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mobility, and low cost, make this emer-
gent technology very promising.[1–9] 
Recently, near-infrared and green PeLEDs 
with external quantum efficiency (EQE) 
over 20% were reported,[10–13] signifying 
that we are one step closer to the prac-
tical application of PeLEDs in lighting and 
displays.

Several metrics are generally used to 
assess the performance of PeLEDs. EQE 
and lifetime are of particular importance 
among them. Besides, brightness is an 
intuitive criterion for visible LEDs.[14–16] 
Most of the previous studies have not yet 
matched these three metrics simultane-
ously. For example, the green PeLED with 
the to-date record-high EQE of 20.3%, the 
record of PeLEDs so far, had a maximal 
luminance of 14  000  cd m−2 and 46 h 
lifetime (measured at continual mode of 

100  cd m−2);[11] while for the most stable green PeLED to date 
(lifetime 250 h measured at initial brightness of 100  cd m−2), 
the EQE and luminance were 10.5% and 16 436 cd m−2, respec-
tively.[17] Critical factors that affect the PeLEDs lifetime include 
the materials stability, the intrinsic defects in perovskites, and 
most importantly, ion migration within devices.[18–21] Stable 
perovskites with high luminescence are essential to achieve 
PeLEDs with both high stability and efficiency. Hybrid organic–
inorganic perovskites degrade quickly against the heat and 
environmental moisture. All-inorganic perovskites usually 
have higher stability, but their PLQY is generally unsatisfac-
tory because of the relatively low film quality.[22] The non- 
uniform morphology of perovskite films and the high density 
of defect states are detrimental to the electroluminescence (EL) 
emission. Intrinsic defects can mediate charge-carrier trap-
ping thus leading to nonradiative recombination loss, which 
is harmful to the device performance. For efficient PeLEDs 
with high stability, many efforts have been devoted to reduce 
the trap states in perovskite films. Introducing large organic 
ligands is a widely adopted approach, as it can passivate defects 
and achieve a relatively high film quality by stabilizing the 
perovskite surfaces or facilitating the formation of low-dimen-
sional perovskites.[13,23–27] Through optimal composition and 
phase engineering, Yang et al. achieved an EQE of 14.36% and 
an improved stability for green PeLEDs with quasi-2D perov-
skites.[27] Meanwhile, Xu et  al. demonstrated a highly efficient 
and stable PeLEDs through the rational design of passivation 
molecules.[13] The improved stability results from a combina-
tion of reduced Joule heating caused by the high efficiency and 
the suppression of ion migration due to reduced defect density. 
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1. Introduction

Perovskite light-emitting diodes (PeLEDs) have recently 
attracted tremendous attention. Various merits of lead halide 
perovskites, including the excellent photoluminescence 
quantum yield (PLQY), tunable band gap, high charge-carrier 
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Recently, Wang et  al. improved the stability of the perovskite 
layer and demonstrated a stable PeLED with half-lifetime of 
250 h at an initial luminance of 100  cd m−2.[17] Nevertheless, 
the insulating nature of the organic ligands is disadvantageous 
to the charge transport and thus the device brightness.[28–30] 
In order to reduce the limitation of nonradiative losses and 
material instability on the device performance, the addition of 
alkali-metal ions into perovskites seems like a feasible pathway 
to decorate the surfaces and grain boundaries with passivating 
trap states.

