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cation perovskite light-emitting diodes: the effect
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Multiple cation-substitution is an effective method to improve the stability of organic–inorganic hybrid

perovskite thin-films. Here, we apply this approach to quasi two-dimensional (quasi-2D) perovskite

materials, and investigate the effect of Cs and K doping on the performance of quasi-2D perovskite LEDs

(PeLEDs). It is found that Cs significantly reduces the efficiency roll-off of quasi-2D PLEDs at high current

density, which leads to a high current efficiency (CE) – even at an operation current density as high as

1000 mA cm−2. In addition, the incorporation of a small amount of K further increases the device

quantum efficiency thanks to its passivation effect. As a result, our green PeLED, which is based on a

multi-cation quasi-2D perovskite, reaches a brightness of 45 600 cd m−2, and a maximum CE of 22.5 cd

A−1. The approach introduced in this work has great potential to enhance the performance of quasi-2D

perovskite light-emitting diodes.

Introduction

In recent years, organic–inorganic metal–halide perovskites
have been successfully applied in photovoltaics and
photodetectors.1–4 The superior performance of metal–halide
perovskites is attributed to their unique and excellent physico-
chemical properties, such as long charge-carrier diffusion
lengths, tunable bandgaps, high defect tolerance and solution
processability.5–8 Metal–halide perovskites also possess high
photoluminescence quantum yields (PLQY > 90% in solution
for nanocrystals), which makes them suitable candidates for
light-emitting diodes.9 Recently, three-dimensional perovskites
have reached more than 20% external quantum efficiency by
controlling the composition distribution in the devices.2,10

Another effective strategy to achieve high-performance LEDs is
doping a two-dimensional (2D) perovskite into a 3D perovskite
to achieve a quasi-two-dimensional (quasi-2D) perovskite-struc-
ture. The quasi-2D perovskite film usually self-assembles as a
mixture of quantum wells with different perovskite
bandgaps,11,12 which facilitates the recombination of
excitons.13

The quasi-2D perovskite is fabricated with the general
chemical stoichiometry L2An−1BnX3n−1(n = 1, 2, 3, 4, …), which
typically consists of an aliphatic or aromatic alkylammonium
cation L (phenyl-ethyl-ammonium(PEA), n-butyl-ammonium
(BA) etc.), and a cation at the A site (methyl-ammonium(MA),
formamidinium(FA), or caesium(Cs)), a metal cation (Pb2+,
Sn2+, Bi+, or Ge2+) at the B site, and a halide anion (Cl−, Br−,
I−) sitting at the X site.14 The number n represents octahedral
layer numbers within one inorganic sheet. By adjusting the
value n, the quasi-2D materials L2An−1BnX3n−1 would form
different types of exciton binding energies. You’s group has
produced green LEDs based on PEA2(FAPbBr3)2PbBr4, which
have an external quantum efficiency of 14.36%, by controlling
the composition and phases of perovskite films,13 Congreve’s
group also fabricated the highest brightness quasi-2D PeLEDs,
nearly 97 000 cd m−2, by introducing Mn2+ into quasi-2D per-
ovskites.15 However, we find that the external quantum
efficiency of high efficiency quasi-2D PeLEDs usually reaches
maxima at low current density, and then rolls-off rapidly.

For bulk polycrystalline perovskite thin-films, mixing
cations is a known effective strategy to boost the crystallinity
and the PCE of perovskites.16 For example, the doping of Cs+,
whose ionic radius (1.81 Å) is considerably smaller than that
for MA+ (2.70 Å) and FA+ (2.79 Å),17 is found to assist the crys-
tallization of the black phase of the FA perovskite due to entro-
pic stabilization.18 The mixed-halide perovskite
Cs0.05FA0.80MA0.15Pb(I0.85Br0.15)3 exhibits efficiencies up to
20.6%, with high photo- and thermal-stability.19 However,
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there are few examples of quasi-2D PeLEDs with more than
two kinds of cations. The quasi-2D perovskite materials
usually contain several different phases, and solution-pro-
cessed quasi-2D perovskites show a reduced crystal size com-
pared to crystals of 3D perovskites.12,20 With the introduction
of more cations, the phases become more complicated, and
more defects may generate at both the grain boundaries and
film surface, which strongly affects the performances of the
devices. Potassium passivation is an efficient way to reduce
non-radiative loss in the perovskite thin films.21 However, it
remains unknown whether these strategies work for quasi-2D
PeLEDs.

