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ABSTRACT: Quasi-two-dimensional (quasi-2D) perovskite is rising as a
promising luminescent material for blue perovskite light-emitting diodes
(PeLEDs). However, typical quasi-2D perovskites show a wide distribution of
low-order phases and low efficiency owing to the inefficient energy transfer.
Meanwhile, the defects and traps generated during the perovskite
crystallization increase nonradiative recombination, further aggravating the
external quantum efficiency (EQE). Herein, we demonstrate a unique quasi-
2D perovskite with low-order phase suppression and defect passivation for
efficient energy transfer and light emission by incorporating a 2D perovskite
and an excess ammonium salt into the quasi-2D perovskite solution. By
optimizing the new class of quasi-2D perovskite, we achieve blue PeLEDs
with the brightness of 1765 cd m−2, EQE of 7.51%, low turn-on voltage of
3.07 V, and long operation lifetime of 3961 s under constant driving current
without any shift of the electroluminescence spectra. The work contributes to
promoting efficient and stable blue PeLEDs.

Recently, perovskite light-emitting diodes (PeLEDs)
have emerged as attractive optoelectronic devices,
benefiting from the promising properties of perovskites

including tunable light emission color, high color purity, and
high photoluminescence quantum yields (PLQYs).1−5 Sig-
nificant improvements have been achieved in green, red, and
near-infrared PeLEDs where impressive external quantum
efficiencies (EQEs) exceeding 20% are obtained,6−8 signaling a
great potential toward practical applications. As compared with
efficient PeLEDs, only moderate performances were reported
for blue PeLEDs,9−13 which set substantial limitations in the
applications of full-color display and solid-state lighting.
Therefore, it is highly desirable to realize high-performing
blue PeLEDs.
One of the intensively investigated perovskite blue emitters

is the inorganic perovskite nanocrystals (NCs) of CsPbX3
where X is bromide, chloride, or mixture of bromide and
chloride ions.14,15 In 2015, the first blue PeLEDs based on the
all-inorganic perovskite NCs were reported.16 However, there
are some concerns, such as mass nonradiative defects in the
NCs and inefficient charge transport due to insulating organic
ligands,17−19 that tremendously impede the progress of
perovskite NC blue PeLEDs. Different approaches have been
investigated to improve the performances of NC-based blue

PeLEDs, such as metal ion doping for reducing the
nonradiative recombination20−25 and ligand-exchange incor-
poration for enhancing carrier transportation.26,27 Besides the
zero-dimensional perovskite NCs, the bromide-based two-
dimensional (2D) perovskite nanoplatelets (NPls) with
exciton quantum confinement in one dimension were also
proven to obtain high PLQY for blue emission.28−34 However,
their PeLED EQEs are normally below 1%, which may be
attributed to the inefficient charge injection due to the
randomly oriented distribution of the NPls.
Another potential material for blue PeLEDs is quasi-2D

perovskites with the general formula of A2(BPbX3)n−1PbX4,
where A is a long-chain organic ammonium, B an inorganic/
organic cation such as Cs+ or methylammonium (MA+), and X
a halide (e.g., Br, Cl ion).2,35 The blue emission peaks can be
obtained by reducing the stacking number (n) of perovskite

Received: May 11, 2020
Accepted: July 14, 2020
Published: July 14, 2020

Letter

http://pubs.acs.org/journal/aelccp

© 2020 American Chemical Society
2569

https://dx.doi.org/10.1021/acsenergylett.0c01015
ACS Energy Lett. 2020, 5, 2569−2579

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Zhenwei+Ren"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ling+Li"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jiahao+Yu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ruiman+Ma"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Xiangtian+Xiao"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Rui+Chen"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Kai+Wang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Xiao+Wei+Sun"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Wan-Jian+Yin"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Wan-Jian+Yin"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Wallace+C.+H.+Choy"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acsenergylett.0c01015&ref=pdf
https://pubs.acs.org/doi/10.1021/acsenergylett.0c01015?ref=pdf
https://pubs.acs.org/doi/10.1021/acsenergylett.0c01015?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acsenergylett.0c01015?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acsenergylett.0c01015?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acsenergylett.0c01015?fig=tgr1&ref=pdf
https://pubs.acs.org/toc/aelccp/5/8?ref=pdf
https://pubs.acs.org/toc/aelccp/5/8?ref=pdf
https://pubs.acs.org/toc/aelccp/5/8?ref=pdf
https://pubs.acs.org/toc/aelccp/5/8?ref=pdf
http://pubs.acs.org/journal/aelccp?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://dx.doi.org/10.1021/acsenergylett.0c01015?ref=pdf
https://http://pubs.acs.org/journal/aelccp?ref=pdf
https://http://pubs.acs.org/journal/aelccp?ref=pdf