Moreover, electric-field-induced ion migration has been dem-
onstrated to significantly influence the operation lifetime of 
PeLEDs. There are two categories of ion migration in PeLEDs: 
ion exchange between the perovskite emission layer and charge-
transport interlayers and ion penetration through them, and the 
diffusion of metallic atoms from the electrodes into and even 
through the charge-transport layers. They result in defect for-
mation and materials degradation of both perovskite and inter-
layers, as well as electrode corrosion.[21,31,32] The deterioration 
of perovskite film during operation will lead to the rapid deg-
radation of the EL performance. Several approaches have been 
proposed to improve device stability, such as addition of organic 
amine molecules or polymers,[17,23,33] nanostructured silica 
layers,[34,35] and introduction of metal-oxide layers.[36] Unfor-
tunately, these methods have not yet demonstrated that they 
can realize relatively high brightness and efficiency of PeLED 
devices. Therefore, it is very important to improve the device 
architecture so that is can effectively suppress ion migrations 
and retain satisfactory device efficiency and brightness. Recently, 
an ultra-bright green PeLED (luminance 496  320  cd m−2) was 
realized employing inorganic perovskite CsPbBr3, inorganic Zn-
Si-O electron-transport layer (ETL), and hybrid (organic–inor-
ganic) hole-transport layer (HTL), with an EQE of 9.3%.[37]

In this work, we propose a simple and effective approach 
to highly stable green PeLEDs with an all-inorganic device 
architecture. Alkali-metal ions (Rb+ and K+) were added into 
the inorganic CsPbBr3 perovskite to passivate trap states and 
optimize the film quality. Importantly, to suppress electric-
field-induced ion migrations, a pair of ultrathin LiF layers were 
used to sandwich the perovskite emission layer, forming an 
“insulator–perovskite–insulator” (IPI) device structure,[38–40] 
and a combination of inorganic ZnS/ZnSe were used as cas-
cade ETLs. The impact of these strategies was demonstrated 
by depth profile analysis of X-ray photoelectron spectroscopy 
(D-XPS). The IPI strategy which we developed earlier can effec-
tively hinder ion migration between perovskite and charge-
transport layers, suppress interfacial exciton quenching, and 
induce charge injection via tunneling effect.[38] As an alterna-
tive to the traditional organic ETLs, the compact inorganic ETLs 
can successfully inhibit the diffusion of cathodic metal atoms 
toward the perovskite layer. Therewith ion migrations via both 
channels were minimized. Inorganic ETLs can largely mitigate 
the device degradation caused by the Joule-heating effect, which 
is detrimental to organic charge-transport materials due to their 
low glass-transition temperatures.[41,42] In addition, the cas-
cade ZnS/ZnSe ETLs can reduce energy barriers and increase 
charge-injection rates. With this all-inorganic LiF/(Cs/Rb/K)
PbBr3/LiF/ZnS/ZnSe architecture, we achieved all-inorganic 
green PeLEDs retaining a bright emission (156  155  cd m−2), 

a maximum current efficiency of 35.15 cd A−1, and a peak EQE 
of 11.05%. Most importantly, our devices exhibit an excellent 
shelf lifetime as 90% of the initial EQE was maintained after 
264 h, and operational lifetime of about 255 h (measured at 
the initial luminance of 120 cd m−2). We anticipate that the all-
inorganic strategy proposed here could be a common method 
for improving the device performance of PeLEDs.

2. Results and Discussion

Figure  1a illustrates a facile preparation procedure of all-
inorganic perovskite films by a chlorobenzene-assisted pre-
annealing process (CPA) treatment (see the Experimental 
Section for details). The scanning electron microscopy (SEM) 
images, X-ray diffraction (XRD) patterns, and PL spectra evo-
lution of CPA treated and untreated films are summarized in 
Figures S1–S4, Supporting Information. It can be seen that 
a proper CPA treatment time has a positive impact on the 
perovskite film formation. To further optimize the film quality, 
we introduced a small amount of alkali-metal cations into the 
perovskites. Compared to pure Cs films (Figure  1b), the bica-
tion (Cs1−xRbx)PbBr3 composition (denoted as Cs1−xRbx, with 
x = 0, 0.06, 0.11, 0.17, 0.22, and 0.28) films exhibit increased sur-
face coverage and reduced crystal grains, of which Cs0.83Rb0.17 
(Figure  1c) shows the strongest effects (Figure S5, Supporting 
Information). With further addition of K+ into the Cs0.83Rb0.17 
precursor solution, the trication ((Cs0.83Rb0.17)1−yKy)PbBr3 (abbre-
viated as (Cs0.83Rb0.17)1−yKy hereafter) films were fabricated. As 
reported elsewhere, this composition might contain a slight 
excess of halide that could compensate halide vacancies.[8] In 
our case, the trication approach results in uniform and pinhole-
free surface morphology with homogeneous crystal domains 
(Figure  1d and Figure S6, Supporting Information). Atomic 
force microscopy (AFM) characterization (Figure S7, Supporting 
Information) shows the significantly reduced surface rough-
ness of the trication perovskite films with smaller and denser 
grains. Agreeing with the film-quality trends, the Cs0.83Rb0.17 
and (Cs0.83Rb0.17)0.95K0.05 films exhibit the highest PL inten-
sity among the bication and trication perovskites, respectively 
(Figure S8, Supporting Information). As shown in Figure 1e, the 
PLQY increases to 67% for the (Cs0.83Rb0.17)0.95K0.05 film, with 
the intensity of excitonic absorption peak becoming obviously 
larger (Figure S9, Supporting Information).