In this study, we investigate the effect of Cs+ and K+ co-
doping on the performance of quasi-2D PeLEDs. We show that
Cs+ can effectively increase the device’s electric-current with-
stand capability and extend the working lifetime of quasi-2D
PeLEDs significantly. Moreover, we show that the performance
of the Cs+ doped device can be further improved by
subjecting the device to K+ passivation. As a result, the
PeLEDs, which are based on PEA2(FA0.5Cs0.5)n−1PbnBr3n+1 with
n = 6 composition, show a high brightness (45 600 cd m−2) and
CE (22.5 cd A−1).

Experimental
Materials

Lead(II) bromide(PbBr2, 99.99%), phenethyl-ammonium
bromide (PEABr), methylamine hydrochloride(MACl), forma-
midinium bromide (FABr), cesium bromide (CsBr) and 2,2′,2″-
(1,3,5-benzinetriyl)-tris(1-phenyl-1-Hbenzimidazole) (TPBi) were
purchased from Xi’an Polymer Light Technology Corp.
Furthermore, dimethyl sulfoxide (DMSO) (>99.0%) and anhy-
drous chlorobenzene (CB) were supplied by Sigma-Aldrich. Poly
(3,4-ethylene dioxythiophene):poly(styrene-sulfonate) (PEDOT:
PSS) was purchased from Clevios (PVP AL4083).

Preparation of perovskite solutions

Perovskite PEA2(FA0.5Cs0.5)n−1PbnBr3n+1 solutions with various
dimensionalities were prepared by dissolving stoichiometric
quantities of lead bromide (PbBr2), formamidinium Bromide
(FABr), phenethylammonium bromide (PEABr), cesium
Bromide (CsBr) and 0.04 M methylamine hydrochloride(MACl)
in dimethyl sulfoxide (DMSO) at 50 °C for 12 h under continu-
ous stirring. For K+ intercalation, KBr, with the same molar
concentration as the perovskite, was first dissolved in DMSO.
Then, the KBr and perovskite and precursor were mixed with a
volume ratio of 1 : 9.

Device fabrication

The patterned ITO-coated glass-substrates were cleaned via
sonication in detergent, deionized water, acetone, and isopro-
pyl alcohol and then blow-dried with nitrogen. The cleaned
substrates were treated with ultraviolet ozone for 15 min to
make the surface hydrophilic. Then PEDOT:PSS in aqueous
solution was spin-coated at 3000 rpm for 60 s, and then

annealed at 150 °C for 20 min in ambient air. The substrates
were then transferred into a nitrogen-filled glovebox, and the
perovskite solution in DMSO was spin-coated onto the
PEDOT:PSS films at 3000 rpm for 60 s. After spin coating for
30 s, 340 μl chlorobenzene was poured onto the film to pin the
perovskite crystallization, followed by annealing on a hot plate
at 70 °C for 30 min. Finally, the fabrication of PeLEDs was
completed by depositing TPBi, LiF (less than 1 nm), and the Al
electrode, layer by layer, through a shadow mask, in a high-
vacuum thermal evaporator. The area of the devices was
0.06 cm−2, which was defined by the overlapping area between
the ITO and Al electrode.

