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Hole Transport Bilayer Structure for Quasi-2D Perovskite 
Based Blue Light-Emitting Diodes with High Brightness 
and Good Spectral Stability
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Substantial achievements have been made in green and red perovskite light 
emitting diodes (PeLEDs) recently. However, blue PeLEDs still lag behind with 
much lower performances. One of the main reasons is the mass undesirable 
nonradiative recombination at interfaces and within the perovskite films. In 
this work, an efficient hole transport bi-layer structure composed of PSSNa 
and NiOx is demonstrated to simultaneously inhibit the nonradiative decays 
between NiOx and perovskite films by reducing NiOx surface defects and 
improving quasi-2D perovskite thin film quality by minimizing its pin-holes 
and reducing the film roughness. The results show that the dipole feature 
of PSSNa improves the hole transportation and thus PeLED performances. 
Moreover, by introducing KBr into the perovskite, its film quality improves 
and trap states reduce. Eventually, the blue PeLEDs is achieved with a 
very low turn-on voltage of 3.31 V accompanied with an external quantum 
efficiency of 1.45% and a remarkable luminance of 4359 cd m-2. With further 
optimization of the perovskite precursor concentration, the highest lumi-
nance reaches 5737 cd m-2, which represents the brightest blue PeLEDs 
reported to date as far as it is known. Furthermore, the devices also show 
better spectral stability and operation lifetime as compared to other blue 
PeLEDs.

DOI: 10.1002/adfm.201905339

Dr. Z. Ren, X. Xiao, R. Ma, Dr. H. Lin, Prof. W. C. H. Choy
Department of Electrical and Electronic Engineering
The University of Hong Kong
Pokfulam Road, Hong Kong 999077, China
E-mail: chchoy@eee.hku.hk
X. Xiao, Prof. K. Wang, Prof. X. W. Sun
Department of Electrical and Electronic Engineering
Southern University of Science and Technology
Shenzhen 518055, China

The ORCID identification number(s) for the author(s) of this article 
can be found under https://doi.org/10.1002/adfm.201905339.

are green, red, and near-infrared light-
emitting PeLEDs which have achieved 
great improvements.[12–22] However, for 
blue PeLEDs, it remains a big challenge to 
obtain the comparable performance.

In order to obtain the blue spectrum 
of electroluminescence (EL), the halogen 
component of the perovskites can be 
chosen as monotonic Cl or tuned with 
mixed Br and Cl anions.[23–25] However, 
the emission profiles shift with increasing 
driving voltages owing to either the poor 
stability of pure Cl-perovskites or migra-
tion of the halogen ions in the mixed 
perovskites.[26] In addition, in situ pas-
sivation of PbBr6

4− octahedra in CsPbBr3 
nanoplatelets was also proved to be an 
effective strategy to acquire high photo-
luminescence quantum yield (PLQY) for 
blue emission, in which near 100% abso-
lute quantum yield was achieved. How-
ever, the constructed blue PeLEDs only 
show the maximum external quantum 
efficiency of 0.124% indicating a lot of 
opportunities for further improvement 

on electroluminescent properties and efficiency.[27] Quasi-2D 
perovskites with reduced stacking numbers of perovskite unit 
cells exhibit a large extent of blueshift.[28–30] Meanwhile, the 
assembled multiple-quantum-well structure in quasi-2D perov-
skites can facilitate the formation of excitons and reduce the 
possibility of exciton dissociation.[28,31] The first low-dimen-
sional perovskite LED was demonstrated to give a visible 
emission by controlling the ratio of methyl ammonium to 
phenylethyl ammonium.[32] Later, randomly oriented nanocrys-
tals were introduced by the modified nanocrystal pinning for 
further improving the PeLED performance.[33] Consequently, it 
is highly desirable to use quasi-2D perovskites for constructing 
efficient blue PeLEDs.

