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Due to the excellent optoelectronic properties, organic-inorganic perovskites have drawn much
attention and have been applied in different electronics with remarkable performance. However, the
poor stability creates a massive barrier for the commercialization of perovskite electronic devices. In
this review, we discuss intrinsic and extrinsic factors causing instabilities of perovskites and perovskite
devices such as solar cells, liquid crystal displays (LCDs), light emitting diodes (LEDs), ionizing
radiation detectors, transistors, memristors and sensors. We further review the stabilization
approaches, including composition engineering, adoption of lower dimensional compositions,

quantum dots, interface engineering, defects engineering and so on.
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Introduction

Organic-inorganic perovskites with an ABXj3 structure, where A
is Cs*, methylammonium (MA®) or formamidinium (FA"), B is
Sn** or Pb*, and X is Cl~, Br~ or I, have been widely investi-
gated for optoelectronic applications in recent years. The syner-
gistic effects of the outstanding material properties, like
tuneable optical bandgap [1-4], high absorption coefficient [5],
long carrier diffusion length [6-8], low exciton binding energy
[9], high oscillator strength [10], fast and efficient photolumines-
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cence [11], and major device engineering developments [12-14]
have led to unprecedented achievements in the field of optoelec-
tronics. For example, the power conversion efficiency (PCE) of
single-junction perovskite solar cells (PSCs) has achieved a certi-
fied value of 25.7% [15]. While the light-harvesting performance
is already at the level of commercialization, the device stability
still lags behind commercially available photovoltaic modules.
Furthermore, the application of perovskites in other optoelec-
tronics such as light emitting diodes (LEDs) [16], lasers [17], light
sources [18], photodetectors [19-22], and liquid crystal displays
(LCD) [23] also suffer from stability issues. The instability of
halide perovskites is caused both by intrinsic and extrinsic fac-
tors. On the one hand, intrinsic instability originates from the
perovskite material itself, like thermal, chemical and phase insta-
bilities. Those performance-limiting mechanisms can be reduced
by optimization of the perovskite materials with mixed cations
or lower-dimensions [24-27]. On the other hand, extrinsic fac-
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tors such as interfaces and electron/hole transport layers also sig-
nificantly affect the stability of perovskites and thus the overall
device [28-32]. To improve the stability of perovskite devices,
both extrinsic and intrinsic degradation factors need to be
considered.

This review addresses the intrinsic and extrinsic stability of
perovskites, their origin, and possible mitigation strategies. Fur-
ther, we introduce the stabilization methods for devices, includ-
ing solar cells, LCDs, LEDs, ionizing radiation detectors,
transistors, memristors and sensors. Finally, we provide a sum-
mary and outline the perspectives toward high performance
and highly stable optoelectronics.

Stability

Thermal stability

Depending on the location and architecture of the solar module,
temperature of the solar cell may rise up to 95 °C [33,34]. Hence,
thermal stability represents one of the major concerns in the
field of perovskites. The soft matter nature of methylammonium
lead halides (MAPbX3) triggers structural transformation under
thermal stress, posing an obstacle [35]. Although the MAPDI;
single crystal is stable up to 300 °C [36], significant changes
already occur during annealing at 85 °C  for the polycrystalline
films due to the partially volatile MA species [37,38]. The mate-
rial is also prone to degrade to Pbl, under humidity and light
[39]. Particularly, continuous exposure of MAPbI; at high tem-
peratures meeting the International Standards (85 °C) leads to
decomposition of perovskite into volatile gas species like CH3l
and NHj, as well as reversible decomposition into CH3NH,, HI,
I; and finally non-volatile Pb° as follows (Fig. 1a) [38]:

hvorA

MAPDI;(s) "&" Pbl,(s) + Pb°(s) + I,(g) + CH3NH,(g) + CH;I(3)
+HI(g) + NH;(g)