Characterization

The UV–visible absorbance spectra were recorded on a UV–
visible spectrophotometer (UV2600/2700, Shimadzu). Steady-
state PL spectra and time-resolved fluorescence spectra (TRPL)
of the perovskite films were recorded using a fluorescence
spectro-photometer (HORIBA Fluorolog-3). The phase analysis
of different perovskite samples was performed using a powder
X-ray diffractometer (D8 ADVANCE, Bruker), and the TEM
images were detected via a high-resolution TEM (Tecnai F20,
FEI). The current-density/luminance/voltage ( J–V–L) character-
istics were measured with a dual-channel Keithley 2614B pro-
grammable source meter and a PIN-25D calibrated silicon-
photodiode. The EL spectra of the QLEDs were recorded with a
fiber-optic spectrometer (USB 2000, Ocean Optics) in the
normal direction. All measurements were performed in
ambient air at room temperature.

Results and discussion

The PEA2(FA0.5Cs0.5)n−1PbnBr3n+1 perovskite films were fabri-
cated using the one-step solvent method. Their compositions
were controlled using the ratios of PEABr : FABr : CsBr : PbBr2,
and the compositions n ranging from 2 to 8 are discussed,
with the addition of n = 1 and n = ∞. Previous research pro-
posed that the bi-cationic quasi-2D perovskite films are not a
single phase but contain a range of n-phases.11,12 However, the
phase composition of multi-cation quasi-2D perovskites
remains unclear. X-ray diffraction (XRD) measurements were
used to determine the accurate phases in our obtained quasi-
2D perovskite films. As shown in Fig. 1a, with increasing n,
PEA2(FA0.5Cs0.5)n−1PbnBr3n+1 perovskites gradually translate
from two-dimensional to three-dimensional. For the n = 1 com-
position, only the n = 1 phase exists, and the diffraction peak
at 4.1° starts to appear when n increases to 2. The diffraction
peak at 4.1° gradually weakened with increasing n, and dis-
appeared for the n = 6 composition. In addition, with increas-
ing n, the 3D phases (CsPbBr3 and FAPbBr3) become the main
phase in the quasi-2D perovskite, especially for n = 6 and n = 8.
The n = ∞ compositions show a main diffraction peak at 15.1°,
which is consistent with the diffraction patterns of the 3D per-
ovskite, which is the same as the (100) diffraction patterns of
the 3D perovskite FAPbBr3 and CsPbBr3.

23,26 And a weak diffr-
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action peak at 11.9° also appears; we speculate that the diffrac-
tion peak at 11.9° is a complex mixed peak composed of
PEA2(FA0.5Cs0.5)n−1PbnBr3n+1 and CsPb2Br5 or Cs4PbBr6.

13,27 By
further testing we find that the diffraction peak at 11.9° will be
significantly enhanced as the exposure time in the air
increases (ESI Fig. 1†), which may because the CsPb2Br5 is
more inclined to segregate as the time in the air increases.

The absorption spectra were used to characterize the thin
films – see Fig. 1b and c. The n = 1 and n = 2 perovskites exhibit
multiple absorption-peaks, which means that they contain
mixed phases. Furthermore, the n = ∞ perovskites show an
absorption edge between 525 nm and 550 nm, which occurs
because the 3D perovskites are a mixture of CsPbBr3 and
FAPbBr3, and the absorption spectra of the n = 4, 6, 8 perovskite
films look like a 3D perovskite rather than a quasi-2D perovs-
kite. In addition, with increasing n, the optical absorption
edges undergo a redshift, which is attributed to the increase of
the average perovskite–crystal size. Using SEM and AFM, it can
be observed that the grain size and surface roughness increase
as n increases (Fig. 2). More specifically, the thin film with n =
2 has the lowest surface roughness with a root-mean-square
roughness of Rq = 3.84 nm, while the thin film with n = 4 has Rq
= 4.91 nm, the one with n = 6 has Rq = 8.88 nm, and the film
with n = 8 has Rq = 12.1 nm, respectively.