The time-resolved PL spectra show that the (Cs0.83Rb0.17)0.95K0.05 
film has a 2.6-fold average lifetime than that of pure Cs film 
(Figure  1f and Table S1, Supporting Information), revealing 
significantly decreased defect density owing to the trication 
approach. The passivation effects on trap states can be estimated 
by pump-fluence-dependent PL measurements (Figure  1g). It 
can be seen that in the trication sample, the threshold point of 
emission intensity is reduced, corresponding to decreased defect 
density. The corresponding XRD patterns, energy dispersive 
spectroscopy, and X-ray photoelectron spectroscopy (XPS) data 
(Figures S10–S12, Supporting Information) further confirm the 
crystallinity, composition, and chemical states of these perov-
skite films. Moreover, the PL mappings have clarified the posi-
tive effect of additives incorporation on the emission intensity of 
perovskite films (Figure S13, Supporting Information).

Adv. Funct. Mater. 2020, 2001834



www.afm-journal.dewww.advancedsciencenews.com

2001834  (3 of 8) © 2020 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

Based on the organic-moiety-free perovskite films with 
optimized composition, we fabricated the novel all-inorganic 
IPI-structured PeLEDs which were composed of the device 
architecture (Figure 2a) ITO/LiF (3 nm)/perovskite (≈70 nm)/LiF  
(7 nm)/ZnS (30-d nm)/ZnSe (d nm)/Ag (100 nm). Apart from 
the solution processed perovskite emitting layer, all other layers 
were deposited in vacuum chamber. Notably, the first LiF layer 
was unavailable to be dissolved by perovskite precursor solu-
tions. The corresponding band alignment of all functional 
layers obtained from the ultraviolet photoelectron spectroscopy 
(UPS) spectra (Figure  2b,c and Figure S14, Supporting Infor-
mation) was given. The optimization of LiF interlayers and the 
mechanism of the IPI-structured PeLEDs can be found in our 
previous works.[38–40] The first LiF layer replaces the conven-
tional HTL to improve the hole injection into perovskite emit-
ting layer via tunneling effect. The second LiF layer bridges the  
perovskite emitting layer and ETLs, as well as prevents the 
luminescence quenching at the interface (Figure S15, Sup-
porting Information). The ZnS and ZnSe were used as ETLs 
and holes blocking layers.[45,46] The Hall measurement of evap-
orated ZnS and ZnSe films is shown in Table S2, Supporting 
Information. Besides, the combination of ZnS and ZnSe layer 

(overall thickness 30  nm) can act as cascade ETLs to reduce 
energy barriers for high efficient electron injections from the 
metal cathode to perovskite.

