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Abstract: Metal-halide perovskite light-emitting diodes
(PeLEDs) are considered asnew-generationhighly efficient
luminescent materials for application in displays and
solid-state lighting. Since the first successful demonstra-
tion of PeLEDs in 2014, the research on the development
of efficient PeLEDs has progressed significantly. Although
the device efficiency has significantly improved over a
short period of time, their overall performance has not
yet reached the levels of mature technologies for practical
applications. Various degradation processes are the major
impediment to improving the performance and stability
of PeLED devices. In this review, we discuss various
analysis techniques that are necessary to gain insights
into the effects of various degradation mechanisms on
the performance and stability of PeLEDs. Based on the
causes and effects of external and internal factors, the
degradation processes and associated mechanisms are
examined in termsof critical physical andchemical param-
eters. Further, according to the progress of the current
research, the challenges faced in studying degradation
mechanisms are also elucidated. Given the universality
of the degradation behavior, an in-depth understanding
of the device degradation may promote the development
of optimization strategies and further improve the perfor-
mance and stability of PeLEDs.
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1 Introduction
Perovskites were first discovered by Gustav Pose in 1839 as
the mineral called perovskite, which consists of calcium
titanium oxide (CaTiO3), and was named after the Russian
mineralogist L. A. Perovski. Materials with a similar type
of crystal structure represented by the general chemical
formula ABX3 can be described as perovskites. The use
of metal halide perovskites (MHPs) in thin-film light-
emitting diodes (LEDs) can be traced back to Mitzi and
coworkers, who implemented this strategy in the 1990s
[1], whereas room-temperature electroluminescence (EL)
from perovskite LEDs (PeLEDs) was not demonstrated
only recently in 2014 by Tan et al. [2]. To date, green
and red PeLEDs have been rapidly developed with an
external quantum efficiency (EQE) exceeding 20% [3–9].
Although the performance of blue PeLEDs is not yet
comparable to their counterparts, the development of
these devices has progressed at an excellent rate. The
state-of-the-art development of performance and stability
of PeLED devices over several years are summarized
(for a more complete list, see Figure 1 and Table 1).
Despite the promising commercialization in the form of
lightings and displays, the applications of PeLEDs are
still impeded by several issues related to their stability
[10–18].

Todate, the reportedmajoreffectsofdifferentdegrada-
tion processes on the performance and stability of PeLEDs
are as follows [5, 19–24]: (1) breakdown behavior of the
device, (2) ion-induced device degradation, (3) degrada-
tion of optoelectronic characteristics, and (4) electrochem-
ical reaction-induced decomposition. These effects can be
attributed to different degradation mechanisms that arise
from either extrinsic factors (process parameters, impuri-
ties, encapsulation, fabrication environment conditions)
or intrinsic factors (the electrical or chemical reactions,
charge carrier transport processes, self-heating behavior,
or interfacialeffects).Themostcommonexternalcauses for
PeLEDdegradationare arguably environmental conditions
and process parameters. Further, a large number of fab-
rication process-related degradation/failure mechanisms
are well understood, and some of them can be avoided
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Figure 1: Overview of recent progress on the external quantum
efficiency and lifetime of PeLED devices. The data are collected from
previous studies and are tabulated in Table 1 [2–9, 19, 20, 29,
34–41, 54–58, 66–69, 71, 73–76, 79–81, 99, 130, 131, 157, 158,
167, 193].

completely. The degradation processes that occur inside
the PeLED structure due to different factors are more
interesting. Under an electrical bias, the degradation of
a perovskite layer and the generation of nonemissive areas
reduce the device performance [25–27]; electrochemical
processes at the interface damage the functional layer
[18, 28, 29]; ionic activities in the perovskite may pro-
duce additional defects that degrade the performance
of the PeLEDs [30, 31]; and invasion of impurities and
migration of metal ions to the perovskite layer lead to
irreversible degradation [32, 33]. In many cases, the effects
of various degradation mechanisms may overlap and
together determine the device degradation. Therefore,
a detailed understanding of a single degradation phe-
nomenon remains challenging. For this reason, various
authors have proposed that degradation mechanisms
should be investigated from various perspectives by using
different analysis techniques, such as optoelectronic tech-
niques, structure analyzing techniques, and electrochem-
ical analysis techniques. In recent studies, the effect of
degradationmechanisms on the performance and stability
of PeLEDs has been reviewed along with improvement
strategiesbasedon the fabricationprocedureandstructure
optimization [34–41]. However, a lack of comprehensive
understanding of the physical and chemical changes that
occur inside the device structures as well as negligible
informationon theunderlyingmechanismsof degradation
are the major drawbacks impeding further development
of these devices. Thus, a systematic and comprehensive
understanding of the degradation principle, process, and
mechanism for device performance is still necessary.

In this review, we focus on the degradation processes
that occur during the device operation and their associ-
ated mechanisms. The common analysis techniques are
discussed, which are required to understand the device
degradation caused by the changes in the physical and
chemical properties of the PeLEDs. The presently available
information about device degradation caused by external
and internal factors is also provided. Understanding the
degradation processes under diverse conditions will aid
in exploring more feasible methods to suppress them and
support the subsequent development of PeLEDs in terms
of performance and stability.

2 Analytical techniques for
perovskite LEDs

Analytical techniques are essential for evaluating the
degradation/failure pathways within PeLEDs. A broad
overview of the useful analytical techniques for evaluating
the physical and chemical characteristics of PeLEDs is
presented in this section. In many cases, the effects of
various degradation mechanisms are superimposed and
contribute together, and based on the individual strengths
and limitations of each analytical technique, it is difficult
to separately analyze the degradation mechanisms in dif-
ferent parts of the PeLED structure by standard accelerated
lifetime tests. Thus far, various analytical techniques have
been used to investigate the degradation processes and
associated mechanisms of the different components of a
PeLED structure.

2.1 Optoelectronic techniques and methods
The regular luminous–current–voltage (L–I–V) measure-
ment is the basic characterization method for all organic
and inorganic LED devices and is used to quantify the
luminous efficiency, current efficiency, or EQE. The result
of I–Vmeasurements can be also fitted by the diodemodel
to evaluate the series and parallel resistances as well as
the reverse saturation current and ideality factor. This
steady-state characterization carries substantial informa-
tion about carrier injection, transport, and recombination
processes that occur in the device structure and can
be used to explain the degradation of optoelectronic
characteristics due to device aging effectively [25, 31]. Elec-
troabsorption spectroscopyprovides the basic information
about the built-in electrical field as well as mobile or
fixed charge densities in the operating devices, and the
built-in electrical field can be determined in specific layers
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Table 1: Summary of the performance and stability of PeLEDs.

Device structure Wavelength EQEmax Stability Year Ref.
(nm) (%)

ITO/TiO2/Al2O3/CH3NH3PbI3–xClx/F8/MoO3/Ag 630 0.76L 2014 [2]
ITO/TiO2/Al2O3/CH3NH3PbBr3/F8/MoO3/Ag 517 0.1L 2014 [2]
ITO/PEDOT:PSS/PVK/CsPbX3 (X= Br, Cl)/TPBi/LiF/Al 455 0.07L 2015 [33]
ITO/ZnO/CH3NH3PbI3–xClx/TFB/MoOx/Au 768 15.7 2015 [34]
SOCP/MAPbBr3/TPBi/LiF/Al 540 8.53L 2015 [147]
ITO/c-TiO2/EA/CH3NH3PbBr3/spiro-OMeTAD/Au 530 0.051L 55 h at 120 cd/cm2 2015 [67]
ITO/PEDOT:PSS/CsPbBr3/B3PYMPM/CsCO3/Al 524 0.15L 15 h at 66.7 mA/cm-2 2016 [41]
ITO/PEDOT:PSS/CsPbBr3/TPBi/LiF/Al 521 4.26L 2016 [35]
Au/ZnO/PEIE/NFPI7/TFB/MoO3/Au 763 11.7 2 h at 10 mA/cm-2 2016 [50]
ITO/PEDOT:PSS/PVK/CsPbX3 (X= Br, Cl)/TPBi/LiF/Al 490 1.9 2016 [54]
ITO/ZnO/Cs10(MA0.17FA0.83)(100-x)PbCl1.5Br1.5/α-NPD/MoO3/Au 475 1.7L 2017 [19]
Au/ZnO/PEIE/NCPbI7/TFB/MoO3/Au 689 3.7 5 h at 10 mA/cm-2 2017 [74]
ITO/ZnO/PVP/Cs0.87MA0.13PbBr3/CBP/MoO3/Al 520 10.4L 2017 [51]
ITO/PEDOT:PSS/CsPbBr3/TPBi/LiF/Al 525 4.76L 80 h at 1000 cd/cm2 2017 [158]
ITO/m-PEDOT:PSS/CsPbBr3/Bphen/LiF/Ag 524 0.9L 24 h at 100 cd/cm2 2018 [99]
ITO/PEDOT:PSS/CsPbBr3/MABr/B3PYMPM/LiF/Al 525 20.3L 104.56 h at 100 cd/cm2 2018 [3]
ITO/MZO/PEIE/PPBH/TFB-PFO/MoOx/Au 800 20.1L 46 h at 0.1 mA/cm-2 2018 [4]
ITO/AZO/AZO:Cs/Csx (MA0.17FA0.83)(100-x)Pb(BrxI1-x )3/
CuSGaSnO/WO3/Ag

475 2.58L 16 h at 1000 cd/cm2 2018 [167]

ITO/PEDOT:PSS/PEA2(MA/Cs)1.5Pb2.5Br8.5/TPBI/LiF/Al 490 1.5 0.17 h at 10 cd/cm2 2018 [40]
ITO/PEDOT:PSS/poly-TPD/CsPbBr3/TPBi/Liq/Al 645 14.1L 3 h at 100 cd/cm2 2018 [75]
ITO/ZnO:PEIE/FAPbI3/TFB/MoO3/Au 800 21.6 20 h at 25 mA/cm2 2019 [5]
ITO/ZnO/PEDOT:PSS/CsPbBr3/TPBi/LiF/Al 514 28.2 2019 [36]
ITO/PEDOT:PSS/PEACl:CsPbBr3/TPBi/LiF/Al 477 11L 2 h at 100 cd/cm2 2019 [102]
ITO/PEDOT PSS/PA2CsPb2I7/TPBi/LiF/Al 658 1.84 11 h at 3.72 W/sr m-2 2019 [81]
ITO/NiOx/TFB/PVK/CsPbBr3/TPBi/LiF/Al 483 9.5 0.07 hcat 100 cd/cm2 2019 [79]
ITO/PEDOT:PSS/FA0.11MA0.10Cs0.79PbBr3/TPBI/LiF/Al 518 17L 250 h at 100 cd/cm2 2019 [157]
ITO/PEDOT:PSS/PTAA/CsPbBr3/TPBi/PO-T2T/LiF/Al 520 21.6 180.1 h at 100 cd/cm2 2021 [6]
ITO/PEDOT:PSS:PFI/PEA2Cs1.6MA0.4Pb3Br10/TPBI/LiF/Al 479 5.2 1.5 h at 100 cd/cm2 2020 [66]
ITO/NiOx/PTAA/PVK/PEABr:CsPb(BrxCl1-x )3/TPBi/LiF/Al 488 11.7L 0.28 h at 100 cd/cm2 2020 [53]
Au/ZnO/PEIE/NMAFAPbI7/TFB/MoO3/Au 800 20.2 2020 [37]
ITO/poly-TPD/CsPbI3/TPBi/LiF/Al 689 14.8L 20 h at 100 cd/cm2 2020 [131]
ITO/m-PEDOT:PSS/(BTm)2SnI4/TPBi/LiF/Al 627 3.33 66 h at 95 cd/cm2 2021 [80]
ITO/PEDOT:PSS/poly-TPD/β-CsPbI3/TPBi/LiF/Al 689 17.8 317 h at 30 mA/cm-2 2021 [18]
ITO/poly-TPD/LiF/PEA2Csn−1PbnBr3n+1/TPBi/CsF/Al 514 28.1 4.04 h at 100 cd/cm2 2021 [7]
ITO/PEDOT:PSS/p-F-
PEABr&PEABr:CsPb(BrxCl1−x )3/TPBi/LiF/Al

486 12.8 0.27 h at 150 cd/cm2 2021 [28]

ITO/PEDOT:PSS/PTAA/CsPbBr3/TPBi/PO-T2T/LiF/Al 520 21.6 180.1 h at 100 cd/cm2 2021 [6]
ITO/PVK:F4-TCNQ/PEA0.5CsPbBr3.5/TPBi/LiF/Al 518 16.8L 208 h at 100 cd/cm2 2021 [68]
ITO/PEDOT:PSS/CsPbBr3/TPBi/LiF/Al 470 4.7L 12 h at 102 cd/cm2 2021 [39]
ITO/NiMgLiOx/CsPbBr3/PMMA/B3PYMPM/LiF/Al 527 22.3 59.5 h at 130 cd/cm2 2022 [71]
ITO/PVK/PTAA/(PEA)2FA4Pb5Br16/TPBi/LiF/Al 530 25.1 2022 [8]
ITO/PEDOT:PSS/poly-TPD/KI/CsPbI3/TPBi/LiF/Al 687 21.8 1.15 h at 100 cd/cm2 2022 [9]
ITO/ZnO/Cs0.2FA2.8PbI3/TFB/MoOx/Au 787 18.2 151 h at 20 mA/cm-2 2022 [76]
ITO/PEDOT:PSS/CsPbBr3/TPBi/Yb/Ag 486 7L 2022 [52]
ITO/PEDOT:PSS/PVK/CsPbBr3/ZnO/Ag 469 5L 59.2 h at 100 cd/cm2 2022 [69]

LEQE calculated with Lambertian assumption.

[42, 43, 44]. Capacitance measurement in the frequency
and time domain can distinguish and quantify between
mobile ions and electronic defect states [45, 46]. The
presence of trap states can be identified by thermally

stimulated current measurements [11, 44, 47, 48].
Impedance spectroscopy is also a powerful technique
for studying carrier trapping and transport in PeLEDs
and provides information on the optoelectrical response
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in different timescales. With proper equivalent circuit
models, including several passive elements, and based on
reliablematerial parameters, informationabout trap states
inside the layers, charge carrier transport, accumulation,
and recombination at different interfaces can be extracted.
In this case, a voltage is applied under different pulse
durations to measure the current and capacitance tran-
sients. The difference timescales also allow an exclusive
measurement of the electronic defect states via a very short
pulse time for trapfilling (capture).Analysis of capacitance
rise and decay states can distinguish capacitance changes
due to electronic defect states and mobile ions [46, 49].
In some cases, it is the most powerful method to quantify
ionmigration and identify the footprints of distinct mobile
ion species. However, impedance spectroscopy requires an
input alternating signal, whose amplitude is sufficiently
large to obtain a smooth spectrum with negligible noise,
but also small enough tonot affect the electrical state of the
device. The measurement frequency range is usually lim-
ited by the instrument and device. A longer measurement
time in the low-frequency range indicates that the device
instability may cause errors in the impedance spectrum
and any subsequent fitting or analysis distortions.

Noncontact optical methods have been extensively
applied to the characterization of PeLED devices. Infrared
(IR) and Raman spectroscopy are two of the most widely
used techniques for the determination of changes in the
molecular structure. Due to the IR-nontransparent metal
electrodes used in PeLED devices, the above methods
have not been adapted for complete devices. The obvious
temperature change during the device operation can be
directly measured by an IR camera. With this method,
the temperature distribution of the device surface can be
measured to study the current crowding effect and thermal
management. The Joule heating effect has been identified
bymany groups, but the actual temperature measurement
result by this method needs to be further investigated
[10, 50]. Optical microscopy is a popular method that uses
visible light for directly evaluating the morphology, crys-
tallization, multiphase structures, and fracture surfaces.
However, this characterization method is restricted by the
diffraction limit of visible light. Fluorescence, darkfield,
and polarized optical microscopy techniques have been
implemented to overcome this significant limitation of
opticalmicroscopy [51–53]. Further, other alternative types
of microscopies may be used, such as scanning elec-
tron microscopy (SEM), transmission electron microscopy
(TEM), scanning tunneling microscope (STM), and atomic
force microscopy (AFM) [34, 54–61], for obtaining images
with higher spatial resolutions.