The photoluminescence (PL) results of the
PEA2(FA0.5Cs0.5)n−1PbnBr3n+1 perovskite film, with different n

compositions, are shown in Fig. 1c; the 2D (n = 1) perovskite
shows a main emission at 412 nm (3.01 eV) and several weak
emissions between 450 nm and 500 nm. The n = 2 perovskite
film shows several emissions at 440 nm, 470 nm and 485 nm.
More specifically, the n = 4 and n = 6 perovskite films show a
main-emission peak in the green region (around 505 nm,
approximately 2.455 eV) and several emissions between
400 nm and 500 nm, which means that their structure is still a
quasi-2D structure rather than a 3D structure. The main emis-
sion peak wavelength and relative PL intensity are plotted in
Fig. 1(d). We found that the n = 6 films show the highest PL
intensity, and the emission peak wavelength gradually
approaches 522 nm with increasing n.

Keeping in mind that the n = 6 composition of the
PEA2(FA0.5Cs0.5)n−1PbnBr3n+1 perovskite could be a good candi-
date for an emitting material, we fabricated another batch of
devices to verify this hypothesis. We structured the PeLEDs as
glass/ITO/PEDOT:PSS/PEA2(FA0.5Cs0.5)n−1PbnBr3n+1/TPBi/LiF/Al.
PEDOT:PSS is used as a hole-injection layer (HIL), TPBi/LiF
as the electron-injection layer (EIL), and
PEA2(FA0.5Cs0.5)n−1PbnBr3n+1 as the emission layer – see
Fig. 3a. We found that the injection current keeps increasing
from n = 2 to n = 6 (Fig. 3b), which could be due to reduced
PEA blocking layers. Correspondingly, the brightness, CE, and
EQE continue to increase (Fig. 3b–d), and the n = 6 based
PeLED shows a maximum brightness of about 33 000 cd m−2.

Fig. 1 Properties of perovskite films with different compositions. (a) X-ray diffraction patterns of PEA2(FA0.5Cs0.5)n−1PbnBr3n+1 films with different
n-compositions. (b) Absorption spectra of PEA2(FA0.5Cs0.5)n−1PbnBr3n+1 films. (c) Photoluminescence spectra of PEA2(FA0.5Cs0.5)n−1PbnBr3n+1 films
with different n-compositions. (d) Photoluminescence intensity and peak of PEA2(FA0.5Cs0.5)n−1PbnBr3n+1 films with different n-compositions.
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The n = 8 based PeLED shows a lower injection current than
the n = 6 based PeLED. We suspect that this might be due to
the roughness of the n = 8 based PeLED. The increased rough-
ness with a larger n number can lead to more surface or
boundary defects, which would have negative effects on the
diode curve. Although the n = 8 based PeLED shows the
highest CE and EQE at low current density as shown in Fig. 3c
and d, the current withstand capability is found to be the
highest for the device with n = 6, which is more than
1000 mA cm−2.

To further explore the role of Cs, we compare the
PEA2(FA0.5Cs0.5)5Pb6Br19 PeLEDs with the PEA2FA2Pb3Br10
PeLEDs, which have been reported as the best n-composition
PEA2FAn−1PbnBr3n+1. To simplify the expression, we use “quasi-
2D PSK” to represent PEA2FA2Pb3Br10, and “Cs-doped quasi-2D
PSK” to represent PEA2(FA0.5Cs0.5)5Pb6Br19, respectively. As
shown in Fig. 4a, the Cs-doped qusai-2D PeLEDs exhibit a
similar turn-on voltage to the quasi-2D PeLEDs and a larger
J–V curve slope, which may contribute to Cs doped quasi-2D
PSK, which has fewer PEA blocking layers. The Cs-doped

Fig. 2 AFM images of the PEA2(FA0.5Cs0.5)n−1PbnBr3n+1 thin films with different compositions. (a) n = 2; (b) n = 4; (c) n = 6; (d) n = 8.