The stability of the MAPbI; can be improved by composi-
tional engineering of A cations, introducing Br~ at X sites, grain
boundary and surface passivation, and encapsulation [25,40].
The substitution of MA with larger species can hamper the loss
of organic cation. For instance, FA-based perovskites exhibit
enhanced thermal stability [3,41], and decompose at tempera-
tures above 95 °C, leading to the formation of sym-triazine
[42]. However, as we will discuss in the following section, pris-
tine FAPDI; lacks structural (phase) stability at room temperature
[43]. The above decomposition processes are not only triggered
by heat, but also by prolonged UV light exposure, creating a seri-
ous problem for perovskite solar cells. Luckily, these thermal and
UV triggered decomposition processes can be reduced by suitable
encapsulation [37,38,44]. Other strategies to increase thermal
stability include the use of inorganic cations such as Cs* [25].
Indeed, fully inorganic perovskites, like caesium lead halides,
are thermally stable up to 580 °C [45] and show longer aging sta-
bility than MAPbXj3 [46]. With a bandgap of 1.73 eV, 0.22 eV
wider than MAPbI3; CsPbl; could be an ideal top cell candidate
for tandem solar cells to further increase the device performance
of silicon or perovskite solar cells. Compared to the mixed-halide
perovskites, CsPbl; perovskites can deliberately avoid phase seg-
regation, leading to its outstanding photostability. However it
suffers from structural instability at room temperature where it

exhibits a photoinactive yellow phase, as will be further dis-
cussed in the next section [47,48]. To overcome this problem,
structurally and thermally stable perovskites have been found
upon integration of mixed FA-Cs cations [1,25,49]. Double per-
ovskites such as Cs,Snls, Cs,;TiBrs, Cs,AgBiBrs are another type
of inorganic halide perovskites which could achieve excellent
phase and thermal stabilities [50-52]. They are less investigated
compared to the ABXj; type perovskites with much worse perfor-
mance, for example the record efficiency of Cs,AgBiBrs solar cell
is only 3.11% [53] and more work should be conducted to
improve their optoelectronic performance.

Phase stability

The investigation of structural stability is a critical issue for many
applications. Despite the favourable optical bandgap and long-
term thermal stability of perovskites like FAPbl; and CsPbls,
the spontaneous transition from the cubic o to orthorhombic &
phase limits their practical use. To evaluate the parameters that
influence the crystal phases, introducing tools to discriminate
them is of primary importance. The Goldschmidt tolerance fac-
tor (t) is a geometrical consideration to predict which perovskite
structure is preferentially formed, as suggested by the following
formula [54]:

(Ra +Rx)
V2(Rg + Ry)

where R, and Rp are the ionic radii of the A and B cations, respectively,
and Ry is the radius of the anion X. Empirically, photoactive per-
ovskite structures are formed in the range 0.8 < t < 1. In contrast,
non-perovskite structures occur for values below 0.8 and above 1,
resulting in crystal structures with a lower-dimensional Pb-halide
framework [55]. These lower-dimensional phases often consist of facet
or face shared Pb-X octahedrons, not only increasing the bandgap of
perovskites due to less orbital overlap, but also forming indirect band-
gap materials, such as the orthorhombic “yellow” phase of 3-CsPbl; at
room temperature. Thermally stable perovskites like FAPbI; and
CsPbl; are borderline cases with tolerance factors at 1.0 and 0.8,
respectively [56]. As a consequence, their black photoactive a-phases
are thermodynamically unfavorable than the cubic phase at room
temperature and will transform into the undesired photoinactive yel-
low J-phases at room temperature (Fig. 1b) [57], moisture could cat-
alyze the transformation [58]. To optimize the tolerance factor and
enhance the stability of the «-phase, mixing FAPbI; with smaller
cations e.g. MA, Cs*, or Rb*, has become an effective strategy in recent
years [25,49,59]. Anion engineering with halides [43,60] or the
pseudo-halide anions such as HCOO™ [61], SCN™ [62] could also sta-
bilize the a-phase FAPbI; with optimized tolerance factor and reduced
lattice constant. Moreover, the incorporation of small amounts of
bulky 2D perovskites, such as phenylethylammonium lead iodide
(PEA,PDbly), is an alternative route to stabilize the a-phase of FAPbI;
films by reduction in lattice constant showing enhanced radiative life-
times [63,64]|. PEA,Pbly is formed at the grain boundaries of FAPbI;,
passivating the surface defects and preventing moisture-induced
phase degradation. Further, a myriad of pathways towards phase sta-
bilization has been explored by polyelemental mixing [65]. Recently,
Bartel et al. introduced a new tolerance factor (1) to predict the stabil-
ity of the perovskite structure [66], which has the form.