unit cells in the formula. Recently, quasi-2D perovskites have
emerged as efficient luminescent materials for high-performing
blue PeLEDs.36−43 For example, the mixed halides of Br and

Cl together with the cation of PEA were employed to make
PEA2Csn−1Pbn(ClxBr1−x)3n+1 quasi-2D perovskites, which were
then assembled with the optimized thickness of PEDOT:PSS

Figure 1. (a) UV−visible absorption spectra of PEA2PbBr4-incorporated perovskite films. (b) XRD measurements for pristine and
PEA2PbBr4-incorporated perovskites and (c) the corresponding enlarged peak of the XRD patterns. (d) The crystal structures (n = 2, 3
phases) of PA+, PEA+ single ligand, and PEA+ and PA+ mixed ligands formed quasi-2D perovskites and the corresponding total energies
through first-principles calculations. (e) Schematic diagram of the effect of PEA2PbBr4 on the quasi-2D perovskite phases.
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to modulate the position of the recombination zone for high
device performances at emission wavelength of 480 nm with an
EQE of 5.7% and a luminance of 3780 cd m−2.38 However, the
electroluminescence (EL) red-shifted at high bias voltage
because of phase separation caused by the migration of the
halides. In order to improve the EL spectral stability, the
strategy of rubidium−cesium alloyed “A-site” were combined
to construct PEA2(RbxCs1−x)2Pb3Br10 PeLEDs. The devices
show stable EL spectra with a half-lifetime of 14.5 min and an
EQE of 1.35% at 476 nm.39 Subsequently, a cocktail strategy of
multication (Cs/Rb/FA/PEA/K)Pb(Cl/Br)3 was proposed
and demonstrated for excellent stability of blue PeLEDs.40

Then, an efficient blue EL from PeLEDs of quantum-confined
perovskite nanoparticles embedded within the mixed-phase
quasi-2D quantum was well boosted, with the EQE reaching
9.5%.41 Very recently, yttrium(III) chloride was reported to
incorporate into the perovskite’s grain surface for increased
bandgap of grain shell which can confine the charge carriers for
efficient radiative recombination, and a high efficiency
performance of 11.0% was achieved in the PeLEDs.42 Different
from bulk and quantum dot PeLED counterparts, the electrons
and holes injected into the large bandgap phase of quasi-2D
perovskite in PeLEDs, i.e., low-n phase with fewer perovskite
layers, will transfer to the small bandgap phase, i.e., large-n
phase with more perovskite layers. They will recombine in
large-n phase and emit as photons.44 It is also known that
quasi-2D perovskites usually contain a variety of n species as
mixed phases, especially the low-n phase quasi-2D perovskites
which would result in low emission efficiency owing to the
inefficient internal energy transfer.39,45,46 Therefore, fine
modulation of the phases for high phase purity and thus for
efficient energy transfer in quasi-2D perovskite is vital for high-
efficiency emission.43,44 Meanwhile, inevitable defects and
traps will be generated during crystallization of quasi-2D
perovskite prepared via solution-processing methods, which
will increase the chance for nonradiative recombination and
thus low emission efficiency.
In this work, we propose an approach of incorporating a

quasi-2D perovskite solution with a 2D perovskite and an
excess ammonium salt to synthesize a new class of quasi-2D
perovskites. The new perovskites show interesting features of
phase redistribution through the low-n (low-order) phase
suppression for efficient energy transfer and defect passivation
with the trap density reduction of over 60% for diminishing the
nonradiative recombination. We also experimentally and
theoretically investigate the roles of the incorporated materials
on the quasi-2D perovskites. After optimizing the new qausi-
2D perovskites, we achieve PeLEDs with very good EQE of
7.51%, high brightness of 1765 cd m−2, and very low turn-on
voltage of 3.07 V, representing one of the most efficient blue
PeLEDs reported. Notably, the blue PeLEDs show an ultralong
operational stability of 3961 s under continuous constant
driving current. In particular, the EL spectra stay unchanged
without any peak shift monitored during the entire stability
test, showing properties superior to those of reported blue
PeLEDs and thus contributing to high-efficiency and -stability
blue PeLEDs.
The synthesis starts with propylamine hydrobromide