Fig. 3 Device performance of quasi-2D perovskite light-emitting diodes with different compositions. (a) Schematic diagram of the device structure.
(b) Luminance versus current density. (c) Current efficiency versus current density. (d) External quantum efficiency (EQE) versus current density.
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quasi-2D PeLEDs show a luminous intensity of 41 440 cd
m−2, which is about twice that of quasi-2D PeLEDs – see
Fig. 4a and b. Because Cs facilitates the formation of wider
quantum wells, it can effectively reduce efficiency roll-off by
suppressing Auger recombination.24 Fig. 4c reveals that the
Cs doped quasi-2D PeLEDs have a lower EQE at low current
densities. This is due to the high number of introduced Cs
ions with a small ionic radius, which destroys the regular
structure of the conventional quasi-two-dimensional perovs-
kite and further increases the lattice defects. This promotes
nonradiative Auger recombination, which can be confirmed
by time-resolved photoluminescence (TRPL) partially – see
ESI Fig. 2.†

To further improve the efficiency of the light-emitting
diodes, we tried to passivate the Cs-doped quasi-2D PSK by
introducing K+. We also used Cs/K co-doped quasi-2D PSK
to represent KxPEA2(FA0.5Cs0.5)5Pb6Br19. Furthermore, three
kinds of PeLEDs (quasi-2D PSK, Cs doped quasi-2D PSK,
Cs/K co-doped quasi-2D PSK) were compared, – see Fig. 5. In
Fig. 5a, we immediately observed the significant differences
in the current density–voltage characteristics among these
three kinds of PeLEDs. The Cs/K co-doped quasi-2D PeLEDs
have a lower turn-on voltage and higher forward-current
density than Cs doped quasi-2D PeLEDs; this means that
the Cs/K co-doped quasi-2D PeLEDs have a lower ideality
factor (η), and K efficiently passivates the non-radiative

recombination pathways by compensating the halide
vacancies.21

jF / exp
qV
ηkT

� �

The Cs/K co-doped quasi-2D PeLEDs have the lowest reverse
saturation-current density, and the quasi-2D PeLEDs have the
highest reverse saturation-current density. The reversed satu-
rated dark-current is an indication of the thin film quality;
usually devices with more traps and defects would produce
higher recombination-current. Based on the EL spectra in
Fig. 5b, we observed a blue-shift due to the introduction of Cs+

and K+ (520 nm) – in contrast to the quasi-2D PSK and Cs-
doped quasi-2D PSK. The full-width-at-half-maximum of Cs/K
co-doped quasi-2D PSK is about 20 nm, which is narrower
compared to that of quasi-2D PSK (23 nm) and Cs-doped
quasi-2D PSK (25 nm); we could observe that the Cs/K co-
doped quasi-2D PeLEDs have the highest color-purity among
these three kinds of devices, and the CIE coordinates of the
above three kinds of PeLEDs are shown in Fig. S3.† Fig. 4a and
5a show that Cs/K co-doping can produce higher luminance.
The Cs/K co-doped quasi-2D PeLEDs show the brightest lumi-
nance (45 600 cd m−2) and a higher CE (22.5 cd A−1) compared
to Cs-doped quasi-2D PeLEDs. The detailed device perform-
ances for different compositions are summarized in Table 1

Fig. 4 Device performance of Cs doped quasi-2D PeLEDs compared with quasi-2D PeLEDs. (a) Current and luminance versus voltage. (b)
Luminance versus current density. (c) EQE versus current density. (d) Typical electroluminescene (EL) spectra. The inset shows the electrolumines-
cence image of PeLEDs.
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and we compare our devices with relevant published data in
Table 2. And from Fig. 4c and 5c, we can find that the CE and
EQE of both Cs doped quasi-2D PSK and Cs/K co-doped quasi-
2D PSK are lower than those of quasi-2D PSK. We speculate
that this is because the doped Cs+ will increase the defects of
the perovskite. The extraneous crystal phases (Cs4PbBr6 and
CsPb2Br5), as shown in ESI Fig. 1,† may increase halogen
vacancies that act as quenching centers.22 We further con-
firmed this by time-resolved photoluminescence (TRPL) (ESI
Fig. 2†). However, more importantly, doping Cs+ can greatly
improve the current withstand capability of the quasi-2D per-

