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The formation of perovskite multiple quantum well structures
for high performance light-emitting diodes
Yan Sun1, Li Zhang1, Nana Wang 1, Shuting Zhang1, Yu Cao1, Yanfeng Miao1, Mengmeng Xu1, Hao Zhang1, Hai Li 1, Chang Yi1,
Jianpu Wang 1 and Wei Huang1,2

Recent works showed that high efficient perovskite light-emitting diodes can be achieved from solution-processed, self-organized
multiple quantum wells (MQWs) with an energy cascade. We investigate how the mixing of QWs with different band gaps can affect
the perovskite LED device performance. We find that the annealing process can significantly affect the constitution of the MQWs
films, where the dominant phase can evolve from large band gap QWs to small band gap QWs. The optimal constitution for LED
application lies in a transition point of small-n QWs dominant phase to large-n QWs dominant phase, when the MQW film presents
highest photoluminescence while still remains uniform film morphology.
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INTRODUCTION
Solution-processable organic–inorganic hybrid perovskites have
been of interest due to their application in flexible, high
efficiency, and low cost solar cells and light-emitting diodes
(LEDs).1–9 For perovskite LED (PeLED) applications, the most
important issue is the nonradiative recombination caused by
poor film uniformity or defects.3 Recent work has demonstrated
that high efficiency and stable PeLEDs can be achieved based on
self-organized multiple quantum wells (MQWs) structure with an
energy cascade.4,6 The MQW perovskite is a mix of layered
perovskites with different band gaps resulting from various layer
numbers (n) of lead halide (Fig. 1). It can combine advantages of
both two dimensional (2D) perovskites and three dimensional
(3D) perovskites.10,11 Very smooth film morphology, similar as
pure 2D perovskite film, can be formed from the MQW
perovskites.6,12 More importantly, it can have high photolumi-
nescence quantum efficiencies (PLQEs) due to the fast energy
transfer from large band gap QWs to small band gap QWs where
efficient emission occurs, which effectively avoid the fast exciton-
phonon quenching in pure 2D perovskites.6,13–15 Clearly, the
constitution of the MQW is important to determine the device
performance of PeLEDs, while it has not been studied. Here we
investigate how the mixing of QWs with different band gaps will
affect the PeLED device performance. We find that the annealing
process can significantly affect the constitution of the MQWs
which evolve from a dominant phase of small-n QWs to large-n
QWs. The optimal constitution for LED application lies in a
transition point of small-n QWs dominant phase to large-n QWs
dominant phase, where the MQW film presents highest photo-
luminescence (PL) while still remains uniform film morphology.
This work can provide a guideline for the further enhancement of
the performance of PeLEDs.

RESULTS
A precursor solution is prepared with 1-naphthylmethylamine
iodide (NMAI), formamidinium iodide (FAI), and PbI2 dissolved in
N,N-dimethylformamide (DMF) with a molar ratio of 2:1:2. The
MQW film (refer as NFPI7) is formed by spin-coating the precursor
solution onto substrates of ZnO/PEIE-coated ITO glass followed by
annealing at 100℃, which is same as our LED device fabrication
process.6 We note that the MQW formation process is slightly
different when different underneath layer (e.g., bare glass
substrate) is used, but the overall observation is consistent
(Supplementary Figure 1).
Figure 2a shows the absorption spectra of NFPI7 film annealed

at various annealing time. The as-spun film shows a weak
absorption peak at 567 nm which is due to the exciton absorption
of n= 2 QWs,6,16 indicating a small number of n= 2 QWs have
already been formed during the spin-coating process. Upon
annealing, the absorption from the n= 2 QWs quickly increases,
reaching maximum in 10min and gradually decreases with
extended annealing time. The absorption peak at 632 nm can
also be observed with the 10min annealed film, which suggests
the growing of n= 3 QWs during the annealing process.6,13 The
long tail of the absorption spectra till ~785 nm, from the
absorption of large-n QWs, grows over the annealing time. The
60min annealed film almost shows no distinguishable absorption
peaks from n= 2 or 3 QWs. The absorption measurement result
suggests that the annealing process facilitates to form both small-
n and large-n QWs at the early stage, followed by decomposition
of small-n QWs and formation of more large-n QWs upon
extended annealing time. We speculate that after decomposition
of small-n QWs, the long chain amine NMA+ can modify surface
defects and fill in the gaps between perovskite crystals.
This formation process can be confirmed by X-ray diffraction

(XRD) measurement (Fig. 2b). The as-spun film shows a very weak
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peak at 11.5° and 16.2°, and it becomes more obvious with the
5min annealed film. Additionally, the 5 min annealed film shows
several new peaks at 11.0°, 13.9°, 14.5°, 25.7°, 28.1°, and 29.3°. The
peaks at 13.9° and 28.1° are consistent with the diffraction from
the α-phase of 3D FAPbI3.