Ry RA/Rg
T=""—ny(ny 7m)

where n, is the oxidation state of A, and t < 4.18 indicates perovskite.
A higher overall accuracy of 92% is achieved with t compared to that
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(@) MAPbI; photodecomposition and thermal degradation processes prompting irreversible decomposition into organic volatile gas species (CHsl + NHs),
reversible decomposition (CH3NH, + HI), and reversible generation of I, and non-volatile Pb® under illumination or mild heat conditions. Reproduced from
Ref. [38] with permission from the Royal Society of Chemistry. (b) Crystal structure of the cubic, tetragonal and orthorhombic phases, and their relative phase
transitions. From [57]. Reprinted with permission from AAAS. (c) Possible decomposition pathways of hybrid halide perovskites in the presence of water.
Reprinted with permission from [69]. Copyright 2014 American Chemical Society. (d) Suggested mechanism of hydrazine vapor reaction with Sn-based
perovskite materials. Reduction process: 25nI2~ + NH, — 25nI2~ + N, + 4HI. Reprinted with permission from [71]. Copyright 2017 American Chemical Society.

of 74% for the typical t. Nearly uniform performance across the five
anions evaluated [oxides (92% accuracy), fluorides (92%), chlorides
(90%), bromides (93%), and iodides (91%)] could be achieved with
1, while t performs considerably worse for compounds containing
heavier halides [chlorides (51% accuracy), bromides (56%), and
iodides (33%)] than for oxides (83%) and fluorides (83%). T may be
used to accelerate the discovery and design of state-of-the-art per-
ovskite materials.

In contrast to chemical-based methods, phase stabilization of
FAPDI; induced by strain engineering has been recently reported
[67,68]. In the work of Chen et al., «-FAPbI; was epitaxially
grown on a methylammonium lead chloride/bromide
(MAPDCI, 50Br; 50) single crystalline substrate. The stabilization
of the a-phase is generated by the synergistic effect of two factors:
(1) the strong nature of ionic bonds between the epitaxial lattice
and the substrate, which hinders the phase transition of the lat-
tice; (2) the compressive strain (2.4%) that neutralizes the effect
of the internal tensile strain responsible to the «-to-6 phase
transition.

Chemical stability

The first perovskite material whose environmental stability has
been extensile studied is MAPDI;. It gained significant attention
due to its relatively simple composition and easy fabrication by
wet-chemical methods [5]. Perovskites tend to adsorb the atmo-
spheric moisture because of their ionic characteristics of the con-
stitutive chemical bonds; they subsequently react into hydrated
compounds. For example, exposure of MAPbI; to water vapor

results in the formation of MAPbI;-H,O, followed by (MA)4Pble-
-2H,0 upon longer exposure with water diffusion along the grain
boundaries. Even though this process is reversible; excess water
may result in irreversibly degrading the structure (Fig. 1c)
[69,70] due to the subsequent formation of MAI and PblI,.

Sn-based perovskites are of increasing interest due to the
lower toxicity and narrower bandgaps compared to their Pb-
based counterparts. However, they suffer from the facile oxida-
tion of Sn** to Sn** destabilizing the perovskite structure, even
negligible oxidation would lead to degenerate doping levels,
making the semiconductor unsuited for most purposes [71,72].
Tin oxidation is predicted to be less likely in bulk MASnI; while
it is energetically favoured at unpassivated perovskite surfaces
[73]. Stabilizer or reducing chemicals, such as SnF,-pyrazine com-
plex [74], hydrazine vapor [71], ammonium hypophosphite [75],
ascorbic acid [76], formamidine sulfonic acid [77], and tin pow-
der [78,79] are efficient and necessary to inhibit the formation
of Sn** defects (Fig. 1d).