ovskite, although it will slightly reduce the EQE. As shown in
Fig. 5c, the device based on Cs doped quasi-2D PSK and Cs/K
co-doped quasi-2D PSK can continue to work at a current
density of less than 800 mA cm−2, while the device based on
quasi-2D PSK will fail at around 300 mA cm−2.

The most significant difference lies in the stability of these
PeLEDs. The stability of our PeLEDs with encapsulation was
tested with a constant high injection-current in dry air. As
shown in Fig. 5d, the devices were driven at a constant current
density of 14.17 mA cm−2, and the Cs-doped quasi-2D PeLEDs
show a half-life time (T50) of 36 min, which is much more

Fig. 5 Device performance comparison of quasi-2D PeLED, Cs doped quasi-2D PeLED and Cs/K co-doped quasi-2D PeLED. (a) Current density and
luminance versus voltage. (b) EL versus wavelength. (c) CE versus current density. (d) Operating lifetime at a constant current density of 14.17 mA
cm−2.

Table 1 Device performance comparison between quasi-2D PSK, Cs-doped quasi-2D PSK and Cs/K co-doped quasi-2D PSK

Emitters EL peak (nm) Lmax (cd m−2) CEmax (cd A−1) EQEmax (%) Operation lifetime (at 14.17 mA cm−2)

Quasi-2D PSK 532 22 610 26.2 6.3 L50 ≈ 2 min
Cs-Doped quasi-2D PSK 528 41 440 11.63 3.1 L50 ≈ 36 min
Cs/K co-doped quasi-2D PSK 520 45 600 22.5 5.9 L50 ≈ 15 min

Table 2 A summary of the published output characteristics of typical perovskite LEDs

Emitters EL peak (nm) Lmax (cd m−2) CEmax (cd A−1) J@CEmax (mA cm−2) Publication date (year/ month)

BA2(CsPbBr3)n−1PbBr4-PEO 514 33 532 25.1 2 2018/1025

PEA2(FAPbBr3)2PbBr4 532 7829 52.51 1 2018/213

PEA2(FAPbBr3)2PbBr4-TOPO 532 9120 62.43 1.6 2018/213

PEA2Csn−1PbnBr3n+1-Crown 514 19 540 49.1 2.3 2019/214

PEA0.2Cs0.4MA0.6Pb0.7Mn0.3Br3 515 97 000 — — 2019/415

Cs-Doped quasi-2D PSK 528 41 440 11.63 86 This work
Cs/K co-doped quasi-2D PSK 520 45 600 22.5 50 This work
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Table 3 Summary of publish1ed operational lifetimes of perovskite LEDs

Emitters Device structure
Operation
condition

Operation
lifetime

Publication date (year/
month)

BA2(CsPbBr3)n−1PbBr4-PEO ITO/PEDOT:PSS/PSK/TPBi/LiF/Al At 3.4 V L50 ≈ 43 min 2018/1025

PEA2(FAPbBr3)2PbBr4-TOPO ITO/m-PEDOT:PSS/MHP/TOPO/TPBi/
LiF/Al

At 0.5 mA cm−2 L50 ≈ 120 min 2018/0213

PEA2Csn−1PbnBr3n+1-Crown ITO/poly-TPD/PFN/MHP/TPBi/LiF/Al At 2 mA cm−2 L50 ≈ 90 min 2019/0214

PEA0.2Cs0.4MA0.6Pb0.7Mn0.3Br3 ITO/PEDOT:PSS/PFI/PSK/TPBi/LiF/Al At 3 mA cm−2 L50 ≈ 23 min 2019/0415