(PABr) as the organic ammonium salt which has been proven
to be good precursor material in our previous work.47 The
precursor solution of PA2(CsPbBr3)n−1PbBr4 quasi-2D perov-
skite was prepared by dissolving PABr and CsPbBr3 perovskite
into DMSO, in which CsPbBr3 perovskite was synthesized

through the reported facile chemical precipitation method.6 In
contrast, we strategically introduce 2D PEA2PbBr4 into quasi-
2D PA2(CsPbBr3)n−1PbBr4 perovskite solution to form a PA+

and PEA+ mixed ligand system and transform the quasi-2D
p e r o v s k i t e i n t o a n e w p e r o v s k i t e o f
PEAxPA2−x(CsPbBr3)n−1PbBr4 (0 ≤ x < 2) with low-order
phase suppression. Details are discussed in the Supporting
Information. The roles, explanation, and verification of
PEA2PbBr4 are studied in detail as follows.
Regarding the optical properties of perovskite, Figure 1a

shows UV−visible absorption spectra of the perovskite films
incorporated with different amounts of PEA2PbBr4. When
there is no PEA2PbBr4 incorporation, distinct excitonic
absorption peaks appear at wavelengths of 428 and 452 nm
corresponding to n = 2 and n = 3 phases in the quasi-2D
perovskites. In contrast, when PEA2PbBr4 concentration
increases from 0 to 20%, there is an obvious variation of the
excitonic absorption properties (Figure 1a). The excitonic
absorption peak at 428 nm (corresponding to n = 2 phase)
continuously weakens in increasing PEA2PbBr4 concentration.
Ultimately, it is hard to observe the n = 2 absorption peak at
the concentration of 20%, showing the phase-modulation role
of PEA2PbBr4 on the quasi-2D perovskites. To further confirm
the phase modulation role of PEA2PbBr4, we investigate the
effects of PEABr and PbBr2 on the quasi-2D perovskites (see
Figure S2). It is found that neither PEABr nor PbBr2 can
induce phase evolution between n = 2 to n = 3 of the quasi-2D
perovskite, while such perovskite phase evolution can be
achieved by incorporating PEA2PbBr4, stressing its importance
in the distinct phase evolution. Additionally, the X-ray
diffraction (XRD) measurements in Figure 1b show that the
diffraction peak at 10.01° corresponding to the low-order (i.e.,
n = 2) phase48 (shown in Figure S3) gradually reduces when
PEA2PbBr4 concentration increases and disappear when
PEA2PbBr4 content reaches 20%. Moreover, we find the peak
slightly shifts toward higher angles from 14.86° to 15.05°
(Figure 1c), which can be assigned to the n = 2 and n = 3
phase with the layer lattice constant (d) of 17.7 and 23.5 Å,
respectively (Table S1). We further performed grazing incident
X-ray diffraction (GIXRD) measurements of pristine and
PEA2PbBr4-incorporated quasi-2D perovskites to collect more
information on the thin perovskite films (Figure S4 and Table
S2). The results unveil the evolution of low-n (i.e., n = 2)
phase to large-n phase (i.e., n = 3) in the perovskite films with
the presence of PEA2PbBr4 as further verified with the
following transient absorption spectroscopy.
We then fundamentally investigate the effects of organic

cation ligands on perovskite phase formation after incorpo-
ration of PEA2PbBr4 into the perovskite. The first-principles
total energy (TE) calculations have been performed to
characterize the thermodynamic stability of the mixed ligands
constructed perovskites (Figure 1d). The energy difference
(ΔE) is expressed in the formula ΔE = Emix − (EPEA + EPA),
where Emix, EPEA, and EPA are the TEs of PEA