Recently, significant works have been done to optimize 
the performances of blue PeLEDs. For example, aryl and 
alkyl ammoniums of 2-phenoxyethylamine,[34] 4-phenylbutyl-
amine,[35] butylammonium bromide,[36,37] and ethylammonium 
bromide[38] have been introduced into 3D CH3NH2PbBr3/
CsPbBr3 perovskites. Meanwhile, different amounts of ammo-
niums were carefully investigated to obtain high device per-
formances for quasi-2D blue PeLEDs. In order to control the 
formation of quasi-2D perovskites with the desired phase, 

Light-Emitting Diodes

1. Introduction

Metal halide perovskites have emerged as an attractive class of 
semiconductors with simple solution processability for green-
energy optoelectronics.[1–6] More recently, the perovskites based 
light-emitting diodes (PeLEDs) have promoted considerable 
research efforts due to the excellent features in wide tunable 
bandgaps, high color purity and photoluminescence, facile 
synthesis, and low materials cost.[7–11] Of particular interests 
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mixed ammoniums were employed. The blue PeLEDs with the 
luminance of 2480  cd m−2, peak wavelength of 490  nm, and 
external quantum efficiency (EQE) <1% were demonstrated.[39] 
Subsequently, the Cl-doped quasi-2D perovskites were adopted 
in blue PeLEDs, and the luminance was further improved to 
3780 cd m−2. However, there is a concern in the phase separa-
tion in the perovskite films which will cause the unstable nature 
of electroluminescence spectra.[40] Besides, by reducing the trap 
states of perovskites through adding a proper amount of man-
ganese dopant, PeLEDs with the EQE of 2.12%, luminance of 
245 cd m−2, and peak wavelength of 466 nm were reported.[41] 
Furthermore, except for the improvements of perovskites, 
adopting a suitable carrier (hole and electron) transport/injec-
tion layer to reduce carrier injection barrier[42–45] is another way 
to improve the performance of blue PeLEDs. For example, NiOx 
was widely used as an efficient hole transport layer (HTL) in 
perovskite photovoltaics attributed to the matched band align-
ment for hole extraction.[46–50] However, NiOx HTL has been 
limitedly studied in blue PeLEDs because of the mass nonra-
diative decay channels at the interface layers.[51] The previous 
NiOx film based blue PeLEDs exhibit relatively weak luminance 
of 350 cd m−2 and EQE of 0.07%.[24] With combination of NiOx/
LiF, the recent luminance and EQE have been increased to 
1446 cd m−2 and 0.52%,[52] respectively. However, there is a con-
cern of the diffusion of Li ions in the device structure,[53] which 
may change the PeLED performances. Meanwhile, it is neces-
sary to further improve the emission properties of blue PeLEDs 
for their practical applications.

In this work, we propose to introduce a thin polymer layer of 
poly(sodium-4-styrene sulfonate) (PSSNa) on NiOx for forming 
a bilayer HTL structure for quasi-2D PeLEDs. Through adding 
PSSNa, we target to simultaneously suppress the nonradiative 
recombination through the reduction of defect states in NiOx 
films, and improve the morphology of perovskite film by reducing 
the film roughness and minimizing the pinholes. In addition, 
a lower valance band is also demonstrated in the bilayered  
structure which benefits from the dipole feature of PSSNa for 
efficient hole injection. Meanwhile, in order to further improve 
the 2D perovskite film quality, we incorporate KBr into the 
quasi-2D perovskite for inhibiting the nonradiative losses by pas-
sivating the traps in the perovskite films. Finally, the optimized 
blue PeLEDs exhibit an impressive luminance of 4359  cd m−2 
(further improved to 5737 cd m−2 by optimizing the perovskite 
precursor concentration), a very low turn-on voltage of 3.31  V, 
and an EQE of 1.45%. The optimized luminance represents the 
brightest blue PeLEDs reported to date from our best knowledge. 
Furthermore, the devices also show better spectral stability and 
operation lifetime as compared to other blue PeLEDs.

2. Results and Discussion

2.1. Formation of Bilayer NiOx-PSSNa Films

The well-dispersed and ligand-free NiOx nanoparticles (NPs) 
with an average crystallize size of ≈4  nm were synthesized 
through the previous reported facile chemical precipitation 
method.[54] The NiOx films were obtained by spin-coating the 
NP solution with the optimized concentration. The bilayer 

NiOx-PSSNa films were fabricated by spin-coating PSSNa 
methanol solution on NiOx films. The perovskite films were 
prepared by spin-coating the precursor solution of dimethyl 
sulfoxide (DMSO) followed by an antisolvent process with tol-
uene. Details are discussed in the Experimental Section. The 
morphology of NiOx, NiOx-PSSNa, and DMSO-washed NiOx-
PSSNa films were characterized by atomic force microscope 
(AFM) as shown in Figure S1 (Supporting Information). The 
surface roughness (Rq) of NiOx-PSSNa film was smaller than 
that of NiOx film, indicating the film smoothening function 
by PSSNa treatment. In addition, the value of Rq for DMSO-
washed NiOx-PSSNa film is close to the unwashed film, which 
maintains smaller than that for untreated NiOx film. This illus-
trates that PSSNa cannot be washed away by the solution of 
perovskite due to the undissolved feature of PSSNa in DMSO 
solvent. The thickness of NiOx and PSSNa layers are ≈20 and 
≈2 nm, respectively, which were estimated by profilometer.