2.2 Imaging and mapping characterization
techniques

Investigating themorphology can provide insights into dif-
ferentaspectsofdevicedegradation.For instance,AFMcan
beused to investigate the effectiveness of surface treatment
and deposition characteristics through roughness change
and degree of crystallization of the material (commonly
single layers), which yields themorphology-related device
lifetime [60, 62, 63]. However, some problems should
also be considered, such as the single scan image size
is small; the relatively slow scanning speed causes the
thermal drift that affects the measurement of accurate
distance; and inevitable image artifact due to unsuitable
tip, a poor operation condition, or the device itself.
STM can map ultra-high-resolution images at the atomic
level and discern the atomic-scale properties of materials,
including surface roughness, defects, and surface reaction
mechanisms [61, 64]. STM is a specialized but fragile and
expensive equipment, and the device operation requires
a lot of skill and precision; otherwise, it can be difficult
to use effectively. As a result, the effect of local changes
on the optoelectronic properties can easily be probed.
Secondary-ion mass spectrometry (SIMS) can be used to
study the composition of solid surfaces and thin films
by comparison against well-calibrated standards to obtain
accurate quantitative results [65]. However, the reference
material should be very similar to the studied sample and
both of them must be compatible with ultra-high vac-
uum conditions. Analysis of some elements is impossible
because the material sputtered from the surface may be
consist of mono-atomic ions or molecular.

Both X-ray spectroscopy (XPS) and ultraviolet spec-
troscopy (UPS) can be used to determine the specific
properties and composition of the device surface. They
are standardmethods for surface and interface evaluation.
UPS has been widely used to determine the electronic
structure of solid as well as surface-specific electronic
states. It is often used to characterize the material to
determine the work function [66, 67]. XPS is more com-
monly used than UPS and is often used to determine
the elemental composition presented on the surface of
the material. It also reveals contamination at the surface,
chemical states, the empirical formula, and electronic
states of the elements in a material [67–69]. Recently, XPS
has been used to investigate the compositional change
during perovskite degradation. This method has been
employed to analyze the chemical states and molecular
distribution of aged perovskite crystals [70]. Sample size
may be a limiting issue for XPSmeasurements, and sample
cutting may result in further contamination of the target
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region. The difference between the measured and real
values is related to the relative inaccuracy during repeated
investigations.

Various depth profiling techniques have been applied
to PeLEDs investigation. Utilizing high-resolution X-ray
photoelectron spectroscopy (HR-XPS) depth profiling tech-
nique individually detects single elements by the chemical
shift of their binding energy. It also allows detecting chem-
ical changes in the bonding conditions, quantitatively
evaluating materials in separate layers, and thus identi-
fying diffusion and migration mechanisms. Time-of-flight
SIMS (TOF-SIMS) can be applied to identify the specific
compound of molecules and absorbed contamination on
the surface. It can detect all masses on material surfaces,
surface morphology by lateral imaging, and depth pro-
file information [3, 10, 71]. Auger electron spectroscopy
(AES) is an emerging surface analysis technique that
provides surface information on thin films, such as the
elemental composition and chemical state, in the form
of ultrahigh-spatial resolution elemental maps. From the
measured intensity and kinetic energy of an Auger peak,
the detected element can be identified and quantified.
Scanning electron images with in situ AES mapping have
been used to determine the elemental distribution of
perovskite films with high spatial resolutions [72]. Depth
profile information can also be obtained by scanning
device cross sections with surface-specific methods, such
as SEM or scanning ion microscopy (SIM).

2.3 Chemical analysis techniques
One of the main challenges of PeLED investigations is
the effective analysis of chemical composition. X-ray
diffraction (XRD) is a widely used technique to assess the
crystallinity and structure of single-crystal or polycrys-
talline materials [73–76]. Energy dispersive X-ray (EDX)
spectroscopy is a well-known nondestructive X-ray tech-
nique that is used for elemental analysis or chemical
characterization. EDX analysis is used on a large scale to
obtain brief information about the elemental composition
and to identify the presence of any impurity [77]. In partic-
ular, scanning transmission electron microscopy (STEM)
combined with EDX spectroscopy has been employed
to probe ion distribution in individual grains or in an
entire PeLED. Variations in structure, composition, and
morphology caused by ion motions can be well visualized
by using STEM and EDX depth profiling. In operational
PeLED devices, the depletion of Br-ions at the top surface
of perovskite and their accumulation near the electron
injection layer had been observed using cross-sectional

STEM-EDX mapping [26]. The negative halide ions migrat-
ing toward the cathode side implies that the external
electrical field is not the only driving force for ion move-
ment, the internal electrical field formed by the gradient
charge distribution due to charge injection imbalance and
charge trapping also drives ion migration. The internal
electrical field-driven Br-migration and I-diffusion into
adjacent charge-transport layers had also been detected
by EDX depth profiling [26].

Both grazing-incidence small-angle X-ray scattering
(GISAXS) and grazing-incidence wide-angle X-ray scatter-
ing (GIWAXS) are extensively used to study the crystal
structure and inner morphology. GISAXS is an excellent
method to characterize nanoscale density correlations
and/or the shape of nanoscopic objects at surfaces, at
buried interfaces,or in thinfilms [78, 79].GISAXScombines
features from small-angle X-ray scattering and diffuse
X-ray reflectivity, which provides information about both
lateral and normal ordering at a surface or inside a thin
film, and can be used to determine the average domain
size of different phases and provides information on
domain purity [80, 81]. GIWAXS is a related scattering
technique probing crystal orientation, crystalline lattice
spacing, crystalline correlation length (CCL), and relative
crystallinity. It is closely related to grazing incidence
diffraction for getting detailed crystallographic determi-
nation. Meanwhile, the morphology and microstructure
correlations in nanoscopic systems can be monitored in
situ and in real time, and thus the kinetics properties of
the self-assembly can be studied by in situ GISAXS and
GIWAXS experiments. The GISAXS and GIWAXS scattering
geometries are straightforward and, in many cases, with-
out the need for scanning, making them very attractive to
combine with in situ chambers.

The PeLED degradation can be affected by various fac-
tors, such as process parameters, environmental factors,
and external and internal factors. Further, two or more
factors simultaneously impact the device leading to amore
complicated situation. Only accurate characterization of
PeLEDs analyzes properly the degradation processes and
associated mechanisms. Analytical techniques can help
researchers to obtain meaningful insights from a mass of
measurement results. The analysis of measured quantities
based on different analytical techniques is perhaps the
most important component of degradation research.Weak
analysis produces inaccurate andunfitted explanations for
the degradation behaviors that not only affect the veracity
of the research but also make the findings unusable. The
trend of technological development is to comprehensively
utilize different analytical techniques to quantitatively
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and qualitatively research and to elucidate the PeLED
degradation.

3 Degradation modes related to
defects

3.1 Defining the device lifetime
The degradation usually implies that some processes lead
to undesirable states in PeLED devices, such as chemical
reactions and changes in morphological structure and
physical properties. Various changes in device character-
istics caused by device degradation usually manifest as
device efficiency losses, with the degradation of L–I–V
characteristics being the most obvious. Therefore, the
evaluation of the lifetime of PeLEDs is mainly based
on observing the time-dependent luminance parameter
in a predefined physical environment. The device life-
time is defined as luminance maintenance, in which
the brightness tends to diminish over time. The Alliance
for Solid-State Illumination Systems and Technologies
(ASSIST) defined the LED lifetime as the time in which
the brightness drops to 50% (T50: for the display industry
approach) or 70% (T70: for the lighting industry approach)
of its initial brightness at room temperature as shown in
Figure 2 [82]. Although there is a largediscrepancybetween
the current lifetime and the actual minimum lifetime
required, considering the short period of PeLED research,
more progress can be made in improving the lifetime
of PeLEDs. Some groups investigated device degradation
fromachemical andphysical perspective basedon theL–T
curve at different measurement conditions.

Figure 2: Lifetime estimation based on PeLED life testing.

3.2 Relationship between degradation
modes and associated mechanisms

Defects typically appearwhere the periodicity of the lattice
is destroyed and exist in nearly all semiconductors at
room temperature. There are many inevitable defects, as
shown in Figure 3(a), due to the mixed electronic–ionic
characteristics of PeLEDs [16]. In addition, many factors
in fabrication processes can cause defects in PeLEDs,
such as moisture and oxygen as shown in Figure 3(b)
[83]. The device degradation under an electrical bias
also induces new defects, such as those generated by
ion migration as shown in Figure 3(c) [25]. These defects
exist from microscopic to macroscopic levels in the device
structure and play a critical role in physical properties.
Some defects are considered harmless and even induce
required electronic properties such as improvement of
performance by using alkali-metal atom doping [84], in
which the phase distribution is managed by doping the
sodium ions to effective exciton energy transfer [57] or the
structure andoptical properties areoptimizedbyNidoping
[85]. However, most defects are extremely detrimental to
optoelectronic characteristics and reduce the performance
and stability of PeLEDs [86, 87]. Therefore, an in-depth
understanding of the defect behaviors of perovskites is
essential for exploring the device degradation. However,
the number of reported studies on defect control strategies
exceeds those ondegradationmechanisms caused by such
defects. The formation and effect of defects are inherently
obscure, and the defect status during device operation is
also generally unclear.

We first introduce the defect-related degradation
modes in PeLEDs. The defect-related degradation modes
can be separated into rapid degradation (the immediate
device breakdown) and gradual degradation (long-term
degradation behavior of the device). Defect-induced elec-
trical short circuit is responsible for rapid degradation.
Gradual degradationmay result due to the recombination-
enhanced point defect responses as well as increased
internal stress. Rapid degradation is the most undesirable
failure mode that causes a complete destruction of the
device. In most cases, the defect-induced electrical short
circuits occur because of different reasons, including a
localized heating effect and electromigration of the cath-
odemetal [15, 88, 89]. The localizedheating effectmay lead
to the formationofcontactbetween theelectrodes,destruct
the internal layerstacksystem,anddelaminate thecathode
material.Suchmorphological changesmayeventually lead
to the failure of the entire PeLED [10, 11, 21]. Electromigra-
tionof thecathodemetal is anothermechanismthat causes
catastrophic failuresduringdevice operation, forming thin
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Figure 3: Defect types and defect effect on perovskite stability. (a) Illustration of an ideal crystal structure without defects and that after
introducing defects, showing the microscopic configurations for different types of defects existing in the crystal lattice. Reprinted with
permission from Ref. [16]. Copyright 2018 The Royal Society of Chemistry. (b) Corrosion due to moisture and superoxide formation in the
crystal structure of MAPbI3. Reprinted with permission from Ref. [83]. Copyright 2019 The Royal Society of Chemistry. (c) The formation of
element clusters caused by ion migration under an electrical bias. Reprinted with permission from Ref. [25]. Copyright 2018 Springer Nature.

metal filaments that extend through the perovskite layer to
the opposite electrode. The process description of gradual
degradation is as follows: when nonradiative recombi-
nation occurs in a defect, which leads to a point-defect
reaction and new point-defect generation; moreover, the
new defects can also act as nonradiative recombination
centers; the migration and condensation of point defects
form defect clusters. The above actions are continu-
ously repeated, resulting in a continuous defect genera-
tion. Therefore, gradual degradation is mainly associated
with the formation of new nonradiative recombination
sites.

The causes of gradual degradation can be categorized
as extrinsic and intrinsic factors. For example, device
process parameters, device assembly, and environmental
conditions can be categorized as extrinsic factors. Ion
migration,chargeaccumulation,electrochemical reaction,
unbalanced carrier injection, etc. can be classified as
intrinsic factors. Among them, improving the performance
and stability of PeLEDs by mitigating intrinsic degrada-
tion processes is more challenging, because a complete
understanding of the causes of degradation and their

associated degradation mechanisms is required. In the
following, we will discuss in detail the causes of degrada-
tion, degradation processes, and associated degradation
mechanisms.

4 External processes induced
degradation

Most problems related to external factors are common
for PeLEDs of any color. Fabrication process parame-
ters, including solution process (solvent selection and
solution-processed), spin-coating process (spin speed,
spin timeandannealing), thermal evaporation, anddevice
encapsulation techniques, have significant impacts on the
stability and efficiency. Environmental factors, such as
oxygenandmoistureduring fabricationprocesses, canalso
cause deterioration. The impact of temperature changes
(environment temperature) on PeLEDs is well known.
However, the thermally induced degradation mechanism
is still poorly understood to deserve further investigation.
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Meanwhile, different experimental approaches or schemes
for the same devices can lead to inconsistencies in degra-
dation rates.

4.1 Influence of the process parameters
Various process parameters of PeLED fabrication have an
often-underestimated effect on performance and stability.
Chemically cleaned and oxygen plasma treatment of the
indium tin oxide (ITO) substrate has a significant effect
on improving pinhole density, hole injection, and stability
of the ITO/hole transport layer (HTL) interface [90]. The
rotation speed in the spin-coating procedure has an effect
on thecharacteristics andmorphologyofperovskite layers.
The moisture and oxygen content in an N2 glove box
within the process chamber has a major effect on the
PeLED device [91, 92]. Moreover, the annealing process is
considered to be a critical step to improve the quality of the
PeLED device, which may be related to an in situmoisture
and oxygen desorption [93, 94]. It is generally believed
that moisture in the preparation environment affects the
nucleation and growth of perovskite films, which further
affects the uniformity and defect density of the perovskite
film. The existence of oxygen also directly accelerates
the degradation of the perovskite and deteriorates the
performance of the device. Moreover, oxygen reacts with
the evaporated metal, resulting in oxidation during the
evaporation process.

The polarity of the polar solvent commonly used has
a significant effect on the luminescence properties and
morphological characteristics of the perovskites. Due to
the poor stability of perovskites in the polar solvent,
the inherent ionic nature and low lattice energy make
perovskite soluble in almost all polar solvents. The polar
solvent first acts on the surface ligands and destroys the
equilibrium, resulting in theobvious removalof thesurface
ligands of perovskite, forming new defects that destroy
the light-emitting structure. The unavoidably used polar
solvents during typical synthesis or purification processes
result in loss of stability and structural integrity for the
perovskites. In the synthesis of perovskite precursors, the
nucleation centers for perovskite growthnormally degrade
in polar solvents to compromise device stability [95]. For
example, N,N-dimethylformamide (DMF) greatly affects
the stability of perovskite quantum dots (PQDs), leading
to the formation of more defect states [96, 97]; the ligand
mixture (oleic acid (OA) and oleylammonium-oleate) leads
to the transformation of α-CsPbI3 perovskite nanocrys-
tals (PNCs) into the δ-phase [98]; and the excessive
polar solvents cause the desorption of ligands of CsPbX3

nanocrystals progressively, leading to the degradation of
CsPbX3 nanocrystals [100, 101].

Because of the lack of a precise control over the
nucleation and growth processes, solution-processed per-
ovskites always contain various unexpected defects. The
formation of defects is determined by the thermodynamics
and kinetics of the nucleation, is related to the energy
of the defect formation, and is significantly affected by
the atomic chemical potential [102]. The structure of the
internal defect is significantly affected by the formation
conditions and the external environment. Although PNCs
and perovskite films have similar defect types, such as
microscopic defects and structural defects, this does not
imply that both of them have the exact same origins of
defects. Because of the unstable ligand layer on the surface
of PNCs, controlling their dimension and surface integrity
during post-treatments, such as purification and dilution,
is a difficult task, and this results in the formation of
surface defects [30, 99, 101]. In contrast, spinning the
perovskite precursor solution on a substrate to fabricate a
perovskite film causes the perovskite film to undergomore
complicated crystallization and growth processes during
the spin-coating process [103]. Therefore, various defects,
such as pinholes, point defects, and grain boundaries,
are inevitable in the preparation of perovskite films.
Although the formation mechanism of defects is possibly
different, these defects have an important influence on the
performance and stability, whether in PNCs or perovskite
films.

