasi-core/shell structure. The yellow areas in the 
left panel denote the precursor solution.

© 2018 Springer Nature Limited. All rights reserved.
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Extended Data Fig. 2 | SEM and TEM images of the mixture-1.0 films. 
a, Cross-sectional SEM images of the as-prepared mixture-1.0 film at 
different magnifications. b, Cross-sectional TEM images (greyscale) and 

elemental mapping images (in colour) of the mixture-1.0 film. The sample 
was prepared using a focused ion beam, and the top C and Pt layers were 
predeposited to protect the perovskite film.

© 2018 Springer Nature Limited. All rights reserved.
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Extended Data Fig. 3 | Comparison of CsPbBr3, MAPbBr3 and 
mixture-1.0 perovskite films. a, Estimation of trap-state density using the 
space-charge-limited current method, obtained using dark I–V curves of 
perovskite devices with the structure ITO/perovskite/Au. VTFL, trap-filled 
limiting voltage. b, Photographs of a pristine mixture-1.0 perovskite film 
(left) and a film treated by washing with IPA (right; to remove the MABr 
capping layer) under ultraviolet light. c, Photograph of the three perovskite 

films under ultraviolet light. d, Ultraviolet–visible absorbance spectra of 
the CsPbBr3 film and different mixture films. The black arrows indicate 
the disappearance of the exciton peak from the CsPbBr3 sample to the 
mixture-1.0 sample. e, f, Photoluminescence spectra (e) and time-resolved 
photoluminescence decay curves (f; excitation source: 400 nm, 4 μW) of 
the CsPbBr3, MAPbBr3 and mixture-1.0 films. τ is the lifetime.

© 2018 Springer Nature Limited. All rights reserved.
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Extended Data Fig. 4 | XRD and XPS characteristics of the perovskite 
films. a, Original and magnified XRD patterns from CsPbBr3, MAPbBr3, 
mixture-1.0, and MABr + PbBr2 + CsBr mixture perovskite films. 2-theta 

is the diffraction angle multiplied by 2. b, c, XPS results from CsPbBr3, 
MAPbBr3 and mixture-1.0 perovskite films, indicating that there are 
CsPbBr3 and MABr phases in the mixture-1.0 film, but not in MAPbBr3.

© 2018 Springer Nature Limited. All rights reserved.
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Extended Data Fig. 5 | Comparison of the morphology of the three perovskite films. Left, top-view SEM image; centre, AFM topography; and right, 
root-mean-square roughness (R) of the a, CsPbBr3, b, MAPbBr3 and c, mixture-1.0 perovskite films.

© 2018 Springer Nature Limited. All rights reserved.
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Extended Data Fig. 6 | Fabrication and evaluation of a perovskite LED 
device. a, Energy-level diagram of the as-fabricated perovskite LED.  
b, Photograph of a large-area perovskite LED device (6 mm × 20 mm).  
c, Device performance of the bilayered CsPbBr3/MABr perovskite LEDs. 
S1 and S2 are step 1 and step 2. d, e, Electroluminescence spectra (d) and 

CIE chromatic diagram (e) of the three as-fabricated perovskite LEDs.  
f, g, J–V (f) and L–V (g) curves of the three as-fabricated three perovskite 
LEDs. h, L–V and J–V curves of the best-performing mixture-1.0 
perovskite LED without a PMMA layer.

© 2018 Springer Nature Limited. All rights reserved.
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Extended Data Fig. 7 | Performance optimization of the mixture-1.0 
perovskite LED. a, Cross-sectional SEM image of a perovskite LED 
device with a PMMA blocking layer. b, c, AFM topography image (b) and 
thickness measurement (c) of the optimized PMMA layer. The differently 

coloured lines show multiple test results from the same sample.  
d, e, Optimizing device performance by tuning the thickness of the PMMA 
layer (d) and the amount of MABr additives in the perovskite precursor (e).

© 2018 Springer Nature Limited. All rights reserved.
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Extended Data Fig. 8 | Electroluminescence spectra and power efficiency of the best-performing mixture-1.0 perovskite LED device.  
a, Electroluminescence spectra at various applied voltages. b, Power efficiency curve.

© 2018 Springer Nature Limited. All rights reserved.
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Extended Data Fig. 9 | Measurement of operational lifetime of typical 
mixture-1.0 devices. a, Extrapolation of lifetime from accelerated ageing 
tests, from which one can see that the acceleration factor, n, is about 1.5 in 
the devices investigated herein. b, Measurement of the operational lifetime 

of a perovskite LED working in continuous luminance mode; by carefully 
tuning the applied current, we could maintain a luminance output of 
around 100 cd m−2.

© 2018 Springer Nature Limited. All rights reserved.
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Extended Data Table 1 | Stability performance of other reported highly efficient green perovskite LEDs (with EQEs of more than 10%)

V is the driving voltage; J is the applied current density; L0 is the initial luminance; T50 is the time over which the luminance decreases to 50% of L0. T50 at 100 cd m−2 is calculated using:  
L Tn

0 50= constant. We assume that the acceleration factor, n, is 1.5.

© 2018 Springer Nature Limited. All rights reserved.
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