To further confirm the optimization of perovskite films, we 
characterized the device performance with varying the emis-
sion-layer composition and fixing the ZnSe thickness to 3 nm 
(i.e., d is 3). The current luminance–voltage–density (L–V–J), 
CE–voltage (CE–V), and the corresponding EQE–voltage 
(EQE–V) characteristics of PeLEDs based on Cs, Cs0.83Rb0.17, 
and (Cs0.83Rb0.17)0.95K0.05 perovskite films are summarized in 
Figure S16, Supporting Information. It is found from the J–V 
curves that the Cs-based device exhibits a higher injection cur-
rent at low voltage, which is not surprising in view of its poor 
surface coverage that induces current leakage. The maximum 
luminance (56 198 cd m−2) of the Cs0.83Rb0.17-based PeLEDs is 
much higher than that of the Cs-based ones (27  980  cd m−2). 
In addition, the maximum CE (17.31  cd A−1) and EQE (5.26%) 
of the Cs0.83Rb0.17-based PeLEDs are also higher than that of 
Cs-based ones (8.63  cd A−1 and 2.28%). For the PeLED based 
on trication (Cs0.83Rb0.17)0.95K0.05 film, the maximum luminance 
dramatically increases to 97  881  cd m−2, along with the max-
imum CE to 25.97 cd A−1 and EQE to 8.16%. We analyzed the 

Figure 1.  a) Schematic illustration of the formation process for the perovskite films. The perovskite precursor solution was one-step spin coated 
on the glass/LiF substrate, followed by the chlorobenzene-assisted pre-annealing process (CPA) treatment immediately, and then annealed at high 
temperature to form perovskite films. SEM images of b) Cs, c) Cs0.83Rb0.17, and d) (Cs0.83Rb0.17)0.95K0.05 perovskite films. e) Steady-state PL spectra 
and PLQYs of the Cs, Cs0.83Rb0.17 and (Cs0.83Rb0.17)0.95K0.05 films. f) Time-resolved PL spectra of these perovskite films. g) PL intensity of perovskite 
films as a function of pump intensity. The inflection point of the fitted curves indicates that the traps are filled, meanwhile the corresponding pump 
intensity is the pump fluence threshold (Pth) of traps. The Pth of the Cs (Cs0.83Rb0.17) film is 10.1 (6.7) µJ cm−2, corresponding to a trap state density 
of about 7.25 × 1017 (4.81 × 1017) cm−3. For the (Cs0.83Rb0.17)0.95K0.05 film, the trap state density decreases to 3.52 × 1017 cm−3 (4.9 µJ cm−2), which is 
consistent with the decreased nonradiative losses.
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current distribution on the surfaces of these perovskite films 
using conductive AFM measurement (Figure S17, Supporting 
Information). As discussed above, the introduction of alkali 
additives into CsPbBr3 led to uniform, pinhole-free, and dense 
perovskite film with higher PLQY. Low and uniformly distrib-
uted current density in (Cs0.83Rb0.17)0.95K0.05 film is expected 
due to the minimized leakage current that leads to increased 
capture rate of electron–hole carriers.

It can be foreseen that the conductivity of ZnSe in the cas-
cade ETLs could lower the charge-injection barrier and facili-
tate charge injection into the emitting layer, so as to enhance 
the device efficiency and brightness. In this regard, we further 

optimized the thickness combination of ZnS-ZnSe ETLs in 
(Cs0.83Rb0.17)0.95K0.05-based PeLEDs (Figure S18 and Table S3, 
Supporting Information). It can be found that the control device 
(d = 0, i.e., ZnS only) is associated with the lowest EL efficiency 
and luminance, which results from large electron-injection 
barrier between ZnS and Ag electrode. With increasing thick-
ness of the ZnSe, the light turn-on voltage (Von, defined for the 
luminance of 1  cd m−2) significantly decreases. To investigate 
the effect of cascade ZnS-ZnSe ETLs on the charge-injection  
efficiency, the electron-only devices have been fabricated 
(Figure  2d). As the thickness of ZnSe increases, devices with 
cascade ZnS-ZnSe ETLs show increasing current density as 