The annealing process is considered critical for
improving the quality of the perovskite film in terms
of morphology and grain size [94, 104]. Improving the
thermal stability is good for suppressing the formation of
halide-related defect states in perovskites [81]. However,
an excessive annealing temperature results in the loss
of surface ligands, and thus, formation of surface defect
states, which cause photoluminescence (PL) quenching
[91, 92, 105]. The grain size of the CsPbBr3 nanocrystals
remains constant in a certain annealing temperature range
and increases significantly when the annealing temper-
ature continuously rises, accompanied by an obvious
PL degradation [106]. The hybrid perovskite MAPbI3 can
degenerate to PbI2 during thermal annealing at a high
temperature [107].

The sensitivity of the perovskite material to environ-
mental factors emphasizes the requirement of encapsu-
lation to obtain a stable lifetime. Rapid degradation of
PeLEDdeviceswithoutencapsulationhasbeenreportedby
many research groups [108, 109]. Encapsulation of PeLED
devices usually involves covering the device with a thin
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glass coverslip,which is thensealedwithUVcurableepoxy
resin to retard the penetration of moisture and oxygen.
However, the encapsulation technique cannot reduce the
effects of light and heat under operating conditions.

4.2 Moisture and oxygen induced
degradation

The role of environmental factors cannot be ignored
in the degradation of PeLEDs. Notably, perovskites are
intrinsically highly sensitive to environmental factors due
to their ionicnature.Figure4(a) showsthat thedegradation
processes initiated and participated by environmental
factors induce the generation of defects in PeLEDs, which
ultimately causes device degradation. Moisture and oxy-
gen can penetrate into the device through defects at the
edges of a metal cathode, resulting in chemical reactions
with the metal cathode and degrading further the defect
region. Some organic cations are sensitive to moisture
and oxygen, causing the hydrolysis and oxidation of
organic materials and cause irreversible degradation and
decomposition.

The effects of moisture and oxygen on PeLEDs are a
controversial topic. Many research groups have reported
that the existence ofmoisture andoxygenhasbothpositive
and negative effects on perovskite devices. Moisture could
be involved in the synthesis process to passivate defects
[110, 111]. Moisture acted as an additive to promote the
nucleation and crystallization of perovskite [112, 113].
During the annealing process, moisture assisted to sup-
press defect generation [114]. However,moisture can easily
penetrate into the device through defects and partici-
pates in electrochemical reactions under operation at the
organic/cathode interface, resulting indelamination of the
metal layer. In addition, moisture-induced reactions also
occur inside the perovskite layer, as shown in Figure 4(b)
[115]. To hybrid perovskite, some organic cations, such
as MA+ and FA+, were extremely sensitive to moisture,
and moisture passivation often had a negative effect
to degrade PeLEDs performance [116, 117]. With enough
moisture penetration, MAPbI3 produced excess MAI and
PbI2 leading to perovskite crystal decomposition [118, 119].
The duration of moisture treatment also affects the quality
ofperovskitefilms.Aprolongedmoisture treatment caused

Figure 4: Moisture and oxygen induced device degradation. (a) Illustration of extrinsic stability under environmental conditions. (b)
Schematic representation of the degradation processes caused by O2 inside a perovskite layer and substances produced by the reaction.
Reprinted with permission from Ref. [115]. Copyright 2018 Springer Nature. (c) High-angle annular dark-field images (cross-sectional view)
and AFM images of perovskite layers aged for 24 h in different atmospheres. Reprinted with permission from Ref. [92]. Copyright 2015
WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim. (d) SnI4 in tin iodide perovskites leads to device degradation by reacting with O2 and H2O.
Reprinted with permission from Ref. [17]. Copyright 2019 Springer Nature.
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the grains to agglomerate and shrink, reducing film cover-
age [120].

Several researchers have reported that oxygen atoms
reduced the hydrogen bonding ability of amino groups at
molecule ends, increased the interaction probability with
defects, reduced the density of traps for charge carriers,
and enhanced light-emitting efficiency [121, 122]. Further-
more, oxygen can act as passivation molecules to strongly
bond with the organic–inorganic hybrid perovskite at the
defect sites, effectively inhibiting nonradiative recombina-
tion [11, 123]. However,many groups have also emphasized
that oxygen causes perovskite instability. Oxygen is also
an initiator for the degradation process, leading to the
PeLED degradation and decomposition. Rapid diffusion of
oxygen into the perovskite film is accompanied by a super-
oxide formation, which causes oxygen-induced perovskite
degradation as shown in Figure 4(c) [92]. The existence
of oxygen can cause the trapped charge in perovskites to
weaken the Pb–I bondwhile strengthen the I–OandPb–O
bonds [124]. The rapid diffusion of oxygen into a perovskite
by halide vacancies mediated occurred coordinates with
electron-donating molecules through Lewis acid–base
interactions [125]. The oxide transport material, such as
TiO2, also indirectly promotes halide ion segregation in the
perovskite film [126]. For hybrid organic–inorganic halide
perovskites, oxygen is not only used as a passivation agent
to enhance the PL emission but also directly accelerates
the device degradation and deteriorates the device per-
formance. As shown in Figure 4(d), based on the mois-
ture and oxygen under ambient conditions, an Sn-based
perovskite undergoes hydrolysis and oxidation reaction
with moisture and oxygen to form I2, which participates
in the reaction to generate more SnI4, leading to a cyclic
degradation [17].

4.3 Impurity-induced degradation
The impurity in PeLED devices is considered to have a
major effect on the performance and stability. Extrinsic
impurities may promote metal electrode dissociation,
and thus, metal atoms diffuse into the perovskite layer
as new impurities and potentially cause device degra-
dation. Intrinsic impurities may introduce deep levels
that act as nonradiative recombination centers, com-
pensate the built-in electrical field, change the band
offset at the interfaces, and create shunting pathways.
In addition, for quasi-2D PeLEDs, the existence of phase
impurities may play a crucial role in seeding the device
degradation.

Doping ABX3 perovskites is an effective strategy to
develop PeLEDs; in this method, appropriate impurity

elements are intentionally incorporated into the crys-
tal lattices to achieve specific properties and functions.
Several strategies involving A-site dopants have been
shown to improve the stability due to suppression of
ion transport [73, 127]. A partial B-site doping is also
advantageous for the device performance and stability;
for example, in a previous study, manganese (Mn2+) ions
were incorporated into the crystal lattice to replace Pb2+
ions, resulting in lattice contraction, reduced nonradiative
recombination, and an enhanced luminance efficiency
[128].Further,X-sitedopinghasremainedthemainstrategy
to develop various-color PeLEDs [129, 130]. However, inap-
propriate doping also leads to defect density increases,
optoelectronic properties reduced, and device stability
decreases.

4.4 Thermal induced instability
Temperature-induced device degradation is one of the
dominant external factors. Increase in ambient temper-
ature not only affects the initial I–V–L characteristics of
a device but also accelerates device degradation and even
induces device failure at the critical temperature. With the
increasing temperature, the thermally activated channels
contribute to nonradiative recombination, and the light
emission intensity exhibits a decreasing trend. In previ-
ously reported study on 2D/3D perovskite film properties,
destruction of the 2D perovskite overlayer as well as the
formation of an additional mixed phase at the interface
accelerated the dark aging of the emission features under
thermal stress [15]. PeLED devices need to satisfy the
potential application conditions, which include a wide
range of different environmental conditions and temper-
atures. Therefore, these devices should exhibit suitable
temperature stability at least in the higher temperature
range. Although several groups have studied the device
performance and stability at increased temperatures
[81, 105, 131], none of the work shown this far has been
satisfactory.

4.5 Effect of measurement methods
In order to study the degradation processes of PeLEDs, the
effect of different driving schemes on device agingmust be
considered. Despite some advances in the reversibility of
aging processes, systematic investigations of these effects
on the PeLED operation are still lacking. For PeLEDs,
the positive influence of the AC/pulse driving scheme is
known, which causes back-diffusion of the ions, enhances
the device stability, and exhibits a longer lifetime. The
accumulation of charge carriers at the internal interfaces is
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one of the dominant mechanisms causing the degradation
of PeLEDs. Using AC/pulse driving may mitigate this
drawback towing to the release of the accumulated charges
under the reverse bias condition [69]. Detailed studies
on PeLEDs driven at the same luminance showed that
these devices exhibit a longer lifetime behavior when
driven at AC/pulse than at DC potentials [132, 133]. The
electrical field-dependent mobile ionmigrationmodel can
be used to describe and fit the voltage dependence of the
forward and backward scan directions to analyze the ionic
transport characteristics [89]. The monitored luminance
exhibits only a minor change and a longer lifetime at
the driven AC/pulse voltage, but the luminance shows a
continuous decay. As shown in Figure 5(a) and (c) [89], the
AC/pulse driving can contribute to long-term stability by
mitigating the degradation processes inside the PeLEDs.
AC/pulse driving only delays the luminance decay and
does not prevent it from occurring as shown in Figure 5(b)
and (d) [50].

5 Internal processes induced
degradation

In contrast to extrinsic degradation factors, intrinsic
degradation mechanisms are more difficult to study. In
many cases, physical and chemical effects overlap and
contribute together to determine the degradation pro-
cesses of PeLEDs. It is difficult to obtain detailed infor-
mation on the single degradation process. Therefore, it
is important to design specific device structures, develop
experiment procedures, and apply any available analysis
techniques for elucidating the effects of specific internal
factors, which pinpoint the crucial internal degradation
processes that cause luminance inefficiency and device
instability. The gradual degradation mechanism acts as
secondary lifetime limiting process compared to the
electrical overstress events that can induce sudden and
catastrophic failure of devices.

Figure 5: Optoelectronic characterization under DC and pulsed driving voltages. (a) And, (c) for the same device with varying pulse
conditions. Reprinted with permission from Ref. [89]. Copyright 2019 Springer Nature. (b) And, (d) for nanopatterned PeLEDs driven by DC
and pulsed currents. Reprinted with permission from Ref. [50]. Copyright 2019 American Chemical Society.
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The intrinsic degradation induced by an electrical
bias during the device operation is related to the intrinsic
properties of the PeLEDs. To understand the intrinsic
degradation processes in more detail, here, we present
the physical and chemical properties and summarize
the different degradation mechanisms proposed to date,
provide guidelines to aid in the analysis of the results, and
highlight the progress made in improving the operational
stability of these devices.

5.1 Degradation processes related to
diffusion and drift mechanisms

The electrically neutral entities in perovskite layers can
serve as nonradiative recombination centers or exciton
quenchers. Ions also drift under an applied voltage or a
built-in electrical bias. Moreover, the Joule heating effect
also enhances metal diffusion into the perovskite layer.

Thin LiF layer is commonly used to enhance the
performance of PeLEDs, where the LiF layer is deposited
between the electron transport layer (ETL) and the cathode
to enhance electron concentration in the ETL, to achieve
balance between electron and hole injection for improving
current efficiency, luminance efficiency, and EQE, effec-
tively reducing the Schottky barrier height and width to
decrease the effective turn-on voltage. However, during
the process of the metal Al onto the LiF film by thermal
evaporation, Al reacts with LiF, resulting in the dissocia-
tion of LiF. Since the Li migration process must occur on
Li cations rather than Li atoms, the Li cations migration
may be a diffusion process driven by the concentration
gradient. Atomic Li would react with electron transport
material to be reduced, and there is a propensity to bind
to a metal Al ion to form Li:Al alloy. As a result of the
strong ionic character of perovskites, ion migration is a
known degradation pathway. Dissociated LiF under an
electrical bias canmigrate to theETLor even theperovskite
layer, thusgeneratingdefective leakagepaths.Researchers
have demonstrated the dissociation of the LiF layer after
operation through various measurements, such as XPS
[32], high-resolution electron energy loss spectroscopy
[134], SIMS [135], and infrared reflection–absorption spec-
troscopy (IRRAS) [136]. Moreover, the insulator property
of the LiF layer plays a dominant role in hindering the
electron injection with the increase in the thickness of the
LiF layer. The unbalanced charge carrier injection leads to
charge carrier accumulation at the interface, resulting in
the recombination zone shift toward the interface between
the perovskite layer and ETL, and eventually affects the
performance and stability of PeLEDs.

When ion migration begins from the perovskite
layer, the formation of defective species and complexes
induce interstitial states and accelerate the degradation
of PeLEDs. Ion migration processes can be mainly divided
into (1) ionmigration within a grain in the perovskite layer
induces the formation of defective pathways and enhances
leakage current [137, 138]; (2) ionmigration along or across
grain boundaries leads to the accumulation of ions at the
interface and increases the interface defect density [139];
and (3) ion migration across device interfaces results in
changes in thechargecarrier transportandcarrier injection
properties [140].

Perovskites have the general formula of ABX3, where
the A-site ions are occupied by a monovalent cation,
possibly organic or inorganic elements; the B-site ions are
usually occupied by a divalent metal cation, commonly
lead or tin; and the X-site ions are occupied by halide
anions. Sizemismatch between the ionsmay cause defects
and distortions, which may affect the final decomposition
of the crystal structure. Many defects in the perovskite
layer can mediate ion migration under an electrical bias.
Under a certain electrical bias, doping a certain number
of cations (Cs+ and Rb+) at the A-site, the significant
phenomena of ion migration could be observed [141].
The halide anions moved to the negative electrode via
the halide vacancies, while the mobile interstitial Cs+
and Rb+ cations migrated to the positive electrode. First-
principle calculations ofMAPbI3 andMAPbBr3 perovskites
indicate that the low activation energy of the halide
vacancies and interstitial defects assist the ion migration
along with the perovskite crystal as shown in Figure 6(a)
[142–144]. The activation energy of iodine vacancies and
interstitials are as low as 0.1 eV [144], and the subsequent
activation energies of MA and Pb vacancies increase to
∼0.5 and 0.8 eV, respectively, as shown in Figure 6(b)
[142]. Moreover, the grain boundaries on the surface
provide stable sites for defects under the excitation of
an electrical bias, and defect migration leads to halide
segregation. The mixed halide phase separates into two
individual halide phases as shown in Figure 6(c), and the
emissionpeakof themixed-halideperovskite shows red- or
blue-shift [26].

Defects migrate along perovskite crystal and become
trapped at the grain boundaries, due to the smallest poten-
tial energy of defects at the grain boundaries. Figure 6(d)
presented the electromigration evidence of MA+ ions
toward the cathode [145]. This also implied that the
passivation of interface is useful in inhibiting the diffusion
of defects, thus improving the performance and stability
of PeLEDs [146, 147]. The original random distribution
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Figure 6: Ion migration path and ion redistribution in perovskite layer. (a) Migration path of I-ions in the MAPbI3 crystal was calculated by
the density functional theory (DFT) method. (b) Illustration of the migration paths and activation energies. Panels a and b reproduced with
permission from Ref. [142]. Copyright 2015 Springer Nature. (c) STEM-EDX maps of Br distribution in a pristine device and after operation at
2 V; the right panel shows the averaged intensities for Br through the normalized thickness of the film. Reproduced with permission [26].
Copyright 2020, Wiley-VCH GmbH. (d) Schematic illustration of the PTIR images of the MAPbI3 before and after (100 s and 200 s) electrical
poling, respectively. Reproduced with permission from Ref. [145]. Copyright 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.

of ions moves directionally under an electrical bias, and
the accumulated cations and negative charge centers
form an extra built-in electrical field, which is favorable
for the injection of both holes and electrons. However,
ion migration induced gradual loss of defect passivation
around the recombination zone in perovskite domain
and thus resulted in EQE decay [148]. The accumulation
and migration of defects and ions at the interface cause

interface degradation. With operation time increased,
a large number of mobile cations penetrated into the
transport layer [21, 148, 149] and even could migrate to
the electrode interface [25].

