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Perovskite light-emitting diodes (PeLEDs) have experienced rapid improvements in the device efficiency during the last 

several years. However, the operational instability of PeLEDs remains a key barrier hindering their practical applications. A 

fundamental understanding of the degradation mechanism is still lacking but will be important to seek ways to mitigate 

these unwanted processes. In this work, through comprehensive characterizations on the perovskite emitters and the 

interfacial contacts, we figure out that the Joule heating induced interface degradation is one of the dominant factors 

affecting the operational stability of PeLEDs. We investigate the interfacial contacts of PeLEDs based on a commonly used 

device structure with organic electron transport layer of 1, 3, 5-tris (N-phenylbenzimiazole-2-yl) benzene (TPBi), and observe 

obvious photoluminescence quenching of the perovskite layer after device operation. Detailed characterizations on the 

interlayers and the interfacial contacts reveal that the photoluminescence quenching is mainly ascribed to the element inter-

diffusion at the interface induced by the morphological evolution of TPBi layers under Joule heating during operation of 

PeLEDs. Our work provides direct insight into degradation pathways and highlights the importance of exploring intrinsically 

stable interlayers as well as interfacial contacts beyond the state-of-the-art to further boost the operational stability of 

PeLEDs.

Introduction

Metal halide perovskite light-emitting diodes (PeLEDs) are rising 
as one of the most promising technologies for lighting and 
display applications, owing to their low material and processing 
costs, high efficiencies, and superior color purity1-6. Recently, 
with great efforts on engineering the device structures and 
perovskite films, peak external quantum efficiencies (EQEs) of 
PeLEDs with green, red, and near-infrared emission have been 
rapidly improved to over 20%7-10, which are comparable with 
the mature light-emitting technologies based on organic 
semiconductors and inorganic colloidal quantum dots11, 12. 
Despite the remarkable improvements in the device 
efficiencies, the operational stability of the state-of-the-art 
PeLEDs is still far behind the requirement for further 
commercialization8, 9, 13, 14. In addition, as a young technology, 
degradation behaviors and the related degradation 
mechanisms of PeLEDs are still open, calling further 

investigations on both the perovskite emissive layers and the 
interfacial contacts.

For PeLEDs with commonly used multilayer device structures, 
the operational stability is highly relevant to luminescent 
stability of perovskite emissive layers, intrinsic material stability 
of charge transport layers (CTLs) as well as interfacial contacts 
between perovskite films and CTLs15-18. According to well-
studied perovskite photovoltaics19-21, ion migration in 
perovskite active layers, which causes the generation of trap 
states, the charge accumulation at the interfaces and corrosion 
of the metal electrodes during device operation, is also believed 
to be one of the intrinsic threats to the long-term operational 
stability of PeLEDs22, 23. Considering that the ion migration is a 
thermal-activated process, the ion movement in PeLEDs is 
expected to be even severer under high current density (or high 
driving voltage) and long-term operation, which associates with 
a significantly enhanced Joule heating in the devices. Previous 
reports have proposed several useful strategies on enhancing 
the operational stability of PeLEDs through optimizing the 
perovskite emissive layers. For example, via engineering the 
stoichiometric ratio of perovskite precursors and incorporating 
passivation agents, i.e. 5-aminovalleric acid, lithium bromide, to 

reduce the defects and mitigate the ion migration pathways, 
PeLEDs with enhanced operational lifetimes could be achieved8, 

18, 24-26. Improved operational lifetime of PeLEDs through 
reducing the Joule heating were also demonstrated, yet a deep 
understanding on how the Joule heating influences the stability 
of PeLEDs is still lacking27-30. In addition to improving the 
stability of emitting layer of perovskites, highly stable interfacial 
contacts are equally critical to the operational stability. As most 
of the commonly used organic CTLs in PeLEDs are 
thermodynamically unstable31, 32, the generated Joule heating 
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significantly drops to a low level, indicating a distinct interface 
between perovskite and TPBi layer (Fig. 3a). However, for both 
devices scanned from 0 to 6 V and after long-term operation, 
ToF-SIMS depth profile suggests a mixed interface between 
perovskite and TPBi layer. The Pb+ signal emerged when the C2

+ 
signal remains at a high level (Fig. 3b and c). In this multilayer 
device without compact buffer layer on the TPBi layer, the 
mixed interface between perovskite and TPBi is likely to cause 
direct contact or serious element inter-diffusion between the Al 
electrode and perovskite films. This is also consistent with the 
ToF-SIMS results, showing the accumulation of Al ions at the 
perovskite interface and possibly within the perovskite active 
layer.