2.2. High-Quality Perovskite Films Obtained from the Bilayer HTL

To explore the quality of perovskite emission layer deposited 
on NiOx and NiOx-PSSNa films, scanning electron micro-
scope (SEM) and AFM measurements are carried out. As 
shown in Figure 1a,d, when the perovskite was directly formed 
on NiOx film, large amounts of pinholes with different sizes 
have appeared. Interestingly, this issue can be addressed 
by forming a thin layer of PSSNa in-between NiOx and the 
perovskite. The density of pinholes is greatly minimized and 
the surface roughness is moderately reduced from 5.35 to 
3.67  nm, so that a more uniform perovskite film is realized 
(Figure  1b,e). This can be explained by the better wetting of 
perovskite precursor solution onto NiOx-PSSNa film (Figure 
S2, Supporting Information). It is also noted that the improve-
ment of wettability is well maintained in the DMSO-washed 
NiOx-PSSNa film, which indicates that the thin PSSNa layer 
cannot be removed by DMSO. This result is in very good 
agreement with the AFM results (Figure S1, Supporting Infor-
mation), demonstrating the important roles of PSSNa layer 
for preparation of high-quality perovskite films by reducing 
the pinholes and surface roughness. Furthermore, when KBr 
was introduced into the quasi-2D perovskite, the perovskite 
film with better morphology uniformity was prepared onto 
NiOx-PSSNa film, which can be further revealed by the corre-
sponding AFM measurement (Figure  1f), the roughness was 
significantly decreased from 3.67  nm (without KBr additive) 
to 2.56  nm (with KBr additive) showing the smoother perov-
skite surface. Equally important, the average grain size of KBr 
decorated perovskite increases from ≈57  nm of pure perov-
skite (Figure  1b) to ≈66  nm (Figure  1c). Although the intro-
duction of KBr into 3D perovskites has been reported,[55–57] 
there is very limited studies of the incorporation of KBr into 
quasi-2D perovskite. Our results show the improved quasi-
2D perovskite quality owing to the potassium ion promoted 
growth process of perovskites. The potassium in the quasi-
2D perovskites was determined by energy-dispersive X-ray 
spectroscopy (EDS) element mapping which showed a well 
distribution of potassium in KBr decorated perovskite films 
(Figure S3, Supporting Information). The element content of 
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potassium in the perovskite films was also recorded by the 
EDS spectrum (Figure S4, Table S1, Supporting Information), 
which shows a good agreement of potassium content with that 
in precursor solution. The characterizations also indicate that 
KBr is not released into the air during spin-coating. From the 
SEM images (Figure 1b,c), we can see that high quality of the 
perovskite has been achieved with the incorporation of KBr. 
To further study the effect of KBr on the crystallization of the 
perovskite, the X-ray diffraction (XRD) measurements are 
performed (Figure S5, Supporting Information). It is found 
that the diffraction peak intensity of KBr decorated perovskite 
is much stronger than that of the pristine perovskite, which 
suggests that KBr can favor the perovskite crystallization and 
increase the crystallinity. The mechanism how KBr improves 
the perovskite film quality is possibly related to crystallization 
kinetics, in which KBr could slow down the crystallization pro-
cess to make perfect perovskite crystals. As it is known that 
the metal ions can promote growth process of perovskites for 
high crystallization, which is an efficient way to achieve high 
quality of perovskite films.[55] Consequently, by introducing the 
NiOx-PSSNa bilayer structure, we can improve the quality of 
the quasi-2D perovskite by reducing its pinholes and smooth-
ening its morphology. Together with the incorporation of KBr, 
high-quality (without pinholes, smooth morphology, and grain-
size enhanced) quasi-2D perovskite films are achieved.