InFigure7(a), theobservedsignificanthysteresis in the
I–V characteristics between the reverse and forward volt-
age scans indicates that the presence and redistribution of
mobile ions by the electrical bias couldweaken the built-in

Figure 7: Impact of ion migration on PeLED operation. (a) Current density–voltage–luminescence intensity curves in the forward and reverse
voltage scans. Reproduced with permission from Ref. [150]. Copyright 2020, Wiley-VCH GmbH. (b) EQE versus current density of PeLEDs
under DC and pulse operations. Reproduced with permission from Ref. [148]. Copyright 2020, American Chemical Society. (c) EQE versus
current density of an as-produced perovskite LED for subsequent voltage scans. Reproduced with permission from Ref. [24]. Copyright 2017,
WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.
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electrical field, thereby facilitating recombination in the
perovskite layer [150]. An appropriate driven condition can
reverse ionmigration [89], resulting in the redistribution of
mobile ions and the associated field confining the charge
carriers near the interface between the perovskite layer
and the transport layer. Therefore, radiative bimolecu-
lar recombination occurs more uniformly and efficiently
throughout the perovskite layer as shown in Figure 7(b)
[148]. Due to the trap-filling effect of the mobile ions
in the perovskite layer, the subsequent voltage scans
caused the EQE increase gradually in Figure 7(c) [24].
Although the redistribution of mobile ions can enhance
the luminance efficiency, under continuous operation or
high electrical bias, excess carrier injection can neutralize
vacancies, weaken the attraction between vacancies and
ions, and thus aggravate ionmigration. Ions accumulation
at the interface increases the lattice strain, which induces
lattice distortion and atomic bond breakage [151, 152]. Ions
penetration and trapping in the charge transport layer
(CTL) or the interactions between mobile ions and CTL
molecules destroy the properties of CTL, which induce
extra band bending to inhibit the carrier injection and
increase the voltage. The more significantly unbalanced
carrier injection leads to the gradual approach of the
recombination zone to the CTL side, enhancing the oppor-
tunity for excitons to be quenched by interface traps
[14, 15, 25]. Meanwhile, the metal electrode can also
be diffused into ETL to react with halide ions migrated
from the perovskite layer, forming insulating metal halide
complexes [152–154, 156].

5.2 Degradation processes related to
nonradiative recombination centers

Nonradiative recombination is commonly related to the
presence of defects. The excited carriers are captured by
thedefect sites and then relax gradually toward the ground
state via phonon emission, causing severe trap-mediated
nonradiative losses, and thus, a lowemission efficiency. As
well known, various defect generation is inevitable during
crystallization due to the ionic character of the perovskite.
Especially, to solution-processed PeLEDs, perovskite films
tend to form defects with under-coordinated halide or
metal ions at the surfaces and the grain boundaries,
which act as the nonradiative recombination center at the
interface of perovskite layer and transport layer [157, 158].
Inaddition, the formationofhalidevacanciesat thesurface
andgrainboundaries isalso ineluctableduring the thermal
annealing process. Moreover, the device operation may
result in different degradation processes that may accu-
mulate different reaction species, which are products of

chemical reactions or migrating ions. These species result
in a loss of excitons through nonradiative recombination
and luminescence quenching [159]. Recent research has
proved that trap states related to nonradiative recombina-
tion can be found in nanoscale clusters, and these defect
states usually form at the junctions between the grains
[160]. Most of the inherent point defects in perovskites
form shallow carrier traps, which in turn generate recom-
bination centers in the bandgap. These recombination
centers trap the free charges and change the carrier
recombination paths [159]. The charge trapping at the
shallow-leveldefectsmaycauseacertainamountof energy
loss, resulting in a red-shifted radiative recombination.
Defect trapping also has an impact on the corresponding
quantum yield and carrier lifetimes.

According to several systematic studies on PeLED per-
formance and stability, defects as nonradiative recombina-
tion centers can explain the inefficiency and instability of
the PeLEDs. The degradation processes may initiate at the
interface between the perovskite layer and the transport
layer because of ions and defects that move toward the
interface [27, 148]. The charge trapped at the interface
between the perovskite and the charge transfer material
generates anextra electrical field,which reduces thedefect
passivation and triggers decomposition of the perovskite
layer [161].Theaccumulationofmobile ionsand increase in
the defect states at the interface degrade the PeLEDs. Thus,
minimizing defects is crucial for enhancing the radiative
yield.

5.3 Role of charge carrier transport
Charge carrier trapping is unavoidable during carrier
transport processes and has a significant impact on the
device efficiency. The formation of different crystalline
structures and amorphous phases affect the charge carrier
transport and density of trap states. The traps (density
and distribution, both energetic and spatial) could be
formed by structural defects, chemical impurities, dipoles,
excimers, dopants, or impurities [102, 162, 163]. The
degradation processes of the PeLEDs also promote the
formation of new traps, which in turn further aggravate
thedegradation of PeLEDs. Charge carrier trappingusually
limits the charge carrier transport properties [164], affects
the recombinationprocessesof the charge carriers, hinders
the diffusion process of the excitons, and quenches the
excited states [165–167]. Thus, the charge carrier trapping
process in theperovskite layers isoneof themost important
factors that affect the photon generation efficiency of
PeLEDs.
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Various traps in the perovskite layer hinder the charge
carrier transport and also lead to a higher operation
voltage. The injected carriers gradually fill the traps, and
thus, one can observe a higher threshold voltage as well as
a steeper increase in the current density and intensity of
the emitted light [168, 169]. Trapping states have various
origins and characters, and traps can be formed by the
matrix materials as well as by the introduced emitter
molecules. Charge-carrier recombination processes occur
in the perovskite layer occurs as shown in Figure 8(a).
At low excitation density, excitons directly dissociate into
free carriers in the perovskite layer, thereby reducing
the bimolecular radiative recombination. Due to the trap
filling process, the injected/accumulated charge carrier
is trapped to act as nonradiative recombination centers,
leading to trap-assisted nonradiative recombination. An
increasing excitationdensity suggests that thebimolecular
radiative recombination rate is higher than the trap-
assisted nonradiative recombination rate, indicating the
dominance of the bimolecular radiative recombination.
At a high excitation density, Auger recombination occurs,
which acts as the dominant nonradiative recombination
process as shown in Figure 8(b) [13].

Under anelectrical bias, charge carriers (electrons and
holes) are injected from the electrodes into the perovskite
layer by drifting; these charge carriers are bound together
by the coulombic attraction and form electron–hole pairs,
i.e., excitons. EL occurs when the exciton undergoes a
radiative, emittingphotons and releasing energy. Thus, the
balance of electrons and holes injected into the perovskite
layer is crucial to maintain the luminance efficiency. In
other words, when the optimal charge carrier balance is
obtained, the electrons and holes generate the maximum
possible number of photons in the recombination zone.
Moreover, excess holes or electrons promote themigration
of cations or anions that degrade the performance and
stability of the PeLEDs [170].

At a low excitation density, trap filling processes
occur, because of which the majority charge carriers can
be trapped to attain the dynamic charge carrier balance.
Figure 8(c) shows the simulation results of the free charge
fraction as a function of a wide range of total excitation
density based on the Saha–Langmuir equation, which
indicates that efficient light emission in PeLEDs requires
strongly bound electron–hole pairs [171, 172]. Moreover,
the excessive charge carriers overflow from the perovskite

Figure 8: Charge carrier recombination, dynamics, and luminous efficiency. (a) Schematic diagram of charge carrier recombination in a
PeLED device. (b) Effect of charge carrier recombination on PLQY in quasi-2D perovskite and 3D perovskite films. Reprinted with permission
from Ref. [13]. Copyright 2021 Springer Nature. (c) Simulation of the free-charge fraction as a function of the total excitation density (n) at
three different exciton binding energies at the thermal equilibrium according to Saha equation. Reprinted with permission from Ref. [172].
Copyright 2014 Springer Nature. PLQY-excitation density characteristics related to (d) varying trap-assisted nonradiative recombination rate,
(e) varying nonradiative recombination coefficients, and (f) varying nonradiative monomolecular recombination coefficients. Panels d, e, and
f reprinted with permission from Ref. [173]. Copyright 2021 Springer Nature.
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layer to the transport layer by nonradiative processes
without contributing to radiative recombination. Figure
8(d)–(f) illustrate the excitation-density-dependent the
photoluminescence quantum yield (PLQY) with different
recombination coefficients [173]. The imbalanced charge
carriers also possibly enhance the Auger nonradiative
recombination. Furthermore, because of the significantly
different barriers for electron and hole injection, excessive
charge carriers can accumulate at the HTL or ETL interface
to form the extra built-in electrical field, which leads to
the recombination zone shift. Local charge accumula-
tion may degrade the interface between the perovskite
layer and the transport layer, and defect states such as
vacancies, interstitials, or antisites can also aggravate
the degradation process [87]. The charge carrier trap-
ping process at the interface generates a local electrical
field, which deprotonates the organic cations and triggers
an irreversible decomposition of the perovskite material
[132, 140, 174].

5.4 Self-heating–induced degradation
The operation temperatures of the PeLED devices need to
be carefully controlled. Even at a relatively low current
density, the increase in the junction temperature caused
by Joule heating substantially impacts the EQE and device
stability. At a high current density, Joule heating is one of
the crucial factors causing the EQE roll-off. The leakage
current and nonradiative recombination (such as SRH
recombination and Auger recombination) leads to energy
loss in the PeLEDs, and this lost energy is converted
into Joule heating, which increases the temperature and
thus affects the performance and stability of the PeLEDs.
The low thermal conductivity of the perovskites leads
to the formation of a thermal dissipation barrier in the
perovskite layer for heat accumulation. Joule heating is
inevitably generated to increase the junction temperature
during the device operation, and even a change of a few
tens of degrees can also significantly affect the luminance
efficiency and device stability. Accordingly to previous
studies on the temperature dependence of EL in PeLEDs
over a range of temperatures relevant to Joule heating,
as the temperature increases, the EL gradually reduces
until completely quenched [175, 176]. Ionic processes
are extremely sensitive to temperature, and Joule heat-
ing significantly aggravates the ion-related effects, such
as ion migration-induced generation/accumulation of
defect states. In contrast, the trap-mediated nonradiative
recombination enhances drastically with the temperature
[89, 177]. The organic transport layer is thermodynamically
unstable, and thus, the Joule heat generated during the

device operation may irreversibly change the morphol-
ogy of the transport layer. With the heat accumulation,
the morphology of the TPBi film significantly changed,
accompanied by the elements diffusing and the lumines-
cence quenching at the perovskite layer [15]. Researchers
have examined the effect of temperature on the device
performance and stability through different experiments;
for example, by tracking the EQE of a PeLED device at a
constant current density at various temperatures [178]; by
changing the excitation pulse width to maximize the EL
intensity at a high current density [179]; and by altering
the thickness of the perovskite layer to observe the effect
of Joule heating dominance [178, 180].

Joule heating is considered as a major obstacle that
impedes further improvements in the device performance
and stability. When a PeLED device is driven at a high
current density, the luminance increases, but it is typi-
cally accompanied by an increased heat generation. The
increase in the temperature in turn causes a series of
negative effects. The enhancement of the Joule heating
effect decreases the luminance in thePeLEDs and results in
thegenerationofmorenonradiative recombinationcenters
at the active layer. Consequently, the quantum efficiency
decreases with the increasing temperature [181, 182]. The
forward voltage drop is also related to the temperature
increase due to a decrease series resistance and bandgap
energy of the active region. The colors of PeLEDs also
change with the increasing temperature. The shift toward
longer wavelengths with lower energies, i.e., red shift, is
due to the temperature dependence of the interparticle
interactions induced by the energy gap shrinkage and
electrical-field–induced Stark effect [183]. On the contrary,
the shift toward shorter wavelengths with higher energies,
i.e., blue shift, is due to the slow hot carrier relaxation
and dynamic free charge carriers that fill the densities
of states [184]. The degree of heat generation depends
on the methods of heat dissipation. Previous reports
have proposed several useful strategies to overcome the
limitation of the thermal effect. For example, optimized
the perovskite layer, doped the CTL, reduced the device
area, used short-pulse electrical excitation, selected high-
thermal conductivity substrates, and connected an exter-
nal heat sink [183, 185]. The optimization of the perovskite
layer can suppress Auger recombination, i.e., reducing the
corresponding exciton binding energy; thus, themeasured
surface temperature decreases and improved the device
stability as shown in Figure 9(a) [13]. The excellent heat
sink was beneficial in reducing thermal accumulation
within PeLED devices and enhanced luminance efficiency,
as shown in Figure 9(b) and (c) [50, 176]. However,
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Figure 9: The effect of temperature evolution on performance and stability of PeLED devices. (a) Half-lifetime measurements and the
corresponding spatial surface temperature of PeLEDs at an initial luminance. Reprinted with permission from Ref. [13]. Copyright 2021
Springer Nature. (b) Surface temperature distributions of PeLEDs grown on different substrates under different applied voltages.
Reproduced with permission [50]. Copyright 2020, American Chemical Society. (c) Spatial heat distribution images of ITO-based and
c–Si–based devices at different constant current densities. Reproduced with permission [176]. Copyright 2020, American Chemical Society.

there is still debate as to which degradation mechanism
(resistance or Auger recombination) induced Joule heating
that eventually leads to device degradation at the high
current region [89, 173, 186], and theuncertainty in thepre-
diction of the junction temperature is because there are no
direct ways tomeasure and evaluate the junction tempera-
ture. An in-depth understanding of the Joule heating effect
on the performance and stability of PeLEDs is still lacking.
The Joule heating effect of PeLEDs needs to demonstrate
that there is no change during long-term stability analysis
in order to enable correct correlation between luminance
characteristics and temperature results. Unfortunately, the
lack of accepted standards becomes a problem, and the
experimental data of thermal tests are often of limited
use in practice due to the accuracy questioned. Therefore,
establishing standardization and improving experimental
setups is an urgent issue.

5.5 Electrochemical reactions induced
degradation

In addition to the above-mentioned physical mecha-
nisms, various chemical reactions in PeLED devices initi-
ated/caused by charges are also one of important reasons
for device degradation. The anode material ITO is the
most investigated electrode. The degradation of the ITO
substrate not only changes the morphology and form
voids but also leads to electrochemically induced reactions
because of the diffusion of elements from ITO. The acidic
nature of PEDOT:PSS causes corrosion of the ITO substrate
and thus releases metallic elements that diffuse into the
perovskite layer, resulting in defect formation [155]. These
defects act as nonradiative recombination centers for the
injected holes and electrons [187, 188]. In the cathode
materials, the main electrochemical reaction of the elec-
trodes is inducedbywater andoxygen [188, 189]. Reactions

may occur even at the interface between the perovskite
layer and the cathode. Electrochemical reactions alter the
surfacecompositionsandoxidationstatesat theperovskite
layer/metal interfaces, lower the energy barrier at the
exposed contacts, and provide a source for the diffusion
of the defect states [190, 191]. Electrochemical reactions
within the PeLEDs are also possible. There was ample
evidence that the ion migration-related electrochemical
instability induces PeLEDsdegradationunder an electrical
bias, and the corresponding reaction products, such as
exciton quenchers or charge carrier traps, act as nonradia-
tive recombination centers [21, 192–194]. The increased
iodide ratio in TFB hole injection layer of 3D-PeLEDs
causes performance degradation, and decrease in EQE
can be largely derived from the destruction of TFB hole
injection layer via electrochemical reaction [192]. The
excess KI additive in PeLEDs leads to the significant
reduction of EQE roll-off because iodide and iodine pro-
duced by electrochemical reactions serve as an additional
EL quenching pathway [133, 195, 196]. Electrochemical
reactions lead to a decomposition of perovskite into PbI2
at the anode interface and Pb2+ is reduced to Pb0 at the
cathode interface, due to ion migration and compensation
of electrons [77, 142, 197]. Iodine anions interact with the
Ag electrode to create an insulating compound AgI at an
electrical bias condition [153]. Electrochemical reactions
between bromide anions and Ag electrode produce an
insulating compound AgBr in MAPbBr3 [163].