To understand the origin of the observed interface 
degradation in the PeLEDs with the p-i-n device structure, we 
characterize thermal stability of the TPBi layer. In Fig. 3d and e, 
we show the atomic force microscopy (AFM) height images of 
TPBi layers deposited on perovskite films before and after 
thermal annealing at different temperature for 5 min. The TPBi 
without annealing show a root mean square (RMS) of 2.2 nm. 
We observe decreased surface roughness of the TPBi films after 
thermal annealing, exhibiting a reduced RMS of 0.6 nm after 
thermal annealing at 100 oC. We note that the morphology 
change is possibly due to the intrinsic thermal instability of TPBi 

rather than the change to the perovskite film under heating, 
evidenced by the observed same trend in the roughness of TPBi 
on top of bare PVK (Fig. S5). The visible morphology change can 
be attributed to a low glass transition temperature of TPBi of 
approximately 120 °C, as revealed by the differential thermal 
analysis results in Fig. S6. Considering the obvious Joule heating 
during the device operation, we anticipate that the perovskite 
compositions and/or metal elements in the Al electrode may 
easily diffuse through the TPBi layer, which is facilitated by the 
morphological variation, resulting in significant PL quenching of 
the perovskite emissive layers.

Having revealed the detrimental effects of Joule heating 
induced interface degradation on the stability of PeLEDs, we 

attempt to explore possible strategies to mitigate the interfacial 
PL quenching through tailoring the device structures and/or 
reducing the Joule heating in the devices. We first try to 
suppress the element inter-diffusion through inserting a 
chemical inert aluminum oxide (Al2O3) thin layer deposited from 
atomic layer deposition (ALD) technique at the TPBi interfaces. 
Although we found suppressed PL quenching of perovskite 
layers under high temperature, the additionally incorporated 
insulating Al2O3 layer may deteriorates the electron injection 
efficiency in the devices, resulting in lower device performance 
of the obtained PeLEDs (Fig. S7). Alternatively, we attempt to 
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Fig. 3 Joule heating effects on the perovskite and TPBi surface. ToF-SIMS depth profile show the vertical element distribution of 
LEDs, (a) fresh, (b) scanned from 0 to 6 V, (c) after operational long-term stability test with luminescence decay to 30% of initial 
value. (d) AFM height topography image of TPBi films on the perovskite films under different annealing temperature of 30 oC 
(fresh), 60 °C, 80 °C and 100 °C. (e) Corresponding cross-section of profile in AFM height images.
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in chlorobenzene) was spin-coated on ITO glass at 4000 rpm, 
followed by thermal heating at 150 °C for 30 min. Then the 
perovskite precursor solution was spin-coated at 500 rpm for 5 
s, and 3000 rpm for 55 s. The deposited perovskite films were 
annealed at 100 °C for 1 min. To complete the device 
fabrication, the devices were transferred into a thermal vacuum 
evaporator (base pressure below 2×10-6 mbar) to sequentially 
deposit approximately 20 nm TPBi (Hanfeng Chemical Co.) or 35 
nm B3PYMPM, 1.5 nm LiF (Alfa), and 100 nm Al. The deposition 
rate for TPBi, B3PYMPM, LiF, and Al are approximately 0.4, 0.5, 
0.2, and 2.0 Å s-1, respectively. In the case of PeLEDs with ALD 
deposited Al2O3, after deposition of TPBi, the PeLEDs were 
moved into a chamber, where water molecule and 
trimethylaluminum (TMA) were utilized to form Al2O3. The 
thickness of each ALD cycle is approximately 0.102 nm. Finally, 
the fabricated devices were sealed by ultraviolet-curable resin 
before testing. 

Characterizations: The surface temperature of PeLEDs was 
recorded with a near-infrared camera. A fluorescence 
spectrophotometer (HORIB-FM-2015) was used to acquire PL 
decay lifetimes of perovskite film. PL spectra were carried out 
by fluorescence spectrophotometer (HORIBA FL3). The digital 
photographs of perovskite films were taken by a smartphone. 
The GIXRD was measured by Shanghai Synchrotron Radiation 
Facility (SSRF) SSRF (Beamline 14). Due to the Al electrode on 
top of the perovskite films, we stripped the Al electrode away 
before the GIXRD measurement. AFM of TPBi films were 
acquired by in tapping mode with an Asylum Research Cypher S 
AFM microscope. The J-V-L characteristics, EL spectra, and 
operated lifetime of LEDs were obtained by a Keithley 2400 
sourcemeter coupled with a PhotoResearch spectrometer 
PR670. Compositional depth profiling of perovskite films was 
carried out using a ToF-SIMS 5 system from IONTOF.
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