+ and PA+ mixed
ligands, PEA+, and PA+ single ligand formed quasi-2D
perovskites, respectively, in which the positive (negative)
sign of ΔE indicates the unstable (stable) nature of the system.
It is found that in the n = 2 phase, Emix is −911.51 eV, which is
larger than the sum of EPEA (−558.73 eV) and EPA (−353.49
eV), and positive ΔE is obtained for the n = 2 mixed ligand
system. While Emix of the n = 3 phase is −998.59 eV, which is
smaller than the sum of the corresponding EPEA (−602.47 eV)
and EPA (−395.58 eV), leading to negative ΔE for the n = 3
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mixed ligand system. The results show the n = 2 phase is
thermodynamically unstable in the mixed ligands system while
the conversion from a single PA+ ligand to a PA+ and PEA+

mixed ligand system is favorable for the n = 3 phase. This is
consistent with the analysis of GIXRD patterns (Figure S4 and
Table S2), where the signal of the n = 3 mixed ligand phase is
observed while no signal of the n = 2 mixed ligand phase is
found in the PEA2PbBr4-incorporated perovskite. Conse-
quently, we have successfully experimentally demonstrated
the PEA2PbBr4-incorporated perovskite with low-order phase
suppression and theoretically proved the preferentially formed
n = 3 mixed ligand phase from the proposed approach.
To gain further insight into the transfer and recombination

dynamics of photogenerated carriers in the pristine perovskite
and PEA2PbBr4-incorporated perovskite, transient absorption
spectroscopy has been used for characterization. Figure 2
shows the transient absorption (TA) characterizations of the
samples at room temperature. As shown in Figure 2a, two
distinctive ground-state photobleaching (PB) signals corre-
sponding to n = 2 and n = 3 phases can be clearly observed in
pristine perovskites. This indicates the two dominant phases in
pristine quasi-2D perovskites, which are consistent with the
steady-state absorption spectra. Figure 2b shows the TA
spectra of pristine perovskites at different delay times. It is
found that photogenerated carriers are principally generated in
both the n = 2 and n = 3 phases at the initial stage. Because of
the quantum confinement effect, the quasi-2D perovskite with
larger n value will have a smaller bandgap. Therefore, the
energy transfer can be expected if the two phases coexist in the
materials. This can be verified by the TA signal. At a longer

decay time, the signal related to the n = 2 phase decreases
while the n = 3 species increases, which indicates the energy
transfer from n = 2 to n = 3 perovskite phase.49,50 To further
study the carrier-transfer process, time traces at selected probe
wavelengths (428 and 452 nm corresponding to n = 2 and n =
3 species) are extracted as shown in Figure 2c. The kinetics of
each PB can be well-fitted by a multiexponential function:
ΔA(t) = a1 exp(−t/τ1) + a2 exp(−t/τ2) + a3 exp(−t/τ3) −
c1 exp(−t/τet), where a1, a2, a3, and c1 are amplitudes; τ1 is the
fast decay time constant ascribed to the energy-transfer process
in the perovskite; τ2 and τ3 represent the slow decay constant
due to complex decay processes such as trap-assisted
recombination; and τet is the formation time constant,39,51

which are extracted and listed in Table S3. The PB of n = 2
phase shows a fast decay component with τ1 of 0.57 ps.
Coincidentally, the τet fitted from the raising component of the
PB of n = 3 phase is 0.61 ps, within the time scale of τ1
showing a fast energy-transfer process in picoseconds. In
addition, we also study the effect of excitation laser intensity on
the energy-transfer process in TA kinetics (Figure S6 and
Table S4). It is observed that the τ1 value varies in a little range
with the increase of the laser power intensity from 5 to 45 μJ
cm−2, indicating the energy-transfer process is only slighted
affected by the excitation power range. However, the values of
τ2 and τ3 decrease obviously when increasing the laser power,
which is likely ascribed to the increased Auger recombination
at higher excitation density.52

In contrast, for PEA2PbBr4-incorporated perovskites, a
strong PB peak around 452 nm can be found (Figure 2d),
which indicates the dominant n = 3 phase in the quasi-2D