6 Conclusions and perspectives
In this paper, we reviewed and categorized the known
degradation processes and associated mechanisms that
affect the performance of PeLEDs. Development of PeLEDs
has made significant progress in the past few years,
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leading to low-cost fabricating methods and high lumi-
nance efficiencies. However, the stability problem caused
by the device degradation still hinders the widespread
application of PeLEDs.

The knowledge and understanding of degradation
mechanisms due to physical changes and chemical reac-
tions during device operation in a relatively short time
have improved significantly, based on the extensive expe-
rience and knowledge accumulated through inorganic and
organic LED technology research conducted in various
fields from material chemistry to device engineering.
Although many degradation mechanisms have similar
characterization results, they can still be classified accord-
ing to various factors that cause device degradation. We
systematically elucidated the degradation mechanisms
of PeLEDs under an electrical bias in terms of external
and internal factors, such as process parameters, envi-
ronmental factors, charge carrier kinetics, recombination
quenching mechanisms, thermodynamics, and chemical
reactions.

We also reviewed the most common analytical tech-
niques suitable for investigating the degradation phenom-
ena in PeLEDs. L–I–V curve analysis and impedance
spectroscopy are the most commonly used analytical
techniques to analyze the physical changes and deter-
mine the degradation processes and associated mecha-
nisms. X-ray techniques are most commonly employed
for analyzing the chemical reactions and identifying the
degradation products. However, due to the influence of
perovskite material properties and device structure, many
measurement results cannot accurately explain the degra-
dation mechanisms of PeLEDs and provide only quali-
tative conclusions for reference. Moreover, the physical
quantities measured in optoelectronic characterizations
are rarely directly related to the desired quantities. For
example, in the case of L–I–V characteristic measure-
ments, the analysis is based on injection current, bias
voltage, and luminance. In many instances, the desired
parameter can be derived via the physical model and
mathematical relationship between the measured and
desired quantities. The nonradiative current as the desired
quantity,whichcanbeseparated fromthe injectioncurrent
as the measured quantity, is used to analyze the carrier
transport and device degradation in detail. Separating the
injection current components is a considerable challenge,
indicating that a more in-depth understanding of the
device properties, such as carrier transport processes,
luminous efficiency, and device degradation, is required.
In addition, the role of Joule heating played in the PeLED
device is also an important point of contention. Various

degradation processes under a bias voltage generally
coexist, and thus, the identification of the ultimate degra-
dation mechanism is difficult. As a result, the contribu-
tion of Joule heating cannot be properly disentangled
and explained. Further, the insufficient knowledge of
the temperature change inside the device disputes the
thermal-induced device degradation mechanism. It is
generally well known that the most intuitive investigation
of the Joule heating effect is the temperature change.
However, thus far, known measurement methods have
not been widely recognized because of their own limita-
tions. Hence, researchers should be encouraged to study
the temperature measurement methods of inorganic and
organic LEDs and develop an analytical technique that
can be employed to investigate the Joule heating effect of
PeLEDs.

Some fabrication strategies that significantly improve
the performance and stability of PeLEDs are well known.
The use of highly purified materials and substrates, opti-
mized deposition processes, and appropriate packaging
technology generally result in a better device performance
and stability. Although the effects of extrinsic factors,
such as moisture and oxygen, on the perovskite remain
controversial, more evidences indicate that moisture and
oxygen can destabilize the PeLED devices. Most internal
degradation processes of the PeLEDs can be summarized
as correlated defect behavior, although the perovskite
materials have shown remarkable tolerance to defects, and
high-density defects mediated carrier transport processes
are the dominant causes of the inefficiency and instability
of PeLEDs. Some chemical design guidelines for PeLED
materials are based on certain features of the chemical
structure of the associated defect behaviors. For example,
doping and constructing a core–shell structure to inhibit
ion migration and improve charge carrier injection and
transport, and utilizing passivation strategies to enhance
defect management for improving the performance and
stability of PeLEDs. While the strategies of defect man-
agement suppress the defects to a certain extent, various
effective strategies of defect suppression are still needed
to further improve the device performance and stability. In
PeLEDs, the effect of defects is less severe because most
of the intrinsic defect states lie within the bands or are
close to the bandgap; however, it does not indicate that
defects are unimportant. Defects play a key role in limiting
the efficiency of electrical to photon energy conversion by
nonradiative recombination. Defect-induced nonradiative
recombination depends on the density, energetic position,
and location of the defects. To deduce the accurate
defect characteristics of PeLEDs, both theoretical and
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experimental analyses are essential. However, the study
on the conditions and mechanisms of defect formation
is far behind that on strategies of defect control. The
effect of defects on PeLEDs has rarely been reported,
and there is a lack of understanding of the defect state
under the device operation state. Therefore, an in-depth
investigation of defect-induced degradation mechanisms
through advanced characterization experiments is imper-
ative to provide guidelines for effective defect suppression
strategies.

Undoubtedly, the investigation of degradation mech-
anisms is crucial for the development of PeLEDs. We
reviewed the various reasons that may cause the degrada-
tion of PeLEDs and attempted to correlate the degradation
mechanisms to the changes in the physical structure or
chemical composition. Separation of the various changes
into external and internal factors is necessary to better
elucidate the origin of device inefficiency and instability.
For example, the correlation of process parameters, device
performance, and stability; the influence of passivation
and post-treatment techniques; the erosion of device
structure by moisture and oxygen; the intermediates and
final products formed during the degradation processes;
the generation mechanism of nonradiative recombination
centers; the effect of ion migration on each functional
layer; and the Joule heating effect inside the PeLED
structure.

We anticipate that this review will encourage more
researchers to study the issues related to PeLED degrada-
tion, which will be instrumental for the development of
PeLEDs with high efficiencies and long lifetimes.

Author contributions:Prof. D. H. Kim conceived the overall
concept, supervised theproject, andwrote themanuscript.
Dr. D.-G. Zheng organized the detailed structure and
content and wrote the manuscript.
Research funding: Financial supports from the National
Research Foundation of Korea are acknowledged. This
work was supported by the National Research Foun-
dation of Korea (NRF) grant funded by the Korean
Government (2020R 1A 2C 3003958), the Basic Science
Research Program (Priority Research Institute) through
the NRF grant funded by the Ministry of Education
(2021R1A6A1A10039823), and the Korea Basic Science
Institute (National Research Facilities and Equipment
Center) grant funded by the Ministry of Education (2020R
1A 6C 101B194).
Conflict of interest statement: The authors declare no
conflicts of interest.

References
[1] A. R. Chakhmouradian and P. M. Woodward, ‘‘Celebrating 175

years of perovskite research: a tribute to Roger H. Mitchell,’’
Phys. Chem. Miner., vol. 41, no. 6, pp. 387−391, 2014..

[2] Z. K. Tan, R. S. Moghaddam, M. L. Lai, et al., ‘‘Bright
light-emitting diodes based on organometal halide
perovskite,’’ Nat. Nanotechnol., vol. 9, no. 9, pp. 687−692,
2014..

[3] K. Lin, J. Xing, L. N. Quan, et al., ‘‘Perovskite light-emitting
diodes with external quantum efficiency exceeding 20 per
cent,’’ Nature, vol. 562, no. 7726, pp. 245−248,
2018..

[4] B. Zhao, S. Bai, V. Kim, et al., ‘‘High-efficiency
perovskite−polymer bulk heterostructure light-emitting
diodes,’’ Nat. Photonics, vol. 12, no. 12, pp. 783−789,
2018..

[5] W. Xu, Q. Hu, S. Bai, et al., ‘‘Rational molecular passivation
for high-performance perovskite light-emitting diodes,’’ Nat.
Photonics, vol. 13, no. 6, pp. 418−424, 2019..

[6] T. Fang, T. Wang, X. Li, Y. Dong, S. Bai, and J. Song,
‘‘Perovskite QLED with an external quantum efficiency of
over 21% by modulating electronic transport,’’ Sci. Bull.,
vol. 66, no. 1, pp. 36−43, 2021..

[7] Z. Liu, W. Qiu, X. Peng, et al., ‘‘Perovskite light-emitting
diodes with EQE exceeding 28% through a synergetic
dual-additive strategy for defect passivation and
nanostructure regulation,’’ Adv. Mater., vol. 33, no. 43,
p. e2103268, 2021..

[8] C. Zhao, W. Wu, H. Zhan, et al., ‘‘Phosphonate/phosphine
oxide dyad additive for efficient perovskite light-emitting
diodes,’’ Angew. Chem., Int. Ed. Engl., vol. 61, no. 13,
p. e202117374, 2022..

[9] C. Chen, T. Xuan, Y. Yang, et al., ‘‘Passivation layer of
potassium iodide yielding high efficiency and stable deep
red perovskite light-emitting diodes,’’ ACS Appl. Mater.
Interfaces, vol. 14, no. 14, pp. 16404−16412, 2022..

[10] N. Li, Y. Jia, Y. Guo, and N. Zhao, ‘‘Ion migration in perovskite
light-emitting diodes: mechanism, characterizations, and
material and device engineering,’’ Adv. Mater., vol. 34,
no. 19, p. e2108102, 2022..

[11] P. Teng, S. Reichert, W. Xu, et al., ‘‘Degradation and
self-repairing in perovskite light-emitting diodes,’’Matter,
vol. 4, no. 11, pp. 3710−3724, 2021..

[12] D. Yang, B. Zhao, T. Yang, et al., ‘‘Toward stable and efficient
perovskite light-emitting diodes,’’ Adv. Funct. Mater., vol. 32,
no. 9, p. 2109495, 2021.

[13] Y. Jiang, M. Cui, S. Li, et al., ‘‘Reducing the impact of Auger
recombination in quasi-2D perovskite light-emitting
diodes,’’ Nat. Commun., vol. 12, no. 1, p. 336, 2021..

[14] M. Worku, A. Ben-Akacha, T. B. Shonde, H. Liu, and B. Ma,
‘‘The past, present, and future of metal halide perovskite
light-emitting diodes,’’ Small Sci., vol. 1, no. 8, p. 2000072,
2021.

[15] Y. Zou, T. Wu, F. Fu, et al., ‘‘Thermal-induced interface
degradation in perovskite light-emitting diodes,’’ J. Mater.
Chem. C, vol. 8, no. 43, pp. 15079−15085, 2020..



470 | D. G. Zheng and D. H. Kim: Degradation mechanisms of perovskite light-emitting diodes

[16] C. Ran, J. Xu, W. Gao, C. Huang, and S. Dou, ‘‘Defects in metal
triiodide perovskite materials towards high-performance
solar cells: origin, impact, characterization, and
engineering,’’ Chem. Soc. Rev., vol. 47, no. 12,
pp. 4581−4610, 2018..

[17] L. Lanzetta, T. Webb, N. Zibouche, et al., ‘‘Degradation
mechanism of hybrid tin-based perovskite solar cells and the
critical role of tin (IV) iodide,’’ Nat. Commun., vol. 12, no. 1,
p. 2853, 2021..

[18] T. H. Han, K. Y. Jang, Y. Dong, R. H. Friend, E. H. Sargent, and
T. W. Lee, ‘‘A roadmap for the commercialization of
perovskite light emitters,’’ Nat. Rev. Mater., vol. 7, no. 10,
pp. 757−777, 2022..

[19] H. Li, H. Lin, D. Ouyang, et al., ‘‘Efficient and stable red
perovskite light-emitting diodes with operational stability
>300 h,’’ Adv. Mater., vol. 33, no. 15, p. e2008820, 2021..

[20] H. P. Kim, J. Kim, B. S. Kim, et al., ‘‘High-efficiency, blue,
green, and near-infrared light-emitting diodes based on
triple cation perovskite,’’ Adv. Opt. Mater., vol. 5, no. 7,
p. 1600920, 2017.

[21] Q. Dong, L. Lei, J. Mendes, and F. So, ‘‘Operational stability
of perovskite light emitting diodes,’’ J. Phys. Mater., vol. 3,
no. 1, p. 012002, 2020.

[22] X. Xiao, K. Wang, T. Ye, et al., ‘‘Enhanced hole injection
assisted by electric dipoles for efficient perovskite
light-emitting diodes,’’ Commun. Mater., vol. 1, no. 81,
pp. 1−8, 2020,.

[23] N. K. Kumawat, D. Gupta, and D. Kabra, ‘‘Recent advances in
metal halide-based perovskite light-emitting diodes,’’
Energy Technol., vol. 5, no. 10, pp. 1734−1749, 2017,.

[24] L. Zhao, J. Gao, Y. L. Lin, et al., ‘‘Electrical stress influences
the efficiency of CH3NH3PbI3 perovskite light emitting
devices,’’ Adv. Mater., vol. 29, no. 24, p. 1605317, 2017.

[25] B. Xu, W. Wang, X. Zhang, et al., ‘‘Electric bias induced
degradation in organic-inorganic hybrid perovskite
light-emitting diodes,’’ Sci. Rep., vol. 8, no. 1, p. 15799, 2018..

[26] Z. Andaji-Garmaroudi, M. Abdi-Jalebi, F. U. Kosasih, et al.,
‘‘Elucidating and mitigating degradation processes in
perovskite light-emitting diodes,’’ Adv. Energy Mater.,
vol. 10, no. 48, p. 1605317, 2020.

[27] S. A. Veldhuis, P. P. Boix, N. Yantara, et al., ‘‘Perovskite
materials for light-emitting diodes and lasers,’’ Adv. Mater.,
vol. 28, no. 32, pp. 6804−6834, 2016..

[28] T. H. Han, S. Tan, J. Xue, L. Meng, J. W. Lee, and Y. Yang,
‘‘Interface and defect engineering for metal halide
perovskite optoelectronic devices,’’ Adv. Mater., vol. 31,
no. 47, p. e1803515, 2019..

[29] Y. Shen, H. Y. Wu, Y. Q. Li, et al., ‘‘Interfacial nucleation
seeding for electroluminescent manipulation in blue
perovskite light-emitting diodes,’’ Adv. Funct. Mater., vol. 31,
no. 45, p. 2103870, 2021.

[30] J. Ye, M. M. Byranvand, C. O. Martinez, et al., ‘‘Defect
passivation in lead-halide perovskite nanocrystals and thin
films: toward efficient LEDs and solar cells,’’ Angew. Chem.,
Int. Ed. Engl., vol. 60, no. 40, pp. 21636−21660, 2021..

[31] Y. Yuan and J. Huang, ‘‘Ion migration in organometal trihalide
perovskite and its impact on photovoltaic efficiency and
stability,’’ Acc. Chem. Res., vol. 49, no. 2, pp. 286−293,
2016..

[32] R. Quintero-Bermudez, J. Kirman, D. Ma, E. H. Sargent, and
R. Quintero-Torres, ‘‘Mechanisms of LiF interlayer
enhancements of perovskite light-emitting diodes,’’ J. Phys.
Chem. Lett., vol. 11, no. 10, pp. 4213−4220, 2020..

[33] R. A. Kerner and B. P. Rand, ‘‘Electrochemical and thermal
etching of indium tin oxide by solid-state hybrid
organic−inorganic perovskites,’’ ACS Appl. Energy Mater.,
vol. 2, no. 8, pp. 6097−6101, 2019..