7,17,18 These two peaks significantly
increase over the annealing time, suggesting the annealing
process helps to form more large-n QWs. The other peaks, 11.0°,
14.5°, 25.7°, and 29.3° can be attributed to small-n layered
perovskites,19–21 which decrease as the annealing time exceeding
10min. Therefore, the XRD result suggests that the formation of
different n QWs is a competing process in the MQW film. The
small-n QWs are quickly formed upon annealing, and the
formation reaches to peak value in ~10min. While the large-n
QWs keep growing upon the annealing process with the
decomposition of small-n QWs.
We find that the change of constitution of the MQW films by

the annealing process can profoundly affect the film optical
properties. As shown in Fig. 2c, the PL spectrum of 5 min film
shows a strong main peak from large-n QWs and several weak
emission peaks at 516, 574, 635, and a shoulder at 678 nm,
corresponding to the emission from n= 1, 2, 3, and 4 QWs
respectively.6,13,16,20,22 The PL from different n perovskites can be
more clearly presented at low temperature (Supplementary Figure

2), demonstrating that the perovskite film has a cascade energy
structure from different-n of layered perovskites. The PL at
different emission peaks have markedly different lifetimes
(Supplementary Figure 3). The emissions at 574 and 635 nm show
extremely short lifetimes, and the PL lifetime increases as the
emission photon energy decreases, indicating a fast and efficient
cascade energy transfer from the small-n QWs to large-n QWs.
With longer annealing time, the emission peaks from these small-
n QWs decreases and the main emission peak is red shifted. The
PL emission of 60 min annealed film peaks at 787 nm, and ~10 nm
blue-shifted compared to that of 3D FAPbI3 perovskite.6,17

Therefore, the PL measurement is consistent with the scenario
that the process of increasing of large-n QWs with the
decomposition of small-n QWs upon long time annealing.
Furthermore, transient PL measurement shows that the PL
lifetimes at the main emission peaks increase over the annealing
time (Fig. 2d), consistent with the PL contribution from the larger
QWs with less confinement effect. More importantly, the light-
intensity-dependent PLQE measurement shows that the most
efficient emission is from the 10min film (Fig. 2e), indicating the
importance of MQW constitution for the emission efficiency.
In addition, we find that the constitution of the MQW films can

also affect the film morphology which is important for fabricating

After annealing …

Pb2+I- HC(NH2)2+ NMA+

n=1 n=2 n=3 n=7

…

Fig. 1 Schematic representation of the evolution of perovskite MQW constitutions upon annealing. The resulted MQW perovskite is a mix of
layered perovskites with different layer numbers (n) of lead halide

Fig. 2 Perovskite MQW films deposited on PEIE modified ZnO layers. a Absorption spectra of NFPI7 films upon various annealing time. b XRD
data of FAPbI3, ZnO/PEIE, and NFPI7 films upon various annealing time. c PL spectra of NFPI7 films excited by a 445 nm laser. d Time-resolved
photoluminance of NFPI7 films annealed for various time. e Excitation-intensity-dependent PLQE of MQW perovskite films upon various
annealing time. The most efficient emission is from the 10min film which is around 60%
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LED devices.1,3 As shown in Fig. 3, the film roughness shows a
tendency of increasing during the annealing process (Table 1).
When take the phase diagram into account, shown in the bottom
of height graph, grain growth along with annealing time can be
clearly observed. The as-spun film is almost featureless. After 5 min
annealing, the phase diagram shows that some grains with
~100 nm diameter are emerging. More grains appear with longer
annealing time. We assume these grains growing over annealing
time are large-n QW domains, since the growth process is
consistent with what we have learned from the spectroscopic
measurement. This assumption can be verified by cross section
high-resolution transmission electron microscopy (HRTEM) mea-
surement of a 10 min annealed film. Figure 4a shows that the
bright region on the dark field of HRTEM image, which is from
large-n QWs,6 mainly locates at the top of the perovskite MQW
films.
So far, we have investigated the evolution of perovskite MQW

constitutions upon annealing time. We then proceed to fabricate
devices based on those different MQW films. Figure 4a shows that
the device structure is indium tin oxide (ITO)/polyethylenimine
ethoxylated (PEIE)-modified zinc oxide (ZnO, ~20 nm)/perovskite
MQWs (~30 nm)/poly(9,9-dioctyl-fluorene-co-N-(4-butylphenyl)
diphenylamine) (TFB, ~40 nm)/molybdenum oxide (MoOx,
~7 nm)/gold (Au, ~60 nm). Figure 4b shows the current
density–voltage–radiance (J–V–R) characteristics of the electro-
luminescence (EL) devices based on the MQW films with different
annealing time. We note there is no measureable EL performance
with the as-spun NFPI7 film. As annealing time increases, the turn-
on voltage shows a slight decrease likely due to the reduced
charge injection barrier. Figure 4c shows the EL device external
quantum efficiencies (EQEs) are significantly affected by the
annealing time, suggesting the importance of the constitution of
MQWs for LED applications. The best performing LED device is