Figure 2. TA measurements for pristine (a−c) and PEA2PbBr4-incorporated (d−f) perovskites. (a and d) TA time decay spectrograms; (b
and e) TA spectra at different probe delay times; and (c and f) TA kinetics probed at selected wavelengths for pristine and PEA2PbBr4-
incorporated perovskite films, respectively.
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perovskites. In addition, a very weak signal of the n = 2 phase
at a short decay time can be observed, which is greatly
weakened as compared to the pristine perovskite (Figure S7).
This also implies that the low-order phases (particularly n = 2
phase) can be remarkably suppressed after PEA2PbBr4
modulation. As shown in Figure 2e, it is found that the
decay time of the n = 2 phase in the PEA2PbBr4-incorporated
perovskites is much faster than that in pristine perovskite. To
further confirm the fast decay time, the probed time trace of n
= 2 phase is extracted (Figure 2f), in which the decay time
constant of τ1 decreases from 0.57 ps (pristine) to 0.30 ps.
This implies more efficient energy transfer from a wider
bandgap phase (n = 2) to a narrow one (n = 3). The more
efficient energy transfer can be further verified by the reduced
τet of n = 3 phase (0.33 ps) for PEA2PbBr4-incorporated
perovskites, which is faster than that of pristine (0.61 ps)
perovskites. Consequently, the data obtained by the ultrafast
laser spectroscopy shows that the phases in quasi-2D
perovskites can be transformed from mixed phases of n = 2,
3 to the low-order phase (n = 2) suppressed qusai-2D
perovskite by the incorporation of PEA2PbBr4, which facilitates
efficient energy transfer from the large bandgap phase to the
small one without blocking of the adjacent large bandgap
phases in the perovskites (Figure S8). The effective phase
control ascribed to the PEA2PbBr4 incorporation is consistent
with the optical characterizations shown in Figure 1, which
implies the successful suppression of low-order phase (n = 2)

after the modification. This is the main reason for the
enhanced device performance, as will be discussed later.
During the synthesis of the new quasi-2D perovskite, we

strategically passivate the quasi-2D perovskite by incorporating
excess PEABr. The PEA2PbBr4-incorporated perovskites show
high trap state density of 3.85 × 1017 cm−3 (Figure S9) which
will increase the chance for nonradiative recombination and
result in limited emission efficiency. We find that the
introduction of an excess amount of PEABr can effectively
passivate perovskite defects as described in the Supporting
Information. As we know, inevitable defects are generated
during the perovskite crystallization owing to the ionic nature
of hybrid perovskites. Although the origin of the defects is not
very clear, they are widely believed to be related to the ionic
defects such as halide and ammonium vacancies.53 We
theoretically confirm the role of passivation from studying
the density of sates (DOS) of the perovskites (Figure S10).
The DOS of the unpassivated perovskite shows a distinct trap
state around the band edge due to the ion vacancies within the
perovskite (Figure 3a). Interestingly, the ion vacancies can be
annihilated by passivation of excess PEABr, which can provide
both bromide and ammonium ions to fill the vacancy sites for
the ionic compensation (Figure 3c). Consequently, the distinct
trap states are eliminated in the excess PEABr-decorated
perovskite (Figure 3b), indicating its good defect passivation
for the perovskite.