Cs-Doped quasi-2D PSK ITO/PEDOT:PSS/PSK/TPBi/LiF/Al At 14.17 mA cm−2 L50 ≈ 36 min This work
Cs/K doped quasi-2D PSK ITO/PEDOT:PSS/PSK/TPBi/LiF/Al At 14.17 mA cm−2 L50 ≈ 15 min This work

Fig. 6 Passivation effect of K on the Cs doped quasi-2D PSK perovskite. (a) Photoluminescence intensity of Cs doped quasi-2D PSK and Cs/K
doped quasi-2D PSK. (b) Time-resolved photoluminescence (TRPL) of the Cs doped quasi-2D PSK and Cs/K doped quasi-2D PSK.

Fig. 7 Cross-section scanning transmission electron microscopy (STEM) image of an indium tin oxide (ITO)/PEDOT:PSS/perovskite/TPBi/LiF/Al
PeLED. Energy-dispersive spectrometry (EDS) measurement was also used in the region marked with the blue lines to illustrate the elemental distri-
bution of Pb, Cs, K, and Br.
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stable than that of the quasi-2D PeLEDs. The T50 of the Cs-
doped quasi-2D PeLEDs at 100 cd m−2 is estimated to be 18.63 h
using the formula Ln0T = constant, and an acceleration factor n =
1.5. For the Cs-doped quasi-2D and the Cs/K co-doped quasi-2D
devices, the luminance increases at the beginning for several
minutes, which could be due to trap filling,20 which improved
the electrical contacts. The Cs/K co-doped quasi-2D PeLEDs
show a shorter rise area and higher brightness, which indicates
that K+ successfully passivated the quasi-2D perovskite.
Furthermore, our devices have better stability than most pub-
lished green quasi-2D perovskite LEDs – see Table 3.

To study the passivation effect of K, steady PL and time-
resolved PL measurements were performed on the films of Cs-
doped quasi-2D PSK and Cs/K doped quasi-2D PSK – see
Fig. 6. We found that the Cs/K doped quasi-2D PSK films show
much higher PL intensity compared to the Cs-doped quasi-2D
PSK films (Fig. 6a), and the average fluorescence-lifetime of
the Cs/K doped quasi-2D PSK film also increased from 114.36
ns to 176.38 ns (Fig. 6b). This means that the non-radiative
recombination decreased effectively after doping with K+.

Furthermore, we used a scanning transmission electron
microscope to study the vertical morphology of the PeLED. In
Fig. 7, we can observe an ITO/PEDOT:PSS/PSK/TPBi/LiF/AL
structure with a distinct interface. In addition, we used an
energy-dispersive spectrometer (EDS) to better understand the
element distribution of the perovskite layer. Fig. 6 shows
that the distribution of Pb, Cs, K, and Br signals is uniform,
which means that the Cs and K were embedded successfully.

Conclusions

In summary, using composition/phase engineering, we found
that a quasi-two-dimensional perovskite of
PEA2(FA0.5Cs0.5)n−1PbnBr3n+1 with n = 6 shows good PL, and the
devices with n = 6 show excellent current withstand capabilities
and a 36 min lifetime at 14.17 mA cm−2. We also introduced K+

to passivate the PEA2(FA0.5Cs0.5)5Pb6Br19 perovskite to reduce
the non-radiative recombination on the perovskite surface and
at grain boundaries. Finally, PeLEDs based on
PEA2(FA0.5Cs0.5)5Pb6Br19 were found to have both a good CE of
22.5 cd A−1 and a high brightness of 45 600 cd m−2. This work
also suggests that other cations should be explored as mixed-
multi-cations for quasi-2D perovskite doping. In other words,
multi-cation mixtures are a novel and promising compositional
strategy for fabricating highly efficient quasi-2D perovskite LEDs.
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