[34] J. Song, J. Li, X. Li, L. Xu, Y. Dong, and H. Zeng, ‘‘Quantum dot
light-emitting diodes based on inorganic perovskite cesium
lead halides (CsPbX3),’’ Adv. Mater., vol. 27, no. 44,
pp. 7162−7167, 2015..

[35] J. Wang, N. Wang, Y. Jin, et al., ‘‘Interfacial control toward
efficient and low-voltage perovskite light-emitting diodes,’’
Adv. Mater., vol. 27, no. 14, pp. 2311−2316, 2015..

[36] Y. Ling, Y. Tian, X. Wang, et al., ‘‘Enhanced optical and
electrical properties of polymer-assisted all-inorganic
perovskites for light-emitting diodes,’’ Adv. Mater., vol. 28,
no. 40, pp. 8983−8989, 2016..

[37] Y. Shen, L. P. Cheng, Y. Q. Li, et al., ‘‘High-efficiency
perovskite light-emitting diodes with synergetic outcoupling
enhancement,’’ Adv. Mater., vol. 31, no. 24, p. e1901517,
2019..

[38] Y. Miao, L. Cheng, W. Zou, et al., ‘‘Microcavity top-emission
perovskite light-emitting diodes,’’ Light: Sci. Appl., vol. 9,
p. 89, 2020..

[39] C. Bi, Z. Yao, X. Sun, X. Wei, J. Wang, and J. Tian, ‘‘Perovskite
quantum dots with ultralow trap density by acid
etching-driven ligand exchange for high luminance and
stable pure-blue light-emitting diodes,’’ Adv. Mater., vol. 33,
no. 15, p. e2006722, 2021..

[40] J. Xing, Y. Zhao, M. Askerka, et al., ‘‘Color-stable highly
luminescent sky-blue perovskite light-emitting diodes,’’ Nat.
Commun., vol. 9, no. 1, p. 3541, 2018..

[41] Z. Wei, A. Perumal, R. Su, et al., ‘‘Solution-processed highly
bright and durable cesium lead halide perovskite
light-emitting diodes,’’ Nanoscale, vol. 8, no. 42,
pp. 18021−18026, 2016..

[42] M. E. Ziffer, J. C. Mohammed, and D. S. Ginger,
‘‘Electroabsorption spectroscopy measurements of the
exciton binding energy, electron−hole reduced effective
mass, and band gap in the perovskite CH3NH3PbI3,’’ ACS
Photonics, vol. 3, no. 6, pp. 1060−1068, 2016..

[43] Y. Guo, Y. Jia, N. Li, et al., ‘‘Degradation mechanism of
perovskite light-emitting diodes: an in situ investigation via
electroabsorption spectroscopy and device modelling,’’ Adv.
Funct. Mater., vol. 30, no. 19, p. 1910464, 2020.

[44] M. Zhang, Z. Zheng, Q. Fu, et al., ‘‘Determination of defect
levels in melt-grown all-inorganic perovskite CsPbBr3
crystals by thermally stimulated current spectra,’’ J. Phys.
Chem. C, vol. 122, no. 19, pp. 10309−10315, 2018..

[45] M. Ahmadi, Y. C. Hsiao, T. Wu, Q. Liu, W. Qin, and B. Hu,
‘‘Effect of photogenerated dipoles in the hole transport layer
on photovoltaic performance of organic-inorganic perovskite
solar cells,’’ Adv. Energy Mater., vol. 7, no. 4, p. 1601575,
2017,.

[46] R. Kumar, J. Kumar, P. Srivastava, D. Moghe, D. Kabra, and
M. Bag, ‘‘Unveiling the morphology effect on the negative
capacitance and large ideality factor in perovskite



D. G. Zheng and D. H. Kim: Degradation mechanisms of perovskite light-emitting diodes | 471

light-emitting diodes,’’ ACS Appl. Mater. Interfaces, vol. 12,
no. 30, pp. 34265−34273, 2020..

[47] C. Qin, T. Matsushima, T. Fujihara, W. J. Potscavage, Jr., and
C. Adachi, ‘‘Degradation mechanisms of solution-processed
planar perovskite solar cells: thermally stimulated current
measurement for analysis of carrier traps,’’ Adv. Mater.,
vol. 28, no. 3, pp. 466−471, 2016..

[48] G. Gordillo, C. A. Otálora, and M. A. Reinoso, ‘‘Trap center
study in hybrid organic-inorganic perovskite using thermally
stimulated current (TSC) analysis,’’ J. Appl. Phys., vol. 122,
no. 7, p. 075304, 2017.

[49] A. Guerrero, J. Bisquert, and G. Garcia-Belmonte,
‘‘Impedance spectroscopy of metal halide perovskite solar
cells from the perspective of equivalent circuits,’’ Chem.
Rev., vol. 121, no. 23, pp. 14430−14484, 2021..

[50] C. Zou, Y. Liu, D. S. Ginger, and L. Y. Lin, ‘‘Suppressing
efficiency roll-off at high current densities for ultra-bright
green perovskite light-emitting diodes,’’ ACS Nano, vol. 14,
no. 5, pp. 6076−6086, 2020..

[51] B. R. Watson, B. Yang, K. Xiao, Y. Z. Ma, B. Doughty, and
T. R. Calhoun, ‘‘Elucidation of perovskite film
micro-orientations using two-photon total internal
reflectance fluorescence microscopy,’’ J. Phys. Chem. Lett.,
vol. 6, no. 16, pp. 3283−3288, 2015..

[52] R. J. Stoddard, W. A. Dunlap-Shohl, H. Qiao, Y. Meng,
W. F. Kau, and H. W. Hillhouse, ‘‘Forecasting the decay of
hybrid perovskite performance using optical transmittance
or reflected dark-field imaging,’’ ACS Energy Lett., vol. 5,
no. 3, pp. 946−954, 2020..

[53] C. Chen, L. Gao, W. Gao, et al., ‘‘Circularly polarized light
detection using chiral hybrid perovskite,’’ Nat. Commun.,
vol. 10, no. 1, p. 1927, 2019..

[54] N. Wang, L. Cheng, R. Ge, et al., ‘‘Perovskite light-emitting
diodes based on solution-processed self-organized multiple
quantum wells,’’ Nat. Photonics, vol. 10, no. 11,
pp. 699−704, 2016..

[55] L. Zhang, X. Yang, Q. Jiang, et al., ‘‘Ultra-bright and highly
efficient inorganic based perovskite light-emitting diodes,’’
Nat. Commun., vol. 8, p. 15640, 2017..

[56] W. Cai, M. U. Ali, P. Liu, et al., ‘‘Unravelling
alkali-metal-assisted domain distribution of quasi-2D
perovskites for cascade energy transfer toward efficient blue
light-emitting diodes,’’ Adv. Sci., vol. 9, no. 28, p. e2200393,
2022,.

[57] P. Pang, G. Jin, C. Liang, et al., ‘‘Rearranging
low-dimensional phase distribution of quasi-2D perovskites
for efficient sky-blue perovskite light-emitting diodes,’’ ACS
Nano, vol. 14, no. 9, pp. 11420−11430, 2020..

[58] J. Pan, L. N. Quan, Y. Zhao, et al., ‘‘Highly efficient
perovskite-quantum-dot light-emitting diodes by surface
engineering,’’ Adv. Mater., vol. 28, no. 39, pp. 8718−8725,
2016..

[59] Z. Xiao, R. A. Kerner, L. Zhao, et al., ‘‘Efficient perovskite
light-emitting diodes featuring nanometre-sized
crystallites,’’ Nat. Photonics, vol. 11, no. 2, pp. 108−115,
2017..

[60] M. Ban, Y. Zou, J. P. H. Rivett, et al., ‘‘Solution-processed
perovskite light emitting diodes with efficiency exceeding

15% through additive-controlled nanostructure tailoring,’’
Nat. Commun., vol. 9, no. 1, p. 3892, 2018..

[61] K. Leng, L. Wang, Y. Shao, et al., ‘‘Electron tunneling at the
molecularly thin 2D perovskite and graphene van der Waals
interface,’’ Nat. Commun., vol. 11, no. 1, p. 5483, 2020..

[62] S. Chu, W. Chen, Z. Fang, et al., ‘‘Large-area and efficient
perovskite light-emitting diodes via low-temperature
blade-coating,’’ Nat. Commun., vol. 12, no. 1, p. 147, 2021..

[63] X. Xu, Z. Wang, J. Yu, L. Li, and X. Yan, ‘‘Phase engineering for
highly efficient quasi-two-dimensional all-inorganic
perovskite light-emitting diodes via adjusting the ratio of Cs
cation,’’ Nanoscale Res. Lett., vol. 14, no. 1, p. 255, 2019..

[64] M. Telychko, S. Edalatmanesh, K. Leng, et al., ‘‘Sub-angstrom
noninvasive imaging of atomic arrangement in 2D hybrid
perovskites,’’ Sci. Adv., vol. 8, no. 17, p. eabj0395, 2022..

[65] Y. Liu, M. Lorenz, A. V. Ievlev, and O. S. Ovchinnikova,
‘‘Secondary ion mass spectrometry (SIMS) for chemical
characterization of metal halide perovskites,’’ Adv. Funct.
Mater., vol. 30, no. 35, p. 2002201, 2020.

[66] D. Ma, P. Todorovic, S. Meshkat, et al., ‘‘Chloride
insertion-immobilization enables bright, narrowband, and
stable blue-emitting perovskite diodes,’’ J. Am. Chem. Soc.,
vol. 142, no. 11, pp. 5126−5134, 2020..

[67] J. C. Yu, D. B. Kim, G. Baek, et al., ‘‘High-performance planar
perovskite optoelectronic devices: a morphological and
interfacial control by polar solvent treatment,’’ Adv. Mater.,
vol. 27, no. 23, pp. 3492−3500, 2015..

[68] B. Han, S. Yuan, B. Cai, et al., ‘‘Green perovskite
light-emitting diodes with 200 hours stability and 16%
efficiency: cross-linking strategy and mechanism,’’ Adv.
Funct. Mater., vol. 31, no. 26, p. 2011003, 2021.

[69] Z. Yao, C. Bi, A. Liu, M. Zhang, and J. Tian, ‘‘High brightness
and stability pure-blue perovskite light-emitting diodes
based on a novel structural quantum-dot film,’’ Nano Energy,
vol. 95, p. 106974, 2022.

[70] W.-C. Chen, Y.-H. Fang, L.-G. Chen, et al., ‘‘High luminescence
and external quantum efficiency in perovskite quantum-dots
light-emitting diodes featuring bilateral affinity to silver and
short alkyl ligands,’’ Chem. Eng. J., vol. 414, p. 128866, 2021.

[71] K. Lin, C. Yan, R. P. Sabatini, et al., ‘‘Dual-phase regulation
for high-efficiency perovskite light-emitting diodes,’’ Adv.
Funct. Mater., vol. 32, no. 24, p. 2200350, 2022.

[72] F. Liu, S. Sidhik, M. A. Hoffbauer, et al., ‘‘Highly efficient
photoelectric effect in halide perovskites for regenerative
electron sources,’’ Nat. Commun., vol. 12, no. 1, p. 673, 2021..

[73] P. Vashishtha, M. Ng, S. B. Shivarudraiah, and J. E. Halpert,
‘‘High efficiency blue and green light-emitting diodes using
ruddlesden−popper inorganic mixed halide perovskites
with butylammonium interlayers,’’ Chem. Mater., vol. 31,
no. 1, pp. 83−89, 2018..

[74] S. Zhang, C. Yi, N. Wang, et al., ‘‘Efficient red perovskite
light-emitting diodes based on solution-processed multiple
quantum wells,’’ Adv. Mater., vol. 29, no. 22, p. 1606600,
2017.

[75] T. Chiba, Y. Hayashi, H. Ebe, et al., ‘‘Anion-exchange red
perovskite quantum dots with ammonium iodine salts for
highly efficient light-emitting devices,’’ Nat. Photonics,
vol. 12, no. 11, pp. 681−687, 2018..



472 | D. G. Zheng and D. H. Kim: Degradation mechanisms of perovskite light-emitting diodes

[76] Z. Wang, T. Chen, F. Wang S. Dai, Z. Tan, ‘‘Morphology
Engineering for High-Performance and Multicolored
Perovskite Light-Emitting Diodes with Simple Device
Structures,’’ Small, vol. 12, no. 32, pp. 4412−4420, 2016.

[77] Y. Yuan, Q. Wang, Y. Shao, et al., ‘‘Electric-field-driven
reversible conversion between methylammonium lead
triiodide perovskites and lead iodide at elevated
temperatures,’’ Adv. Energy Mater., vol. 6, no. 2, p. 1501803,
2016.

[78] Y. Dong, Y. K. Wang, F. Yuan, et al., ‘‘Bipolar-shell
resurfacing for blue LEDs based on strongly confined
perovskite quantum dots,’’ Nat. Nanotechnol., vol. 15, no. 8,
pp. 668−674, 2020..

[79] Y. Liu, J. Cui, K. Du, et al., ‘‘Efficient blue light-emitting
diodes based on quantum-confined bromide perovskite
nanostructures,’’ Nat. Photonics, vol. 13, no. 11,
pp. 760−764, 2019..

[80] K. Wang, L. Jin, Y. Gao, et al., ‘‘Lead-free organic-perovskite
hybrid quantum wells for highly stable light-emitting
diodes,’’ ACS Nano, vol. 15, no. 4, pp. 6316−6325, 2021..

[81] H. Lin, J. Mao, M. Qin, et al., ‘‘Single-phase alkylammonium
cesium lead iodide quasi-2D perovskites for color-tunable
and spectrum-stable red LEDs,’’ Nanoscale, vol. 11, no. 36,
pp. 16907−16918, 2019..

[82] I. T. P. Committee, IES LM-80-08 Measuring Lumen
Maintenance of LED Light Sources, Illuminating Engineering
Society, 2008, Available at: https://www.energy.gov/eere/
ssl/solid-state-lighting.

[83] Y. Ouyang, Y. Li, P. Zhu, et al., ‘‘Photo-oxidative degradation
of methylammonium lead iodide perovskite: mechanism and
protection,’’ J. Mater. Chem. A, vol. 7, no. 5, pp. 2275−2282,
2019..

[84] D. Y. Son, S. G. Kim, J. Y. Seo, et al., ‘‘Universal approach
toward hysteresis-free perovskite solar cell via defect
engineering,’’ J. Am. Chem. Soc., vol. 140, no. 4,
pp. 1358−1364, 2018..

[85] H. Kim, S. R. Bae, T. H. Lee, et al., ‘‘Enhanced optical
properties and stability of CsPbBr3 nanocrystals through
nickel doping,’’ Adv. Funct. Mater., vol. 31, no. 28,
p. 2102770, 2021.

[86] T. Hu, D. Li, Q. Shan, et al., ‘‘Defect behaviors in perovskite
light-emitting diodes,’’ ACS Mater. Lett., vol. 3, no. 12,
pp. 1702−1728, 2021..

[87] A. Fakharuddin, M. K. Gangishetty, M. Abdi-Jalebi, et al.,
‘‘Perovskite light-emitting diodes,’’ Nat. Electron., vol. 5,
no. 4, pp. 203−216, 2022..

[88] A. R. Bowring, L. Bertoluzzi, B. C. O’Regan, and M. D.
McGehee, ‘‘Reverse bias behavior of halide perovskite solar
cells,’’ Adv. Energy Mater., vol. 8, no. 8, p. 1702365, 2018.

[89] H. Kim, L. Zhao, J. S. Price, et al., ‘‘Hybrid perovskite light
emitting diodes under intense electrical excitation,’’ Nat.
Commun., vol. 9, no. 1, p. 4893, 2018..