Figure 3. Density of states (DOS) and optical properties of PEA2PbBr4-incorporated perovskites with and without excess PEABr decoration:
(a) Density of states (DOS), (b) the magnified DOS extracted from panel a, and (c) schematic diagram of the passivation role of excess
PEABr within the quasi-2D perovskites. (d) UV−visible absorption spectra and the corresponding PL spectra. Time-resolved PL spectra
under different excitation intensities of (e) PEA2PbBr4 and (f) excess PEABr-incorporated perovskite films.
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Experimentally, the defect passivation is further verified by
the dramatic enhancement in the PL intensity as shown in
Figure 3d. The PLQY increases from 39.5% (without PEABr
decoration) to 49.6% (with 5% excess PEABr decoration),
which illustrates the defect passivation role of PEABr for a
large reduction of nonradiative recombination. To further
verify the passivation effect of PEABr and study the carrier
recombination processes, the time-resolved PL (TRPL)
spectra under different excitation intensities have been
measured as shown in Figure 3e,f. The decays are fitted by
biexponential curves, in which the fast and slow decay
components correspond to the trap-assisted recombination
and radiative recombination, respectively.54−56 The extracted
parameters of the decay process are plotted in Figure S11e,f. It
is revealed that both the fast and slow decay lifetimes for the
excess PEABr-decorated perovskite are much longer than that
without excess PEABr-decorated perovskite. Besides, the
lifetime variations with the amount of the excess PEABr have
also been studied (Figure S12). It is found that the average
lifetime improves notably with increase of the PEABr
concentration (Table S5). The results vividly confirm the
effective passivation role of PEABr for fewer defects, such that
the trap state density of excess PEABr-decorated perovskite
can be dramatically reduced to 1.43 × 1017 cm−3 from 3.85×
1017 cm−3 (without excess PEABr decoration) (Figure S9).
Besides passivating perovskite defects, the PEABr will not
change the phase of the perovskite. Our results show that there
is no shift of the absorption edge upon the decoration of excess
PEABr. In addition, the ratio of the peak intensity between n =

2 and n = 3 phases is 1.13 and remains the same after the
decoration of PEABr (see Figure 3d). Furthermore, no new
XRD peak appears in the quasi-2D perovskite after the
decoration of PEABr (see Figure S13). Consequently, we
demonstrate that the introduction of an excess amount of
PEABr will not only passivate the perovskite defects but also
maintain the perovskite phase. The efficient passivation role of
PEABr will be a promising approach for high-performing
PeLEDs as discussed in the following.
We fabricate PeLEDs with a structure of ITO/NiOx

/perovskite/TPBi/LiF/Al, in which NiOx is utilized as the
hole injection layer (HIL) for the good hole injection
properties,47,57,58 TPBi the electron injection layer (EIL),
and quasi-2D perovskites the emission layer. The energy bands
of pristine, PEA2PbBr4-incorporated, and excess PEABr-
decorated perovskites were determined by ultraviolet photo-
electron spectroscopy (UPS) (Figure S14), which are
summarized in Figure 4a. As compared with the pristine
perovskite, the energy band of PEA2PbBr4-incorporated and
excess PEABr-decorated perovskite films are slightly increased
and thus benefit the improving of hole injection and bring
down the turn-on voltage of PeLEDs. The thicknesses of the
HIL, emission layer, EIL, and LiF/Al layers are 24, 55, 70, and
130 nm, respectively, as measured from the cross-sectional
scanning electron microscopy (SEM) image in Figure 4b. The
device performances in Figure 4d show that the maximum
brightness (Lmax) of pristine PeLEDs is 982 cd m−2 at a bias of
4.75 V, which increases to 1231 cd m−2 for the PEA2PbBr4-
incorporated device at the same bias (Table 1). Similarly, the

Figure 4. Perovskite light-emitting diode structure and performance. (a) Energy levels for different layers of the device; (b) cross-sectional
SEM image of the PeLEDs; and (c) current density−voltage (J−V), (d) luminance−voltage (L−V), and (e) EQE characterizations of the
corresponding PeLEDs.
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EQE increases from 3.46% (pristine) to 6.15% (PEA2PbBr4-
incorporated) (Figure 4e). The improvement is mainly
attributed to the efficient energy transport of the PEA2PbBr4-
incorporated perovskite (as shown in Figure 2). It is also noted
that the turn-on voltage (Vth, corresponding with luminance of
1 cd m−2) of PEA2PbBr4-incorporated PeLEDs (2.98 V) is
lower than that of pristine ones (3.22 V), which is among the
lowest turn-on voltages of the reported blue PeLEDs37−43

owing to the narrowed energy barrier for efficient hole
injection (Figure 4a). In addition, in order to study the charge
injection and transfer capacity of the PeLEDs, the
capacitance−voltage (C−V) characteristics are also measured
(Figure S15). The capacitance improves with the increase of
bias voltage, and the carriers are injected into the perovskites.
In other words, the capacitance of PEA2PbBr4-incorporated
PeLEDs is larger than that of pristine device at the same bias
up to the voltage value of 3.4 V, and thus more charges are
injected. At higher bias, the capacitance sharply declines in the
PEA2PbBr4-incorporated case because of the largely reduced