Figure 2.  EL performance of the devices. a) Device structure and cross-sectional SEM image of all-inorganic PeLED. UPS spectra of b) ZnS and  
c) ZnSe layer. The WF of ZnS and ZnSe are −1.25 eV and −4.56 eV, respectively. The VBM can be estimated by −1.25 eV − 5.55 eV = −6.8 eV for ZnS and 
−4.56 eV − 1.8 eV = −6.36 eV for ZnSe, respectively. The CBM for ZnS and ZnSe layer are −3.2 and −3.46 eV, while their band gap values are extracted 
from the literature.[43,44] d) The current density–voltage characteristic of electron-only devices. The device architecture is ITO/zinc oxide (40  nm)/
perovskite (around 70 nm)/ZnS-ZnSe ETLs (30 nm)/Ag (100 nm). e) Luminance–voltage (L–V) and current density–voltage (J–V), current efficiency-
voltage (CE–V), and EQE–voltage (EQE–V) curves of (Cs0.83Rb0.17)0.95K0.05-based PeLED with ZnS (23 nm)/ZnSe (7 nm) ETLs. f) Histograms of EQE 
for (Cs0.83Rb0.17)0.95K0.05-based PeLEDs with ZnS (23 nm)/ZnSe (7 nm) ETLs and obtained from over 40 individual devices.
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expected.[47,48] By carefully optimizing the thickness of the ZnSe 
layer, the ZnS (23  nm)/ZnSe (7  nm) PeLED achieved the best 
performance with peak CE and EQE of 35.15 cd A−1 and 11.05% 
at ≈545 mA cm−2 (around 143 700 cd m−2). The maximum lumi-
nance of device is 156 155 cd m−2, much higher than that of other 
combinations. Furthermore, these (Cs0.83Rb0.17)0.95K0.05-based 
PeLEDs with ZnS (23 nm)/ZnSe (7 nm) ETLs also demonstrated 
good reproducibility (Figure 2f).

We highlight that our IPI-structured PeLEDs exhibit 
excellent stability. As shown in Figure  3a, the EL spectra of 
(Cs0.83Rb0.17)0.95K0.05-based device exhibits no obvious peak drift 
as the voltage bias increases from 4.5 to 7  V. Meanwhile, the 
shelf stability of unencapsulated (Cs0.83Rb0.17)0.95K0.05-based 
PeLED stored in N2 glovebox (i.e., the device efficiency was 
measured at intervals of 24 h) is shown in Figure S19, Sup-
porting Information. After 264 h, 90% of the initial EQE value 
was maintained. The high shelf stability of (Cs0.83Rb0.17)0.95K0.05-
based PeLEDs can be attributed to the dense, smooth, and 
pinhole-free perovskite films. High shelf stability is the base 
of long-term stability of PeLEDs, which is critical for lighting 
and displaying applications. Here we take the concept of half-
lifetime (T50) to evaluate the device operational stability, which 
is defined as the time required for the luminance of device 
to decease to 50% of its initial luminance (L0). The measured 
T50 of the (Cs0.83Rb0.17)0.95K0.05-based PeLED is about 255  h 

(Figure  3b), much longer than that of Cs-based (95 h) and 
Cs0.83Rb0.17-based (139 h) ones (Figure S20, Supporting Infor-
mation). Compared with some representative green PeLEDs 
listed in Table  1 and Figure  3c,[11,14,15,17,27,37,49–54] we can claim 
that our all-inorganic strategy has realized the improved oper-
ational stability with retaining high brightness and reason-
ably high efficiency. For practical application of all-inorganic 
PeLEDs in the high brightness region, we also checked the 
operational stability of (Cs0.83Rb0.17)0.95K0.05-based PeLED at 
around 1000 cd m−2 (Figure S21, Supporting Information).