2.3. Nonradiative Recombination Reduction of Bilayer  
HTL/Perovskite Structure

The optical properties of the perovskite films are illustrated in 
Figure 2. Figure 2a shows the UV–visible absorption spectra of 
the perovskites formed on NiOx and NiOx-PSSNa films, and KBr 
decorated perovskite on NiOx-PSSNa film which is hereafter 
named as NiOx-PSSNa-KBr perovskite. Their corresponding 
steady-state photoluminescence (PL) is shown in Figure 2b. It 
is revealed that the pristine perovskite directly formed on NiOx 
film shows weak intensity of PL with the emission peak wave-
length of 488  nm. The photoluminescence quantum yield of 
perovskite deposited on NiOx film was also measured, which 
exhibits a low PLQY of 9.8%. When the pristine perovskite 
films are deposited on NiOx-PSSNa film, there is a remarkable 
increase in PL intensity without any shift in the emission spec-
trum, and the corresponding PLQY is increased to 12.7%. The 
dramatic enhancement of PL intensity is ascribed to the large 
reduction of nonradiative recombination, which benefits from 
not only the better film morphology but also the reduced surface 
traps at the interface between perovskite and NiOx films by the 
insertion of PSSNa layer. The reduction of surface traps of NiOx 
film can be confirmed by the improved PL intensity and carrier 
lifetime for PSSNa-modified NiOx film as shown in Figure S6 
(Supporting Information). For the perovskite decorated with 
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Figure 1.  The scanning electron microscopy images and atom force topology of perovskite films: a,d) perovskite on NiOx, b,e) perovskite on NiOx-
PSSNa, and c,f) perovskite with KBr additive on NiOx-PSSNa films. The scale bars in SEM images are 200 nm, the AFM image sizes are 2 × 2 µm, and 
the corresponding scale bars are 22 nm (the distribution of perovskite grain size is shown in the inset of each SEM image).
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KBr additive, the PL intensity is further improved accordingly 
(see Figure 2b) and the value of PLQY increases to 18.7%. The  
stronger PL intensity indicates the less nonradiative recom-
bination of NiOx-PSSNa-KBr film, which benefits from the 
reduced trap states through potassium passivation at perovskite 
grain boundaries and surfaces[55,56] as well as the enlarged 
grain sizes (i.e., better crystallization of the perovskite) as 
described before. The trap state density of KBr decorated 
perovskite film is considerably reduced by over 65% as com-
pared to the pristine perovskite from 3.95 × 1018 cm−3 (pris-
tine perovskite) to 1.38 × 1018 cm−3 (KBr decorated perovskite) 
(see Figures S7 and S8, Supporting Information). Although 
the origin of the trap states is not clear, they are widely believed 
to be caused by the ionic defects such as halide vacancies. 
The introduced potassium at perovskite grain boundaries and 
surfaces can anchor the bromide ions and inhibit bromide 
migration, which suppresses the halide vacancies and reduces 
the trap states.[56] In addition, to better compare the PL peak 
positions of the perovskite films, the PL spectra have been nor-
malized as shown in Figure S9 (Supporting Information). It is 
found that a slight redshift (≈5 nm) was presented in the emis-
sion peak of KBr decorated perovskite film (493 nm), which can 
be ascribed to the slightly increased perovskite size induced 
by KBr. Besides, we also find that there is an enhanced dielec-
tric confinement for KBr decorated perovskite (see Figure S8, 
Supporting Information). The dielectric constant of KBr doped 
perovskite is 11.45, which is smaller than the pristine perov-
skite (12.89). This means the dielectric confinement would be 
significantly enhanced for KBr decorated perovskite, which is 
associated with the large exciton binding energy (Eb)[58–60] as 
further characterized in Figure S10 (Supporting Information). 
Thus, a reduced maximum optical bandgap (Eopt) is expected 
with the enlarged Eb, as shown in Figure S11 (Supporting 
Information). Subsequently, a slight redshift was found in the 
emission peak of KBr decorated perovskite film.

To further study the processes of carrier recombination in 
different perovskite films, we have studied time-resolved photo
luminescence (TRPL) as shown in Figure  2c. The decays 
can be fitted by biexponential curves, in which the fast and 
slow decay components can be explained by the trap-assisted  
recombination at grain boundaries/interfaces, and radia-
tive recombination inside the perovskite, respectively.[16,61,62] 
The extracted parameters from the fitted curves are listed in 