carriers caused by the large radiative recombination of
electrons and holes.59 While compared with pristine PeLEDs,
the lower peak capacitance is observed for PEA2PbBr4-
incorporated device, which indicates more charge-transfer
capacity in PEA2PbBr4-incorporated perovskite because of
suppression of the low-order phase. To further study the effects
of PEA2PbBr4, the PeLED performance with different
incorporated PEA2PbBr4 concentrations is investigated, as
shown in Figure S16. The devices achieve the best perform-
ance at the PEA2PbBr4 concentration of 10%. The higher
concentration of PEA2PbBr4 (such as the concentration of 15%
and 20%) will reduce the device performance because of the
high induced trap states (Figure S17, S18). Consequently, by
incorporating an appropriate amount of PEA2PbBr4 into qusai-
2D perovskite, the performances of PeLEDs can be improved.
By introduction of excess PEABr to passivate the

PEA2PbBr4-incorporated perovskites, the PeLED performances
are further enhanced with the luminance improved from 1231
cd m−2 (without excess PEABr decoration) to 1765 cd m−2

(with PEABr decoration). Notably, a high EQE of 7.51% is
also achieved for excess PEABr-decorated PeLEDs, which is
among the highest for blue PeLEDs.36−43 In addition, the
excess PEABr-decorated PeLEDs also show good reproduci-
bility with EQE of 6.39% averaged from 20 devices (Figure
S19). This enhancement is mainly attributed to the largely
reduced defects in the perovskite films by over 60% as

Table 1. Device Performance of Pristine, PEA2PbBr4, and
Excess PEABr-Decorated PeLEDs

device Vth (V) Lmax (cd m−2) EQE (%)

pristine 3.22 982 3.46
PEA2PbBr4 2.98 1231 6.15
excess PEABr 3.07 1765 7.51

Figure 5. EL properties of the PeLEDs. (a) EL spectra of pristine, PEA2PbBr4-incorporated, and excess PEABr-decorated blue PeLEDs. (b)
CIE coordinate of excess PEABr-decorated PeLEDs with the emission image in the inset and the corresponding EL spectra (c) at different
biased voltages and (d) under continuous constant current of 1.5 mA cm−2. (e) Time-dependent stability lifetime measurements of excess
PEABr-decorated PeLEDs with constant current and (f) the corresponding bias voltage traces during the lifetime test.
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compared to the undecorated perovskite (Figure S9). In
addition, we also study the hysteresis of PEA2PbBr4 and excess
PEABr-decorated PeLEDs (Figure S20). It is found that the
PEA2PbBr4-incorporated PeLEDs show obvious hysteresis for
both current density and luminance with scanning from the
forward to reverse direction. Nevertheless, the devices with
excess PEABr show reduced hysteresis due to the passivation
role of PEABr for fewer defects and thus less ion migration.
Meanwhile, a lower efficiency roll-off is also observed for
excess PEABr-decorated PeLEDs (Figure S21). Although the
origin of the large bandgap PeLED efficiency roll-off is not very
clear, it is likely associated with the Auger recombination,
because it is observed that the PL lifetime decreases at high
excitation intensities for PEA2PbBr4 and excess PEABr-
decorated perovskites (Figure S11).60,61 The device perform-
ance with different PEABr concentrations is also studied as
shown in Figure S23, in which the PeLED with 5% PEABr
shows the highest EQE, and the performance begins to decline
at higher concentrations owing to the induced low hole
injection rate of the PeLEDs (Figure S24).
From the EL spectra of PeLEDs as shown in Figure 5a, the