Such superior performance (particular operational stability) 
of our PeLEDs is attributed to both materials and device archi-
tecture. In regard to materials, all-inorganic perovskites have 
higher thermal stability than the hybrid (methylammonium- 
and formamidinium-based) analogues.[55,56] The alkali-metal 
additives can effectively passivate defects without inducing 
loss in charge-carrier mobility,[57] thus leading to remark-
able improvement of device brightness. PL measurements of 
perovskite films before and after operation (Figure S22, Sup-
porting Information) indicate that the introduction of Rb+ and 
K+ ions also improved the thermal stability of perovskite film. 
Moreover, the device architecture without using traditional 
organic charge-transport layers, such as poly(3,4-ethylenediox-
ythiophene) polystyrene sulfonate (PEDOT:PSS) as HTL and 
2,2′,2″-(1,3,5-benzenetriyl)-tris(1-phenyl-1-H-benzimidazole 

Figure 3.  a) EL spectra of the PeLED at various biases (the emission image is shown in the inset). b) Operational lifetime (T50) of the (Cs0.83Rb0.17)0.95K0.05-
based device with L0 of 120 cd m−2. c) The EL performance of our and previous reported devices.[11,15,17]

Table 1.  Performance summary of the representative PeLEDs.

Emitter EL peak [nm] Von [V] Lmax [cd m−2] EQEmax [%] CEmax [cd A−1] Lifetime Reference

(Cs0.83Rb0.17)0.95K0.05PbBr3 519 2.4 156 155 11.05 35.15 255 h (L0: 120 cd m−2) Our work

CsPbBr3/MABr 525 2.7 14 000 20.3 78 46 h (L: 100 cd m−2)* [11]

Cs0.87MA0.13PbBr3 520 2.9 91 000 10.43 33.9 40 s (L0: 610 cd m−2) [14]

CsPbBr3 522 2.43 179 000 7.39 28.00 6 h (L0: 100 cd m−2) [15]

Trifluoroacetate-CsPbBr3 518 2.8 16 436 10.5 32.0 250 h (L0: 100 cd m−2) [17]

PEA2(FAPbBr3)n−1PbBr4 532 – 9120 14.36 62.4 65 min (L0: 270 cd m−2) [27]

CsPbBr3 523 2.5 496 320 9.3 37 60 min (L0: 5500 cd m−2) [37]

(OA)2(FA)n−1PbnBr3n+1 528 2.2 56 143 13.4 57.6 800 s (L0: 105 cd m−2) [49]

MAPbBr3 – 3.1 22 830 12.9 – 6 min (L0: 100 cd m−2) [50]

CsPbBr3 524 2.8 7267 0.15 0.57 >15 h (L> 100 cd m−2)* [51]

CsPbBr3 527 – 10 700 0.93 2.90 1.3 h (L0: 470 cd m−2) [52]

MAPbBr3 – 2.8 55 400 12.1 55.2 135 min# [53]

CsPbBr3 522 – 13 752 1.37 5.39 <1.25 h (L0: 100 cd m−2) [54]

Von, turn-on voltage; Lmax, EQEmax, and CEmax, the maximal luminance, EQE, and current efficiency. 
Labels for the lifetime data—unlabeled, T50 measured at initial luminance L0; *, lifetime measured in continual model at L; #. T50 with L0 unindicated.
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(TPBi) as ETL, avoids the concerns of the instability of these 
materials against heat and high current density. With respect 
to device structure, efficiencies of both charge-carrier transport 
and injection were improved upon the use of the IPI structure 
and the optimized cascade ZnS-ZnSe ETLs.

Especially, the IPI structure and cascade ZnS-ZnSe ETLs 
in our all-inorganic strategy significantly suppressed the ion 
migration, which is regarded as the decisive factor for opera-
tional instability of PeLEDs. We carried out D-XPS measure-
ments to explore the electric-field-induced ion migration in 
devices. The relative percentage change of in-depth distribution 
of the elements as a function of the etching time for unoper-
ated and 50 min operated devices (the L0 is around 1000 cd m−2)  
was investigated by two typical device architectures: the  
IPI-structured, ZnS-ZnSe-containing device, and the con-
ventional device as a control one (ITO/PEDOT:PSS (40  nm)/
(Cs0.83Rb0.17)0.95K0.05 perovskites (≈70  nm)/TPBi (30  nm)/LiF 
(1  nm)/Al (100  nm)). The D-XPS images of corresponding 
devices are shown in Figure 4a–f with the XPS measurements 
given in Figure S23, Supporting Information). Each layer of 
PeLEDs has its representative element: Al or Ag for the metal 
electrodes; Li for LiF layer; C for both PEDOT:PSS and TPBi; 
Zn for ZnS-ZnSe; Cs, Pb, Br, Rb, and K for the perovskite; 
and In for ITO. Very different results were observed with 