Table S2 (Supporting Information). It is shown that both of 
the fast and slow decay lifetimes for perovskite deposited on 
NiOx-PSSNa film (τ1, 2.03  ns, τ2, 16.49  ns) are much higher 
than that on NiOx film (τ1, 1.47 ns; τ2, 8.27 ns) revealing sup-
pression of the exciton recombination caused by the traps at 
interfaces, and the bulk defects inside perovskite phase. When 
the perovskite is decorated with KBr, the fast decay component 
is further increased from 2.03 to 2.58  ns, while with a slight 
improvement of slow decay component from 16.49 to 16.52 ns. 
This is because that the additive of potassium mainly passivates 
the defects at perovskite grain boundaries and surfaces, which 
will be further discussed in the following parts. Benefiting 
from the contributions of PSSNa and KBr, the longer carrier 
lifetime corresponding to the higher PL intensity is achieved 
for NiOx-PSSNa-KBr film which promotes an enhancement for 
high-performance PeLEDs. Overall, the static and transient PL 
studies together with the crystallization studies of the quasi-2D 
perovskites show that the introduced NiOx-PSSNa bilayer struc-
ture effectively inhibits the nonradiative recombination at the 
interface between perovskite and NiOx films. Along with the 
reduced trap states in quasi-2D perovskites by the decoration 
of KBr, we can further minimize the nonradiative recombina-
tion in NiOx-PSSNa-KBr film, all of which pave a good way for 
applications in PeLEDs.

2.4. Device Structure and Performance

The PeLEDs with structure of ITO/NiOx/PSSNa/PA2(CsPb
Br3)n−1PbBr4/TPBi/LiF/Al have been investigated. The sche-
matic illustration and the cross-section SEM image of the 
device are shown in Figure  3a,b, respectively. The optimized 
thicknesses of NiOx-PSSNa, quasi-2D perovskite of PA2(Cs
PbBr3)n−1PbBr4, TPBi, and LiF/Al layers are about 22, 35, 50, 
and 100 nm, respectively. The PeLEDs with pristine NiOx and 
pristine perovskite are also fabricated for comparison. The 
energy band of NiOx with and without PSSNa layer, as well as 
the pristine and KBr decorated perovskite were determined by 
ultraviolet photoelectron spectroscopy (UPS) (see Figure S12, 
Supporting Information), and the calculated energy levels are 
shown in Figure 3c. The NiOx-PSSNa bilayer films show lower 
energy level as compared to that of NiOx film. This can be 
explained by the formation of molecular dipole moment (µ) by 
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Figure 2.  a) UV–vis absorption spectra, b) PL, and c) TRPL spectroscopy of the perovskites based on NiOx and NiOx-PSSNa films, and perovskite with 
KBr additive based on NiOx-PSSNa film.
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PSSNa layer. Figure  3d illustrates the shift of vacuum energy 
level at NiOx-PSSNa surface due to the dipole moment. With 
the dipole moment pointing toward NiOx surface, the vacuum 
energy level at NiOx-PSSNa surface can be increased, which 
results in the increased work function of NiOx-PSSNa film. The 
lower energy level of NiOx-PSSNa bilayer structure will reduce 
the energy barrier for hole injection and lower the turn-on 
voltage of PeLEDs as described later. In addition, the KBr deco-
ration will slightly lift up the energy band of the perovskite (see 
Figure  3c) which further narrow down the energy barrier for 
efficient carrier injection.

The EL spectra of PeLEDs are shown in Figure 4a, where the 
emission peaks are at 487  nm for the quasi-2D PeLEDs with 
NiOx only and NiOx-PSSNa as the hole transport layer, and 
the peak is centered at 492  nm for NiOx-PSSNa-KBr PeLEDs 
(i.e., the KBr decorated quasi-2D PeLEDs with NiOx-PSSNa 
bilayer as the hole transport layer), in which all of them dis-
play neglectable blueshifts compared with their PL peaks indi-
cating that light emission is solely from the quasi-2D perovskite 
layers. In other words, there is a good confinement of both 
injected electrons and holes within the quasi-2D perovskite 
emission layer in all these PeLEDs. From the current density–
voltage characteristics, there is a relatively higher leakage cur-
rent for NiOx-only PeLEDs (Figure 4b), which is ascribed to the 
poor film morphology and mass trap states at interfaces. After 
tailoring the interfacial contact with PSSNa, the injection cur-
rent was significantly reduced indicating the leakage current 
has been inhibited. The turn-on (threshold) voltage (Vth, cor-
responding with luminance of 1 cd m−2) of NiOx-only PeLEDs 

is 3.77 V. The Vth was further decreased from 3.77 V for NiOx 
device to 3.36 and 3.31 V for NiOx-PSSNa and NiOx-PSSNa-KBr 
devices, respectively (Figure 4c), due to the decreased injection 
barrier favoring us to achieve one of the lowest turn-on voltage 
as compared to the reported blue PeLEDs.[34,39,63]