Perovskite quantum dots (QDs) attract significant interest in
recent years for PSC, LED, LCD applications due to their unique
optical properties, such as tunable wavelength, narrow emission,
and high photoluminescence quantum efficiency. However, due
to the highly dynamic binding on the surface of perovskite QDs,
the ligands are easily lost during the isolation and purification
procedures, which makes it difficult to achieve long-term stabil-
ity [27,80]. Hens et al. demonstrated that when a small amount
of both oleic acid and oleylamine is added, the QDs can be puri-
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fied, maintaining optical, colloidal, and material integrity due to
the improved binding of the carboxylic acid [81]. Luther et al.
developed a process to purify the QDs by using methyl acetate
(MeOACc) to remove excess unreacted precursors and without full
removal of the surface species to avoid agglomeration and con-
version to the orthorhombic phase. Using this extraction proce-
dure, QDs which are stable in the cubic phase for months with
ambient storage are achieved [82]. On the other hand, appropri-
ate surface capping ligands could efficiently reduce surface
defects and suppress surface decomposition induced by oxygen
and moisture. For example, Zhang et al. demonstrated that
branched ligands (3-aminopropyl)triethoxysilane (APTES)-
capped perovskite QDs show higher stability in protic solvents
compared to the conventional QDs capped with straight-chain
ligands. This is due to the strong steric hindrance and propensity
for hydrolysis of APTES, which prevent protic solvent molecules
from reaching and reacting with the core of QDs [83].

lon migration

Ion migration in halide perovskite films has been attributed as
the major causal factor for hysteretic behaviour in optoelectronic
responses, unstable/transient behaviour and device degradation
[84], evidenced by various spectroscopy techniques [85,86], elec-
trical parameter analyses [87] and microscopy [88]. In halide per-
ovskites, ions can hop across interstitials and defects, and the soft
lattice of these materials facilitate easy diffusion across the crystal
structure. As a result, this ionic transport gets naturally coupled
with intrinsic electronic semiconductivity of perovskites, result-
ing in a mixed ionic-electronic conductor. The movement of
ions in the bulk causes localized self-doping [88,89], making it
challenging to monitor the energy level alignment with trans-
port layers precisely. At the interfaces, the ions get blocked, but
can alter the electronic properties of the interface or trigger elec-
trochemical reactions, producing negative capacitance and irre-
versible degradation [90-94]. These affects are further
accentuated under illumination and are the source for most of
the undesirable device characteristics observed in photovoltaics,
LCDs, LEDs, hard radiation detectors, transistors, etc. Detailed
explanation on how these affect the device technologies, and
notable mitigation strategies are discussed in the device-
respective sections below.

Light stability

Light illumination may serve as an accelerator in the degradation
process of perovskites. The excess of both holes and electrons
generated by incident light or by current-injection from elec-
trodes could reduce the activation energy for ion migration
within perovskites, accelerating the degradation of perovskites
[95]. MAPDI; films undergo rapid degradation when exposed to
oxygen and light by photo-induced formation of highly reactive
superoxide species. Perovskite films composed of small crystal-
lites show higher yields of superoxide and lower stability. Ab ini-
tio simulations indicate that iodide vacancies are the preferred
sites in mediating the photo-induced formation of superoxide
species from oxygen. The film and device stability could be
enhanced by passivation and interlayers which are able to
remove electrons from the perovskite film before they can react
with oxygen to form O3 [96,97]. Perovskite/transporting layers

(TL) interfaces will also significantly affect the light stability of
the perovskite optoelectronics. For example, devices incorpo-
rated with TiO, which is widely used in high performance PSCs
degrade under UV light exposure due to the deep traps formed by
the reaction of photo generated holes and oxygen absorbed at
surface oxygen vacancies in TiO, [29,98]. Hard X-ray photoelec-
tron spectroscopy (HAXPES) and impedance spectroscopy show
accumulation of iodine and metallic lead in the vicinity of the
perovskite-hole transporting layer (HTL) and perovskite-
electron transporting layer (ETL) interfaces, respectively,
accounting for highly damaged perovskite-TL interfaces during
light-induced degradation (LID) [99].