these two devices. For the all-inorganic PeLED, there is neg-
ligible difference between the D-XPS profiles of unoperated 
and operated devices. All investigated elements remained still 
confined in their corresponding layers after 50  min operation 
time. This indicates that ion migration processes at interfaces 
were substantially inhibited due to the huge barriers induced 
by the compact inorganic interlayer and insulating layers on 
both sides. There was even no ion accumulation observed at the 
interface. In contrast, for the control device, significant Al dif-
fusion through the TPBi layer into the perovskite was clearly 
seen, so was the Cs and Br diffusion in the opposite direction. 
Besides, Figure S23, Supporting Information shows a peak at 
around 74.50  eV for Al 2p, indication the formation of Al2O3 
during operation. Overall, D-XPS results reveal that the all-
inorganic IPI device architecture successfully suppressed the 
ion migration, which was more stable than the control device 
with traditional device with organic components. These results 
are consistent with the magnified operation images of PeLED 
during operation under constant applied current (the L0 is 
around 1000  cd m−2) (Figure  4g,h). It can be seen that the 
large emission areas in control device gradually darkened with 
increasing operation time. The generation of these black spots 
is most likely caused by the severe ion migrations. The negli-
gible luminance degradation of all-inorganic device would be 

Figure 4.  Operational stability characteristics of the PeLEDs. The initial luminance of device was 1000 cd m−2. The depth profile analysis of X-ray 
photo-electron spectroscopy (D-XPS) for a) unoperated and b) 50 min operated IPI device, respectively. The D-XPS measurement of c) unoperated 
and d) 50 min operated control device, respectively. e) Element distribution of Ag, Cs, and Br for unoperated and 50 min operated IPI device. f) Ele-
ment distribution of Al, Cs, and Br for unoperated and 50 min operated control device. The real-time luminance degradation images of g) IPI and  
h) control device. Scale bar is 20 µm.
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a direct evidence of IPI architecture on the operational stability. 
These findings could provide an effective guidance for better 
understanding and improvement of device stability.

In general, pure halide perovskites can prevent halide 
phase segregation caused by ion migration within the perov-
skite layer, and also efficiently avoid halide ions piled up at 
the interfaces which results in larger injection barriers.[58] 
For the conventional organic light-emitting diodes, the influ-
ence of metal diffusion from electrodes into the light-emitting 
layer on the device reliability has already been discussed.[59–61] 
Huang et  al. revealed Al penetration into the emission layer 
and pointed out its strong correlation with the luminescence 
quenching.[59] It was reported that metal diffusion from the 
anode can be inhibited through the insertion of insulating 
layers.[61] We believe that these concepts can be adopted for 
PeLEDs. That is, the inhibition of metal migration and ion 
migration of perovskite is crucial for the device operational 
stability, and the inorganic layer acts as a protection barrier to 
effectively suppress the interfacial ions migration processes. 
Therewith the stability of perovskite film and other functional 
layers is guaranteed.

3. Conclusion

In summary, we demonstrate the high-performance PeLEDs 
through the rational design of all-inorganic strategy that can 
synergistically integrate inorganic device architecture and 
high-quality inorganic perovskite films. The organic-moieties-
free design of perovskite greatly enhanced the radiative effi-
ciency and film stability through defect passivation and 
composition modulation. What is the most distinguished is a 
practical design of IPI device structure coupled with a cascade 
ZnS-ZnSe ETLs. This novel structure not only significantly 
avoids the device degradation caused by either ion migration 
or heat, but also allows high charge-injection efficiency into 
perovskites. This strategy could open an avenue for the PeLED 
community, and provides valuable insights into the device 
stability.
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