The NiOx-only PeLEDs show a maximum brightness (Lmax) 
of 1199  cd m−2 at bias of 7.2  V, which has been increased to 
1748 cd m−2 for NiOx-PSSNa bilayered device at the same bias 
(Table  1). Consistent with the trend, the enhancements are 
also observed in quantum efficiency and current efficiency 
(CE), with EQE increasing from 0.36 to 0.78% (Figure  4d), 
and CE reaching from 0.44 to 1.03 cd A−1 (Figure 4e), respec-
tively. These improvements indicate the process of nonradiative 
recombination has been effectively suppressed by PSSNa inser-
tion. To further reveal the role of PSSNa, the PeLED perfor-
mances, different concentrations of PSSNa solution treatments 
were investigated as shown in Figure S13 (Supporting Informa-
tion). It can be observed that too thick PSSNa layer will harm 
the device performance owing to the induced low hole injec-
tion rate (Figure S14, Supporting Information). By introducing 
NiOx-PSSNa-KBr PeLEDs, the device performances were fur-
ther improved. The CE and EQE are improved to 2.25  cd A−1 
and 1.45%, respectively. Remarkably, a high Lmax of 4359 cd m−2 
is also achieved, which is further improved to 5737 cd m−2 by 
optimizing the perovskite precursor concentration (Figure  4f, 
and Figure S15, Supporting Information). To the best of our 
knowledge, this is the brightest blue perovskite-based LEDs 
reported to date (Table S3, Supporting Information). In addi-
tion, the devices also exhibited good reproducibility with average 
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Figure 3.  a) Schematic illustration of the blue PeLED with structure of glass/ITO/NiOx-PSSNa/perovskite/TPBi/LiF/Al, b) cross-sectional SEM image of 
the PeLEDs, c) energy levels for NiOx, NiOx-PSSNa, quasi-2D perovskite, and quasi-2D perovskite decorated with KBr, and d) dipole moment formation 
on NiOx by PSSNa and the increased work function of NiOx-PSSNa film by the dipole moment.
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EQE of 1.26% and luminance of 3794 cd m−2 (Figure S16, Sup-
porting Information). This improvement is mainly due to the 
passivation of defects in perovskite films. The effects of KBr 
concentration on the device performance are optimized as 
shown Figure S17 (Supporting Information). The device with 
10% KBr shows the highest Lmax and EQE, and the perfor-
mance begins to decline with further increase of the concen-
tration. It is because the too high potassium concentration will 
reduce the carrier injection rate for the device (Figure S18, Sup-
porting Information). Besides, a seriously decreased PLQY is 
observed from 18.7% (10% KBr) to 7.2% (20% KBr) (Figure S19,  
Supporting Information) resulting from the impurity phase 
(Figure S20, Supporting Information). Differently, at low potas-
sium concentration (10% KBr) without any heating treatment, 
there is no additional impurity phase nor obvious peak shift 
(Figure S20c, Supporting Information) in the XRD spectra 
of the perovskite film, which indicates that the potassium 
cations dominantly distributed at the perovskite film surface 
and boundaries,[55–57] as further demonstrated by the conduc-
tive AFM measurements (Figure S21, Supporting Information) 
where the conductivity of perovskite grain boundaries and sur-
faces increases with decoration of potassium cations. However, 
increasing the potassium concentration and implementing the 

heating treatment will both promote the formation of the impu-
rity phases which cause a serious decrease of the emitting prop-
erties of the decorated perovskite films (Figures S19 and S20, 
Supporting Information).