[90] Y. J. Jung, S. Y. Cho, J. W. Jung, S. Y. Kim, and J. H. Lee,
‘‘Influence of indium-tin-oxide and emitting-layer
thicknesses on light outcoupling of perovskite light-emitting
diodes,’’ Nano Convergence, vol. 6, no. 1, p. 26, 2019..

[91] H. Cho, Y. H. Kim, C. Wolf, H. D. Lee, and T. W. Lee,
‘‘Improving the stability of metal halide perovskite materials

and light-emitting diodes,’’ Adv. Mater., vol. 30, no. 42,
p. e1704587, 2018..

[92] B. Conings, J. Drijkoningen, N. Gauquelin, et al., ‘‘Intrinsic
thermal instability of methylammonium lead trihalide
perovskite,’’ Adv. Energy Mater., vol. 5, no. 15, p.1500477,
2015.

[93] S. H. Chin, J. W. Choi, H. C. Woo, J. H. Kim, H. S. Lee, and
C. L. Lee, ‘‘Realizing a highly luminescent perovskite thin
film by controlling the grain size and crystallinity through
solvent vapour annealing,’’ Nanoscale, vol. 11, no. 13,
pp. 5861−5867, 2019..

[94] J. C. Yu, D. W. Kim, B. Kim da, et al., ‘‘Improving the stability
and performance of perovskite light-emitting diodes by
thermal annealing treatment,’’ Adv. Mater., vol. 28, no. 32,
pp. 6906−6913, 2016..

[95] W. Yang, L. Fei, F. Gao, et al., ‘‘Thermal polymerization
synthesis of CsPbBr3 perovskite-quantum-dots@copolymer
composite: towards long-term stability and optical phosphor
application,’’ Chem. Eng. J., vol. 387, p. 124180, 2020.

[96] H. Huang, F. Zhao, L. Liu, et al., ‘‘Emulsion synthesis of
size-tunable CH3NH3PbBr3 quantum dots: an alternative
route toward efficient light-emitting diodes,’’ ACS Appl.
Mater. Interfaces, vol. 7, no. 51, pp. 28128−28133, 2015..

[97] F. Ambroz, W. Xu, S. Gadipelli, et al., ‘‘Room temperature
synthesis of phosphine-capped lead bromide perovskite
nanocrystals without coordinating solvents,’’ Part. Part.
Syst. Charact., vol. 37, no. 1, p. 1900391, 2019.

[98] C. Wang, A. S. Chesman, and J. J. Jasieniak, ‘‘Stabilizing the
cubic perovskite phase of CsPbI3 nanocrystals by using an
alkyl phosphinic acid,’’ Chem. Commun., vol. 53, no. 1,
pp. 232−235, 2016..

[99] S. Wu, S. Zhao, Z. Xu, et al., ‘‘Highly bright and stable
all-inorganic perovskite light-emitting diodes with
methoxypolyethylene glycols modified CsPbBr3 emission
layer,’’ Appl. Phys. Lett., vol. 113, no. 21, p. 213501, 2018.

[100] J. De Roo, M. Ibanez, P. Geiregat, et al., ‘‘Highly dynamic
ligand binding and light absorption coefficient of cesium
lead bromide perovskite nanocrystals,’’ ACS Nano, vol. 10,
no. 2, pp. 2071−2081, 2016..

[101] Y. Wei, Z. Cheng, and J. Lin, ‘‘An overview on enhancing the
stability of lead halide perovskite quantum dots and their
applications in phosphor-converted LEDs,’’ Chem. Soc. Rev.,
vol. 48, no. 1, pp. 310−350, 2019..

[102] J. M. Ball and A. Petrozza, ‘‘Defects in perovskite-halides and
their effects in solar cells,’’ Nat. Energy, vol. 1, no. 16149,
pp. 1−13, 2016,.

[103] Y. Lei, Y. Xu, M. Wang, G. Zhu, and Z. Jin, ‘‘Origin, influence,
and countermeasures of defects in perovskite solar cells,’’
Small, vol. 17, no. 26, p. e2005495, 2021..

[104] H. Jin, E. Debroye, M. Keshavarz, et al., ‘‘It’s a trap! on the
nature of localised states and charge trapping in lead halide
perovskites,’’Mater. Horiz., vol. 7, no. 2, pp. 397−410, 2020..

[105] M. Liu, Q. Wan, H. Wang, et al., ‘‘Suppression of temperature
quenching in perovskite nanocrystals for efficient and
thermally stable light-emitting diodes,’’ Nat. Photonics,
vol. 15, no. 5, pp. 379−385, 2021..

[106] X. Yuan, X. Hou, J. Li, et al., ‘‘Thermal degradation of
luminescence in inorganic perovskite CsPbBr3

https://www.energy.gov/eere/ssl/solid-state-lighting
https://www.energy.gov/eere/ssl/solid-state-lighting


D. G. Zheng and D. H. Kim: Degradation mechanisms of perovskite light-emitting diodes | 473

nanocrystals,’’ Phys. Chem. Chem. Phys., vol. 19, no. 13,
pp. 8934−8940, 2017..

[107] Y. Cheng, Q. D. Yang, J. Xiao, et al., ‘‘Decomposition of
organometal halide perovskite films on zinc oxide
nanoparticles,’’ ACS Appl. Mater. Interfaces, vol. 7, no. 36,
pp. 19986−19993, 2015..

[108] Q. Lu, Z. Yang, X. Meng, et al., ‘‘A review on encapsulation
technology from organic light emitting diodes to organic and
perovskite solar cells,’’ Adv. Funct. Mater., vol. 31, no. 23,
p. 2100151, 2021.

[109] L. Zhang, Y. Xie, Z. Tian, Y. Liu, C. Geng, and S. Xu, ‘‘Thermal
conductive encapsulation enables stable high-power
perovskite-converted light-emitting diodes,’’ ACS Appl.
Mater. Interfaces, vol. 13, no. 25, pp. 30076−30085, 2021..

[110] K. K. Liu, Q. Liu, D. W. Yang, et al., ‘‘Water-induced
MAPbBr3@PbBr(OH) with enhanced luminescence and
stability,’’ Light: Sci. Appl., vol. 9, p. 44, 2020..

[111] M. N. F. Hoque, R. He, J. Warzywoda, and Z. Fan, ‘‘Effects of
moisture-based grain boundary passivation on cell
performance and ionic migration in organic-inorganic halide
perovskite solar cells,’’ ACS Appl. Mater. Interfaces, vol. 10,
no. 36, pp. 30322−30329, 2018..

[112] C.-H. Chiang, M. K. Nazeeruddin, M. Grätzel, and C.-G. Wu,
‘‘The synergistic effect of H2O and DMF towards stable and
20% efficiency inverted perovskite solar cells,’’ Energy
Environ. Sci., vol. 10, no. 3, pp. 808−817, 2017..

[113] L. Ling, S. Yuan, P. Wang, et al., ‘‘Precisely controlled
hydration water for performance improvement of
organic-inorganic perovskite solar cells,’’ Adv. Funct. Mater.,
vol. 26, no. 28, pp. 5028−5034, 2016..

[114] F. Ma, N. Li, J. Li, et al., ‘‘Improved performance of pure
formamidinium lead iodide perovskite light-emitting diodes
by moisture treatment,’’ J. Mater. Chem. C, vol. 5, no. 42,
pp. 11121−11127, 2017..

[115] N. Aristidou, C. Eames, I. Sanchez-Molina, et al., ‘‘Fast
oxygen diffusion and iodide defects mediate oxygen-induced
degradation of perovskite solar cells,’’ Nat. Commun., vol. 8,
p. 15218, 2017..

[116] J. Yang, B. D. Siempelkamp, D. Liu, and T. L. Kelly,
‘‘Investigation of CH3NH3PbI3 degradation rates and
mechanisms in controlled humidity environments using in
situ techniques,’’ ACS Nano, vol. 9, no. 2, pp. 1955−1963,
2015..

[117] U.-G. Jong, C.-J. Yu, G.-C. Ri, et al., ‘‘Influence of water
intercalation and hydration on chemical decomposition and
ion transport in methylammonium lead halide perovskites,’’
J. Mater. Chem. A, vol. 6, no. 3, pp. 1067−1074, 2018..

[118] Z. Duan, J. Ning, M. Chen, et al., ‘‘Broad-band photodetectors
based on copper indium diselenide quantum dots in a
methylammonium lead iodide perovskite matrix,’’ ACS Appl.
Mater. Interfaces, vol. 12, no. 31, pp. 35201−35210,
2020..

[119] M. L. Petrus, Y. Hu, D. Moia, et al., ‘‘The influence of water
vapor on the stability and processing of hybrid perovskite
solar cells made from non-stoichiometric precursor
mixtures,’’ ChemSusChem, vol. 9, no. 18, pp. 2699−2707,
2016..

[120] Y. Dong, X. Tang, Z. Zhang, et al., ‘‘Perovskite nanocrystal
fluorescence-linked immunosorbent assay methodology for

sensitive point-of-care biological test,’’Matter, vol. 3, no. 1,
pp. 273−286, 2020..

[121] A. A. M. Brown, T. J. N. Hooper, S. A. Veldhuis, et al.,
‘‘Self-assembly of a robust hydrogen-bonded
octylphosphonate network on cesium lead bromide
perovskite nanocrystals for light-emitting diodes,’’
Nanoscale, vol. 11, no. 25, pp. 12370−12380,
2019..

[122] C. Müller, T. Glaser, M. Plogmeyer, et al., ‘‘Water infiltration
in methylammonium lead iodide perovskite: fast and
inconspicuous,’’ Chem. Mater., vol. 27, no. 22,
pp. 7835−7841, 2015..

[123] Z. Shi, Y. Li, S. Li, et al., ‘‘Localized surface plasmon
enhanced all-inorganic perovskite quantum dot
light-emitting diodes based on coaxial core/shell
heterojunction architecture,’’ Adv. Funct. Mater., vol. 28,
no. 20, p. 1707031, 2018.

[124] K. Kwak, E. Lim, N. Ahn, et al., ‘‘An atomistic mechanism for
the degradation of perovskite solar cells by trapped charge,’’
Nanoscale, vol. 11, no. 23, pp. 11369−11378, 2019..

[125] C. Kuang, Z. Hu, Z. Yuan, et al., ‘‘Critical role of
additive-induced molecular interaction on the operational
stability of perovskite light-emitting diodes,’’ Joule, vol. 5,
no. 3, pp. 618−630, 2021..

[126] J. T. DuBose and P. V. Kamat, ‘‘TiO2-Assisted halide ion
segregation in mixed halide perovskite films,’’ J. Am. Chem.
Soc., vol. 142, no. 11, pp. 5362−5370, 2020..

[127] Y. Li, J. Duan, H. Yuan, Y. Zhao, B. He, and Q. Tang, ‘‘Lattice
modulation of alkali metal cations doped Cs1−xRxPbBr3
halides for inorganic perovskite solar cells,’’ Sol. RRL, vol. 2,
no. 10, p. 1800164, 2018.

[128] M. Liu, N. Jiang, Z. Wang, et al., ‘‘Mn2+-Doped CsPbI3
nanocrystals for perovskite light-emitting diodes with high
luminance and improved device stability,’’ Adv. photonics
Res., vol. 2, no. 11, p. 2100137, 2021.

[129] L. Protesescu, S. Yakunin, M. I. Bodnarchuk, et al.,
‘‘Nanocrystals of cesium lead halide perovskites (CsPbX(3),
X= Cl, Br, and I): novel optoelectronic materials showing
bright emission with wide color gamut,’’ Nano Lett., vol. 15,
no. 6, pp. 3692−3696, 2015..

[130] Q. Wang, X. Wang, Z. Yang, et al., ‘‘Efficient sky-blue
perovskite light-emitting diodes via photoluminescence
enhancement,’’ Nat. Commun., vol. 10, no. 1, p. 5633,
2019..

[131] G. Cheng, Y. Liu, T. Chen, et al., ‘‘Efficient all-inorganic
perovskite light-emitting diodes with improved operation
stability,’’ ACS Appl. Mater. Interfaces, vol. 12, no. 15,
pp. 18084−18090, 2020..

[132] N. K. Kumawat, W. Tress, and F. Gao, ‘‘Mobile ions determine
the luminescence yield of perovskite light-emitting diodes
under pulsed operation,’’ Nat. Commun., vol. 12, no. 1,
p. 4899, 2021..

[133] L. Zhao, K. Roh, S. Kacmoli, et al., ‘‘Nanosecond-pulsed
perovskite light-emitting diodes at high current density,’’
Adv. Mater., vol. 33, no. 44, p. e2104867, 2021..

[134] L. S. Hung, R. Q. Zhang, P. He, and G. Mason, ‘‘Contact
formation of LiF Al cathodes in alq-based organic
light-emitting diodes,’’ J. Phys. D: Appl. Phys., vol. 35, no. 2,
pp. 103−107, 2002..



474 | D. G. Zheng and D. H. Kim: Degradation mechanisms of perovskite light-emitting diodes

[135] H. Heil, J. Steiger, S. Karg, M. Gastel, H. Ortner, and H. von
Seggern, ‘‘Mechanisms of injection enhancement in organic
light-emitting diodes through an Al/LiF electrode,’’ J. Appl.
Phys., vol. 89, no. 1, pp. 420−424, 2001..

[136] E. D. Głowacki, K. L. Marshall, C. W. Tang, and N. S. Sariciftci,
‘‘Doping of organic semiconductors induced by lithium
fluoride/aluminum electrodes studied by electron spin
resonance and infrared reflection-absorption spectroscopy,’’
Appl. Phys. Lett., vol. 99, no. 4, p. 043305, 2011.

[137] H. Kim, J. S. Kim, J. M. Heo, et al., ‘‘Proton-transfer-induced
3D/2D hybrid perovskites suppress ion migration and reduce
luminance overshoot,’’ Nat. Commun., vol. 11, no. 1, p. 3378,
2020..

[138] J. Chmeliov, K. Elkhouly, R. Gegevičius, et al., ‘‘Ion motion
determines multiphase performance dynamics of perovskite
LEDs,’’ Adv. Opt. Mater., vol. 9, no. 24, p. 2101560, 2021.

[139] Y. Nah, O. Allam, H. S. Kim, et al., ‘‘Spectral instability of
layered mixed halide perovskites results from anion phase
redistribution and selective hole injection,’’ ACS Nano,
vol. 15, no. 1, pp. 1486−1496, 2021..

[140] Q. Dong, J. Mendes, L. Lei, et al., ‘‘Understanding the role of
ion migration in the operation of perovskite light-emitting
diodes by transient measurements,’’ ACS Appl. Mater.
Interfaces, vol. 12, no. 43, pp. 48845−48853.

[141] N. Li, L. Song, Y. Jia, et al., ‘‘Stabilizing perovskite
light-emitting diodes by incorporation of binary alkali
cations,’’ Adv. Mater., vol. 32, no. 17, p. e1907786,
2020..

[142] C. Eames, J. M. Frost, P. R. Barnes, B. C. O’Regan, A. Walsh,
and M. S. Islam, ‘‘Ionic transport in hybrid lead iodide
perovskite solar cells,’’ Nat. Commun., vol. 6, p. 7497,
2015..

[143] C. J. Tong, L. Li, L. M. Liu, and O. V. Prezhdo, ‘‘Synergy
between ion migration and charge carrier recombination in
metal-halide perovskites,’’ J. Am. Chem. Soc., vol. 142, no. 6,
pp. 3060−3068, 2020..

[144] J. M. Azpiroz, E. Mosconi, J. Bisquert, and F. De Angelis,
‘‘Defect migration in methylammonium lead iodide and its
role in perovskite solar cell operation,’’ Energy Environ. Sci.,
vol. 8, no. 7, pp. 2118−2127, 2015..