from the 10min annealed film, reaching 8.6% at 2.45 V with a
current density of 25.0 mA cm−2, and a high radiance of 10.8 W
sr−1 m−2. We note the EL EQE performance (Table 1) of different
annealed film is consistent with the PLQE measurements. In
addition, the fact that the MQW film becomes more rough over
the annealing time can also deteriorate the EL device
performance.1,6,23

Figure 4d shows the EL emission peaks red shift from 768 to
785 nm as the annealing time from 5 to 10min, and remain almost
constant over 10 min. In EL device operation, electrons and holes
are injected into the perovskite layer, accumulated and recom-
bined at the large-n QWs where have the smallest energy gap.
This is consistent with that the weak emissions at higher energies
shown in the PL measurements are absent in the EL spectra. The
change of EL emission peak over annealing time suggests that the
n-number of large-n QW increase during initial 10 min annealing,
and it almost remains constant after 10 min. Together with above
absorption and PL measurement, we can infer that there forms
more and more QWs with large-n number when the annealing
time over 10min.

DISCUSSION
We have investigated the influence of thermal annealing on the
morphology and optical properties of self-organized perovskites
MQWs. We find upon annealing, the MQW constitution evolves
from a small-n QWs dominant phase to large-n QWs dominant
phase. The optimal constitution for LED application lies in the
transition point of small-n QWs dominant phase to large-n QWs
dominant phase. In this constitution, the MQW perovskite film
presents highest PLQE while still remain uniform film morphology.
We believe this finding paves the way for further improve the
device performance of MQW based PeLEDs.
In group III–V semiconductor based MQW LED devices, precise

control of the quantum well configuration is required to achieve
good electrical and optical properties. We show that the
configuration of self-organized perovskites MQWs can be easily
controlled upon low-temperature thermal annealing process,
resulting in high-efficiency LED devices. This study further
indicates the MQW perovskites are promising for realizing high
performance, large area, and low cost LED devices.

METHODS
Film and device fabrication
The ZnO nanocrystals and NFPI7 solution were prepared as previous
report.6 The NFPI7 films were deposited at 4000 rpm for 45 s on quartz and
ZnO/PEIE-coated ITO glass substrates, respectively. The resulting films were
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Fig. 3 Atomic force microscopy images of the MQW perovskite films upon various annealing time (scale bar, 200 nm). The height and phase
graphs show the film roughness increasing and grain growth along with annealing time, respectively. a 0 min. b 5 min. c 10 min. d 20 min. e
30 min. f 60 min

Table 1. Film properties of MQW perovskites processed with different
annealing time and the corresponding LED device performance

Annealing time
(min)

Rrms

(nm)
Peak PLQE
(%)

Peak EQE
(%)

EL peak
(nm)

0 1.4 25 – –

5 2.7 50 4.2 768

10 3.5 60 8.6 785

20 4.1 56 7.7 785

30 4.3 50 5.1 787

60 4.8 47 2.8 787
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then annealed at 100 oC. 1.2×1.2 cm2 ITO-coated glass with 15Ω/sq was
selected as substrate for device fabrication. The deposition method of
hole-transport layer, TFB and top electrodes can be found elsewhere.6

Characterization
UV–vis absorbance of the perovskite films were measured using an Agilent
Cary 5000 UV–vis spectrophotometer with an integrating sphere. The PL
spectra were record by Andor spectrograph (Shamrock-303i-B) with the
iDus490A-1.7 CCD. The morphology of the perovskite layers were
characterized by using atomic force microscopy (Bruker, Dimension Icon
SPM). The time resolved fluorescence spectra were obtained by using an
Edinburgh Instruments (FLS920) spectrometer with a 445 nm laser as
excitation light source (excitation intensity, ~0.2 μJ cm−2). XRD data were
obtained by a Philips X-ray diffractometer with CuKα radiation. The HRTEM
images were collected on a Tecnai G2 F20 microscope operated at 200 keV.
The PLQEs of perovskite films were measured by a three-step technique
which combined laser, optical fiber, spectrometer, and integrating
sphere.24 For LED device characterizations, a Keithley 2400 source meter
was used for J–V measurement and a fiber integration sphere (FOIS-1)
couple with a QE-6500 spectrometer was used for the light output
measurement.

Data availability
The data that support the finding of this study are available from the
corresponding author upon reasonable request.
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