The spectral stability of NiOx-PSSNa-KBr PeLEDs against the  
bias current has been studied as shown in Figure  5a. The 
intensity of the peaks increases at first with increasing the 
voltage (from 5  V (1613.54  cd m−2, 106.91  mA cm−2) to 7  V 
(4329.43  cd m−2, 465.23  mA cm−2)). It will decline at higher 
bias voltages of 8 V (4155.96 cd m−2, 694.77 mA cm−2) to 10 V 
(2014.35 cd m−2, 1182.92 mA cm−2). Interestingly, the position 
of the emission peaks remains at 492 nm with a full width at 
half maximum (FWHM) of ≈26 nm. The EL image of the device 
under operation is in the inset of Figure 5b and the Commis-
sion Internationale de L'Eclairage (CIE) chromaticity coordi-
nates is (0.065, 0.384), and the CIE chromaticity coordinates for 
NiOx and NiOx-PSSNa devices are shown in Figure S22 (Sup-
porting Information). Regarding lifetime of the PeLEDs, the 
time-dependent stability of the device is plotted in Figure  5c. 
It can be seen that the PeLED with a lower initial luminance 
tends to show longer operating lifetime, as the lifetimes are 220 
and 120 min corresponding to the initial luminance of 150 and 
415 cd m−2, respectively. The performance of the devices under 
continuous constant current was also measured (Figure S23, 
Supporting Information), the NiOx-PSSNa-KBr device shows 
much longer lifetime than NiOx and NiOx-PSSNa devices. It 
is also noted that the spectra of the devices are stable without 
any shift of the peaks during the lifetime measurements 
(Figure S24, Supporting Information) indicating a promising 
prospect of our quasi-2D perovskites for PeLEDs. Conse-
quently, the blue NiOx-PSSNa-KBr quasi-2D PeLED shows very 
stable color characteristics at a wide range of driving current 
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Table 1.  Device performance of NiOx, NiOx-PSSNa, and NiOx-PSSNa-
KBr PeLEDs.

Devices Vth [V] Lmax [cd m−2] CE [cd A−1] EQE [%]

NiOx 3.77 1199 0.44 0.36

NiOx-PSSNa 3.36 1748 1.03 0.78

NiOx-PSSNa-KBr 3.31 4359 2.25 1.45

Figure 4.  a) EL spectra of NiOx, NiOx-PSSNa, and NiOx-PSSNa-KBr blue PeLEDs, and the corresponding b) current density–voltage (J–V) character-
istics, c) luminance–voltage (L–V), d) EQE, e) current efficiency curves, and f) L–V curve of NiOx-PSSNa-KBr blue PeLEDs with different perovskite 
precursor concentrations.
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density from 106.91 to 1182.92 mA cm−2 which is very impor-
tant for practical applications. In addition, the NiOx-PSSNa-KBr  
PeLEDs show very good spectral stability and much longer 
operation lifetime than the previous reports.[39]

3. Conclusion

In conclusion, we report an effective hole transport bilayer struc-
ture by introducing a thin layer of PSSNa on NiOx for highly 
performed blue quasi-2D PeLEDs. The introduction of PSSNa 
can simultaneously reduce defect states at NiOx surface and 
improve the morphology (through minimizing pinholes and 
surface roughness) of perovskite films. These two advantages 
contribute to inhibit the mass nonradiative recombination. 
Besides, the low valance band of NiOx-PSSNa films minimizes 
the energy barrier for efficient hole injection. Meanwhile, with 
the KBr decoration in the quasi-2D perovskite (PA2(CsPbBr3)n−1

PbBr4), the nonradiative losses are further suppressed by passi-
vating the traps within perovskite films. The blue NiOx-PSSNa-
KBr based PeLEDs show very low turn-on voltage of 3.31 V, and 
an EQE of 1.45% with an impressive luminance of 4359 cd m−2, 
which is further improved to 5737  cd m−2 by optimizing the 
perovskite precursor concentration. This is above 1.5-fold higher 
than that of the best reported blue PeLED and represents the 
brightest blue PeLED so far from our best knowledge. In addi-
tion, the devices also show good spectral stability and operation 
lifetime as compared to other blue PeLEDs. The results signal a 
great potential of blue PeLEDs toward the practical applications.

4. Experimental Section
NiOx Nanoparticles Synthesis: The NiOx nanoparticles were fabricated 

through the chemical precipitation method with certain modifications.[54] 
Typically, 10  mmol nickel nitrate hexahydrate (Ni(NO3)2·6H2O) was 
dissolved in 60 mL deionized water and stirred for 5 min to get a dark 
green solution. Then the PH of this solution was adjusted to 10 by 
dropping the 0.5 m NaOH solution. After stirring for several minutes, 
the green precipitation was centrifuged to separate from the solution, 
and washed several times with deionized water and ethanol. The 

precipitation was dried at 70  °C for 12 h, and then transferred into 
muffle furnace, calcined at 270 °C for 2 h to get a black powder. Then 
the desired concentration of NiOx solution was obtained by directly 
dissolving the powder into deionized water.