[145] Y. Yuan, J. Chae, Y. Shao, et al., ‘‘Photovoltaic switching
mechanism in lateral structure hybrid perovskite solar
cells,’’ Adv. Energy Mater., vol. 5, no. 15, p. 1500615, 2015.

[146] B. Guo, R. Lai, S. Jiang, et al., ‘‘Ultrastable near-infrared
perovskite light-emitting diodes,’’ Nat. Photonics, vol. 16,
no. 9, pp. 637−643, 2022..

[147] Y. H. Kim, S. Kim, A. Kakekhani, et al., ‘‘Comprehensive
defect suppression in perovskite nanocrystals for
high-efficiency light-emitting diodes,’’ Nat. Photonics,
vol. 15, no. 2, pp. 148−155, 2021..

[148] T. Cheng, G. Tumen-Ulzii, D. Klotz, S. Watanabe,
T. Matsushima, and C. Adachi, ‘‘Ion migration-induced
degradation and efficiency roll-off in quasi-2D perovskite
light-emitting diodes,’’ ACS Appl. Mater. Interfaces, vol. 12,
no. 29, pp. 33004−33013, 2020..

[149] L. Chen, H. Wang, W. Zhang, et al., ‘‘Surface passivation of
MAPbBr3 perovskite single crystals to suppress ionmigration
and enhance photoelectronic performance,’’ ACS Appl.
Mater. Interfaces, vol. 14, no. 8, pp. 10917−10926, 2022..

[150] H. Wang, Z. Chen, J. Hu, et al., ‘‘Dynamic redistribution of
mobile ions in perovskite light-emitting diodes,’’ Adv. Funct.
Mater., vol. 31, no. 8, p. 2007596, 2020.

[151] S. Lee, D. B. Kim, J. C. Yu, et al., ‘‘Versatile defect passivation
methods for metal halide perovskite materials and their
application to light-emitting devices,’’ Adv. Mater., vol. 31,
no. 20, p. e1805244, 2019..

[152] M. Xie and J. Tian, ‘‘Operational stability issues and
challenges in metal halide perovskite light-emitting diodes,’’
J. Phys. Chem. Lett., vol. 13, no. 8, pp. 1962−1971, 2022..

[153] C. Besleaga, L. E. Abramiuc, V. Stancu, et al., ‘‘Iodine
migration and degradation of perovskite solar cells
enhanced by metallic electrodes,’’ J. Phys. Chem. Lett., vol. 7,
no. 24, pp. 5168−5175, 2016..

[154] H. Back, G. Kim, J. Kim, et al., ‘‘Achieving long-term stable
perovskite solar cells via ion neutralization,’’ Energy Environ.
Sci., vol. 9, no. 4, pp. 1258−1263, 2016..

[155] H. Lee, D. Ko, and C. Lee, ‘‘Direct evidence of
ion-migration-induced degradation of ultrabright perovskite
light-emitting diodes,’’ ACS Appl. Mater. Interfaces, vol. 11,
no. 12, pp. 11667−11673, 2019..

[156] K. W. Wong, H. L. Yip, Y. Luo, K. Y. Wong, and W. M. Lau,
‘‘Blocking reactions between indium-tin oxide and poly
(3, 4-ethylene dioxythiophene) poly(styrene sulphonate)
with a self-assembly monolayer,’’ Appl. Phys. Lett., vol. 80,
p. 2788, 2002..

[157] H. Wang, X. Zhang, Q. Wu, et al., ‘‘Trifluoroacetate induced
small-grained CsPbBr3 perovskite films result in efficient and
stable light-emitting devices,’’ Nat. Commun., vol. 10, no. 1,
p. 665, 2019..

[158] C. Wu, Y. Zou, T. Wu, et al., ‘‘Improved performance and
stability of all-inorganic perovskite light-emitting diodes by
antisolvent vapor treatment,’’ Adv. Funct. Mater., vol. 27,
no. 28, p. 1700338, 2017.

[159] Z. Fang, W. Chen, Y. Shi, et al., ‘‘Dual passivation of
perovskite defects for light-emitting diodes with external
quantum efficiency exceeding 20%,’’ Adv. Funct. Mater.,
vol. 30, no. 12, p. 1909754, 2020.

[160] J. Kang and L. W. Wang, ‘‘High defect tolerance in lead halide
perovskite CsPbBr3,’’ J. Phys. Chem. Lett., vol. 8, no. 2,
pp. 489−493, 2017..

[161] S. Kar, N. F. Jamaludin, N. Yantara, S. G. Mhaisalkar, and
W. L. Leong, ‘‘Recent advancements and perspectives on
light management and high performance in perovskite
light-emitting diodes,’’ Nanophotonics, vol. 10, no. 8,
pp. 2103−2143, 2021..

[162] J. Song, T. Fang, J. Li, et al., ‘‘Organic-inorganic hybrid
passivation enables perovskite QLEDs with an EQE of 16.48,’’
Adv. Mater., vol. 30, no. 50, p. e1805409, 2018..

[163] S. Lee, J. H. Park, B. R. Lee, et al., ‘‘Amine-based passivating
materials for enhanced optical properties and performance
of organic-inorganic perovskites in light-emitting diodes,’’
J. Phys. Chem. Lett., vol. 8, no. 8, pp. 1784−1792, 2017..

[164] T. H. Han, J. W. Lee, Y. J. Choi, et al., ‘‘Surface-2D/Bulk-3D
heterophased perovskite nanograins for long-term-stable
light-emitting diodes,’’ Adv. Mater., vol. 32, no. 1,
p. e1905674, 2020..

[165] F. Zhang, B. Cai, J. Song, B. Han, B. Zhang, and H. Zeng,
‘‘Efficient blue perovskite light-emitting diodes boosted by



D. G. Zheng and D. H. Kim: Degradation mechanisms of perovskite light-emitting diodes | 475

2D/3D energy cascade channels,’’ Adv. Funct. Mater.,
vol. 30, no. 27, p. 2001732, 2020.

[166] L. Ma, B. Han, F. Zhang, et al., ‘‘Recent progress on defect
modulation for highly efficient metal halide perovskite
light-emitting diodes,’’ Appl. Mater. Today, vol. 22,
p. 100946, 2021.

[167] A. R. B. M. Yusoff, A. E. X. Gavim, A. G. Macedo, W. J. da Silva,
F. K. Schneider, and A. M. Teridi, ‘‘High-efficiency,
solution-processable, multilayer triple cation perovskite
light emitting diodes with copper sulfide-gallium-tin oxide
hole transport layer and aluminum-zinc oxide-doped
caesium electron injection layer,’’Mater. Today, vol. 10,
pp. 104−111, 2018..

[168] Z. Ren, K. Wang, X. W. Sun, and W. C. H. Choy, ‘‘Strategies
toward efficient blue perovskite light-emitting diodes,’’ Adv.
Funct. Mater., vol. 31, no. 30, p. 2100516, 2021.

[169] M. Xu, Q. Peng, W. Zou, et al., ‘‘A transient-
electroluminescence study on perovskite light-emitting
diodes,’’ Appl. Phys. Lett., vol. 115, no. 4,
p. 041102, 2019.

[170] Y. Lin, B. Chen, Y. Fang, et al., ‘‘Excess charge-carrier
induced instability of hybrid perovskites,’’ Nat. Commun.,
vol. 9, no. 1, p. 4981, 2018..

[171] J. H. M. ang, J. S. Kim, J. M. Heo, and T. W. Lee, ‘‘Enhancing
photoluminescence quantum efficiency of metal halide
perovskites by examining luminescence-limiting factors,’’
APL Mater., vol. 8, p. 020904, 2020..

[172] V. D’Innocenzo, G. Grancini, M. J. Alcocer, et al., ‘‘Excitons
versus free charges in organo-lead tri-halide perovskites,’’
Nat. Commun., vol. 5, p. 3586, 2014..

[173] X. K. Liu, W. Xu, S. Bai, et al., ‘‘Metal halide perovskites for
light-emitting diodes,’’ Nat. Mater., vol. 20, no. 1, pp. 10−21,
2021..

[174] W. Bi, Q. Cui, P. Jia, et al., ‘‘Efficient quasi-two-dimensional
perovskite light-emitting diodes with improved multiple
quantum well structure,’’ ACS Appl. Mater. Interfaces, vol. 12,
no. 1, pp. 1721−1727, 2020..

[175] D. Zhang, Y. Fu, H. Zhan, et al., ‘‘Suppressing thermal
quenching via defect passivation for efficient quasi-2D
perovskite light-emitting diodes,’’ Light: Sci. Appl., vol. 11,
no. 1, p. 69, 2022..

[176] H. Xu, X. Wang, Y. Li, et al., ‘‘Prominent heat dissipation in
perovskite light-emitting diodes with reduced efficiency
droop for silicon-based display,’’ J. Phys. Chem. Lett., vol. 11,
no. 9, pp. 3689−3698, 2020..

[177] J. Lai, Z. Zhao, Y. Miao, et al., ‘‘High-brightness perovskite
microcrystalline light-emitting diodes,’’ J. Phys. Chem. Lett.,
vol. 13, no. 13, pp. 2963−2968, 2022..

[178] L. Zhao, K. M. Lee, K. Roh, S. U. Z. Khan, and B. P. Rand,
‘‘Improved outcoupling efficiency and stability of perovskite
light-emitting diodes using thin emitting layers,’’ Adv.
Mater., vol. 31, no. 2, p. e1805836, 2019..

[179] L. Zhao, K. Roh, S. Kacmoli, et al., ‘‘Thermal management
enables bright and stable perovskite light-emitting
diodes,’’ Adv. Mater., vol. 32, no. 25, p. e2000752, 2020..

[180] M. Rai, L. H. Wong, and L. Etgar, ‘‘Effect of perovskite
thickness on electroluminescence and solar cell conversion
efficiency,’’ J. Phys. Chem. Lett., vol. 11, no. 19,
pp. 8189−8194, 2020..

[181] Y. Jia, H. Yu, Y. Zhou, et al., ‘‘Excess ion-induced efficiency
roll-off in high-efficiency perovskite light-emitting diodes,’’
ACS Appl. Mater. Interfaces, vol. 13, no. 24,
pp. 28546−28554, 2021..

[182] A. Fakharuddin, W. Qiu, G. Croes, et al., ‘‘Reduced efficiency
roll-off and improved stability of mixed 2D/3D perovskite
light emitting diodes by balancing charge injection,’’ Adv.
Funct. Mater., vol. 29, no. 37, p. 1904101, 2019.

[183] G. Walters, M. Wei, O. Voznyy, et al., ‘‘The quantum-confined
Stark effect in layered hybrid perovskites mediated by
orientational polarizability of confined dipoles,’’ Nat.
Commun., vol. 9, no. 1, p. 4214, 2018..

[184] M. I. Dar, G. Jacopin, S. Meloni, et al., ‘‘Origin of unusual
bandgap shift and dual emission in organic-inorganic lead
halide perovskites,’’ Sci. Adv., vol. 2, no. 10, p. e1601156,
2016..

[185] Y. C. Ye, Y. Q. Li, X. Y. Cai, et al., ‘‘Minimizing optical energy
losses for long-lifetime perovskite light-emitting diodes,’’
Adv. Funct. Mater., vol. 31, no. 46, p. 2105813, 2021.

[186] M. Q. P. Xu and W. Zou, ‘‘A transient-electroluminescence
study on perovskite light-emitting diodes,’’ Appl. Phys. Lett.,
vol. 115, p. 041102, 2019..

[187] Z. Li, K. Cao, J. Li, X. Du, Y. Tang, and B. Yu, ‘‘Modification of
interface between PEDOT:PSS and perovskite film inserting
an ultrathin LiF layer for enhancing efficiency of perovskite
light-emitting diodes,’’ Org. Electron., vol. 81, p. 105675,
2020.

[188] S. J. Woo, J. S. Kim, and T. W. Lee, ‘‘Characterization of
stability and challenges to improve lifetime in perovskite
LEDs,’’ Nat. Photonics, vol. 15, no. 9, pp. 630−634,
2021..

[189] V. Prakasam, D. Tordera, H. J. Bolink, and G. Gelinck,
‘‘Degradation mechanisms in organic lead halide perovskite
light-emitting diodes,’’ Adv. Opt. Mater., vol. 7, no. 22,
p. 1900902, 2019.

[190] T. A. Berhe, W. N. Su, C. H. Chen, et al., ‘‘Organometal halide
perovskite solar cells: degradation and stability,’’ Energy
Environ. Sci., vol. 9, no. 2, pp. 323−356, 2016..

[191] L. Zhao, R. A. Kerner, Z. Xiao, et al., ‘‘Redox chemistry
dominates the degradation and decomposition of metal
halide perovskite optoelectronic devices,’’ ACS Energy Lett.,
vol. 1, no. 3, pp. 595−602, 2016..

[192] K. H. Ngai, Q. Wei, Z. Chen, et al., ‘‘Enhanced electrochemical
stability by alkyldiammonium in dion−jacobson perovskite
toward ultrastable light-emitting diodes,’’ Adv. Opt. Mater.,
vol. 9, no. 15, p. 2100243, 2021.

[193] H. Cho, S. H. Jeong, M. H. Park, et al., ‘‘Overcoming the
electroluminescence efficiency limitations of perovskite
light-emitting diodes,’’ Science, vol. 350, no. 6265,
pp. 1222−1225, 2015..

[194] M. H. Park, J. S. Kim, J. M. Heo, S. Ahn, S. H. Jeong, and
T. W. Lee, ‘‘Boosting efficiency in polycrystalline metal halide
perovskite light-emitting diodes,’’ ACS Energy Lett., vol. 4,
no. 5, pp. 1134−1149, 2019..

[195] R. A. Kerner, L. Zhao, S. P. Harvey, J. J. Berry,
J. Schwartz, and B. P. Rand, ‘‘Low threshold voltages
electrochemically drive gold migration in halide perovskite
devices,’’ ACS Energy Lett., vol. 5, no. 11, pp. 3352−3356,
2020..



476 | D. G. Zheng and D. H. Kim: Degradation mechanisms of perovskite light-emitting diodes

[196] S. Chen, X. Xiao, H. Gu, and J. Huang, ‘‘Iodine reduction
for reproducible and high-performance perovskite solar
cells and modules,’’ Sci. Adv., vol. 7, no. 10, p. eabe8130,
2021..

[197] Q. Jeangros, M. Duchamp, J. Werner, et al., ‘‘In situ TEM
analysis of organic-inorganic metal-halide perovskite solar
cells under electrical bias,’’ Nano Lett., vol. 16, no. 11,
pp. 7013−7018, 2016..


	1 Introduction
	2 Analytical techniques for perovskite LEDs
	2.1 Optoelectronic techniques and methods
	2.2 Imaging and mapping characterization techniques
	2.3 Chemical analysis techniques

	3 Degradation modes related to defects
	3.1 Defining the device lifetime
	3.2 Relationship between degradation modes and associated mechanisms

	4 External processes induced degradation
	4.1 Influence of the process parameters
	4.2 Moisture and oxygen induced degradation
	4.3 Impurity-induced degradation
	4.4 Thermal induced instability
	4.5 Effect of measurement methods

	5 Internal processes induced degradation
	5.1 Degradation processes related to diffusion and drift mechanisms
	5.2 Degradation processes related to nonradiative recombination centers
	5.3 Role of charge carrier transport
	5.4  Self-heatingtnqx2013;induced degradation
	5.5 Electrochemical reactions induced degradation

	6 Conclusions and perspectives


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (Euroscale Coated v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.7
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 35
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 600
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1000
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.10000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError false
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /DEU <>
    /ENU ()
    /ENN ()
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName (ISO Coated v2 \(ECI\))
      /DestinationProfileSelector /UseName
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName <FEFF005B0048006F006800650020004100750066006C00F600730075006E0067005D>
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements true
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 8.503940
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /UseName
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [595.276 841.890]
>> setpagedevice