peaks centered at 488 nm are obtained for PEA2PbBr4 and
excess PEABr-decorated PeLEDs, which are consistent with
their PL spectra assigned to the recombination center of n ≥ 4
phase (Figure S4) because of the energy funneling effect in
quasi-2D perovskite. This implies that the EL is generated
merely from the perovskite layer because of the strong
confinement of the injected carriers within quasi-2D perov-
skites. The excess PEABr-decorated PeLEDs show a narrow-
band emission with the full width at half-maximum (fwhm) of
around 25 nm and thus a good color purity with Commission
Internationale de L’Eclairage (CIE) chromaticity coordinate at
(0.084, 0.265) (Figure 5b). The CIE chromaticity coordinates
of pristine and PEA2PbBr4-incorporated PeLEDs are also
shown in Figure S25. It is known that the spectral stability is an
important index to evaluate the PeLEDs toward practical
applications and is a challenging issue of quasi-2D blue
PeLEDs, possibly because of ion migration under voltage bias
and phase instability with Joule heating or moist condi-
tions.62,63 The EL spectra of excess PEABr-decorated PeLEDs
under different bias voltages are measured as shown in Figure
5c. It is found that the EL intensity increases when the bias
voltage increases from 4.0 to 4.75 V and then declines at higher
bias. Under different bias, the EL peak wavelength (488 nm)
and fwhm (∼25 nm) remain unchanged. This implies that the
excess PEABr-decorated PeLED has very good spectral
stability.
As we know, LEDs are usually current driven devices; we

now turn to the lifetime tests of the devices under continuous
constant current driving. The EL spectra under continuous
driving current are shown in Figure 5d. It is noted that the
peak positions remain at 488 nm upon extending the operation
time, revealing an excellent spectral stability during operation.
The lifetime of the devices measured under continuous
constant current (1.5 mA cm−2 corresponding to the initial
EQE of 6.02%) is recorded in Figure 5e. A very impressive
lifetime T50 (defined as the elapsed time of LED decaying to
50% of its initial EQE) of 3961 s is achieved for the excess
PEABr-decorated PeLEDs, which is one of the most stable
blue PeLEDs.36−43 The bias voltages during the lifetime
measurements are also shown in Figure 5f, in which the slopes
increase monotonically with the stress time increasing as the
device resistance increases during operation. In addition,

lifetime measurements of the devices measured under large
injection current density of 10 and 20 mA cm−2 were also
carried out to show the potential practical applications of the
PeLEDs (Figure S26). It is observed that the lifetime decreases
rapidly under large injection current density, and the
monitored lifetimes of 296 and 174 s are obtained at 10 and
20 mA cm−2, respectively. Although the lifetimes are shortened
at large injection current density, the peak positions stay
unchanged, indicating a good spectral stability during
operation. We also study the lifetimes of the pristine and
PEA2PbBr4-incorporated PeLEDs, as shown in Figure S27.
The lifetimes are 496 and 1611 s with initial EQE of 2.87% and
5.03%, respectively, lagging far behind that of the excess
PEABr-decorated PeLEDs. Consequently, our results show
that the excess PEABr-decorated PeLEDs show excellent
spectral stability and exhibit the longest lifetime for blue
PeLEDs, which promote the quasi-2D perovskite LEDs toward
practical applications.
In summary, we demonstrate an efficient quasi-2D perov-

skite blue emitter of PEAxPA2−x(CsPbBr3)n−1PbBr4 with
simultaneous phase redistribution and defect passivation for
high-performing and stable blue quasi-2D PeLEDs. The new
quasi-2D perovskite is realized by incorporation of PEA2PbBr4
and an excess PEABr into quasi -2D perovskite
(PA2(CsPbBr3)n−1PbBr4) solution. The PEA2PbBr4-incorpo-
rated quasi-2D perovskite LEDs promote an efficient energy-
transfer process from the low-n phase to the high-n phase
perovskites and thus improve device performance with the
EQE increased from 3.46% (pristine) to 6.15% (PEA2PbBr4-
incorporated). We the further introduce the passivation of
excess PEABr into the PEA2PbBr4-incorporated perovskites
which remarkably reduces the trap state density by over 60%.
Eventually, the excess PEABr-decorated PeLEDs show an
efficient EQE of 7.51% and a high brightness of 1765 cd m−2

with a very low turn-on voltage of 3.07 V. It is noted that the
devices reveal an excellent operation stability with an ultralong
lifetime T50 of 3961 s under continuous constant driving
current. In particular, the EL spectra are very stable without
any peak shift during the entire stability test, signaling a great
potential for the blue PeLEDs toward practical applications.
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