Preparation of the Quasi-2D Perovskite: CsPbBr3 powder was first 
synthesized, specifically, 5  mmol PbBr2 was dissolved in hydrobromic 
acid and stirring for 10 min, then 1.5 mL CsBr aqueous solution (3.4 m)  
was dropped to get an orange solution. The precipitation was 
centrifuged from the solution, and thoroughly washed with diethyl ether 
and ethanol for several times, then dried at 60 °C for 12 h to obtain an 
orange powder. The quasi-2D perovskite was prepared by first dissolving 
0.1 m CsPbBr3 powder and 0.1 m propylamine hydrobromide (PABr) into 
DMSO, then spin-coated at 3000  rpm for 60 s and 200  µL of toluene 
was dropped on the rotating substrate at 30 s after the spin-procedure 
starting. For KBr decorated perovskite, the preparation process is 
similar to that of quasi-2D perovskite except for different concentrations 
(n = nKBr/(nCsPbBr3+nPABr)) of KBr were added into the precursor.

Device Fabrication: ITO substrates were successively cleaned with 
deionized water, acetone, and isopropyl alcohol solvents, and finally 
treated with ultraviolet–ozone for 20 min to remove any residues left on 
the substrates. Then the NiOx solution with concentration of 20 mg mL−1 
was spin-coated on ITO substrates at 2000  rpm for 60 s. The NiOx-
PSSNa films were obtained by spin-coating different concentrations of 
PSSNa methanol solution (0.025, 0.05, and 0.10  wt%) on NiOx films 
at 3000 rpm for 45 s. Then the perovskite precursor solution was spin-
coated on the substrates without need of heating. It is noted that the 
concentrations for PSSNa and KBr used in the text are 0.025 wt% and 
10%, respectively. After completion of perovskite films, 50  nm TPBi, 
1  nm Li,F and 100  nm Al electrode were thermally evaporated onto 
the perovskite films with deposition rates of 0.5, 0.03, and 1 Å s−1, 
respectively, to complete the device fabrication, and then sealed by an 
ultraviolet-curable resin and stored in the dryer for 1 d before testing. 
For the hole-only devices, the perovskite films were prepared on the 
hole transport layer (NiOx or NiOx-PSSNa film). Then 45 nm 4,4′-bis(N-
carbazolyl)-1,1′-biphenyl (CBP), 10 nm MoO3, and 100 nm Al electrode 
were thermally evaporated onto the perovskite films with deposition 
rates of 0.5, 0.2, and 1 Å s−1, respectively, to complete the device 
fabrications.

Characterization: UV–vis absorption spectra were recorded on a 
PERSEE TU-1901 spectrophotometer. The morphology of perovskite 
thin films and the cross-sectional SEM images were characterized by 
scanning electron microscope (Zeiss 1550). X-ray diffraction analysis was 
carried out with X-ray diffractometer (Bruker Advance D8 Ew Germany) 
with Cu Kα radiation. AFM images were measured by the atomic force 
microscope of NanoScope III (Digital Instrument). The UPS analysis 
was carried out using a KRATOS ULTRA AXIS DLD photoelectron 
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Figure 5.  EL properties of NiOx-PSSNa-KBr PeLEDs. a) EL spectra of NiOx-PSSNa-KBr PeLEDs at different biased voltages, and b) the corresponding 
CIE coordinate (the emission image is shown in the inset). c) The lifetime of the blue PeLEDs with different initial luminance tested every 10 min at 
a constant current with a blink way.
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spectroscopy system with an unfiltered He I (21.22  eV) gas-discharge 
lamp. The PLQY were carried out with an equipment of Hamamatsu 
Quantaurus-QY, model no. C11347. The steady-state and time-resolved 
photoluminescence of perovskite on glass were investigated using 
PicoQaunt FluoTime 300 equipped with a picosecond pulse laser 
(375  nm, LDH-P-C-375) with a pulse width of <40  ps. The perovskite 
films were excited by a repetition rate of 2 MHz. The time-resolved single 
was measured by a time-corrected single photon counting (TCSPC, 
PicoHarp 300E) module with photomultiplier (PMA-C 192-M) detector. 
The current density–voltage–luminance curves were acquired using an 
Ocean Optics system equipped with a Keithley 2450 source meter and 
an integrating sphere which was connected to an Ocean Optics QE65000 
spectrometer. The integrating sphere was calibrated with a radiometric 
calibration light source before use. The CIE coordinate of the device was 
calculated using software LED Color Calculator (OSRAM). In the text, the 
time-dependent lifetime measurements of devices were tested in every 
10 min, the devices were lighted up by a blink way with the lighting time 
of 3 s by a constant current for each test. Furthermore, the operation 
lifetime of the devices under a continuous constant current (the devices 
are lighted up all the time during the test) was also measured as shown 
in the Supporting Information.
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