The bandgaps of perovskites could easily be tuned by varying
halide ratios (Cl/Br and Br/I) to satisfy the requirement of differ-
ent kinds of optoelectronic applications in tandem solar cells
[60], wavelength-tunable LEDs [100] and lasers [17]. However,
the mixed-cation, mixed-halide perovskites suffer from halide
redistribution which results in phase separation of I- and Br-
rich domains under steady state illumination or with applied bias
[101,102]. McGehee et al. firstly reported the reversible, light-
induced transformations in MAPb(Bryl; x)3. They found that
light soaking causes a splitting of X-ray diffraction (XRD) peaks
and a new red-shifted peak in photoluminescence spectra. These
photo-induced changes are fully reversible after the materials are
left for a few minutes in the dark [103]. Ginsberg et al. found that
the unique combination of mobile halides, substantial electron—
phonon coupling, and long-lived charge carriers is required for
photoinduced phase separation. Decreasing defect concentra-
tions to reduce vacancy-mediated halide migration or lowering
electron-phonon coupling could significantly reduce photoin-
duced segregation [104]. Kuno et al. found that the driving force
behind phase separation is the bandgap reduction of iodide-rich
phases by using combined spectroscopic measurements and the-
oretical modelling. Their model also reveals that mixed halide
perovskites can be stabilized against phase separation by deliber-
ately engineering carrier diffusion lengths and injected carrier
densities [105]. Phase segregation induced by light could be effi-
ciently supressed by composition engineering, lower dimen-
sional structures, device engineering which will be discussed in
detail in the following sections.

Perovskite compositions and stabilization approaches
3D mixed cation perovskite

Many of the frequently highest performing ABX; perovskites use,
for example, K, Rb, Cs, MA, or FA as cations, Pb, or Sn as metal
ions, and Cl, Br, or I as halides (Fig. 2a) [65]. To induce preferable
crystallization of the photoactive o-phase in FA-based per-
ovskites, the incorporation of smaller cations with high dipole
such as MA in FAPbl; has been a successful strategy
[41,43,106,107]. Alternatively, the introduction of Cs* has been
used to fine-tune the Goldschmidt tolerance factor of FAPDI;,
assisting the entropic stabilization of FAPbI; a-phase through
the formation of Cs/FA mixed perovskite [49,56,108,109].
Indeed, the non-photoactive hexagonal J-phase is energetically
unfavourable upon cationic mixing [110]. Higher degrees of free-
dom towards both enhanced performance and stability can be
achieved by using multiple cation formulations. Triple cation
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(a) Components reported in state-of-the-art perovskite solar cells (mainly aiming at 3D perovskites), i.e., A = [K, Rb, Cs, MA, FA], M = [Sn, Pb], X = [Cl, Br, I].
Reproduced with permission of [65]. Copyright 2018 John Wiley & Sons, Inc. (b) Aging for 250 h of a high performance Cs,(MAg 17FA0.3)1-xPbl2.49Bros1 (x =0,
0.05) devices in a nitrogen atmosphere held at room temperature under constant illumination and maximum power point tracking. Reproduced from Ref.
[25] with permission from the Royal Society of Chemistry. (c) Stability for the Csg;RbgosFAogsPbls device without polymer layers (green curve) and with
polymer-modification (blue curve) aged at room temperature after 1000 h of continuous maximum power point (MPP) tracking in a nitrogen atmosphere.
From [111]. Reprinted with permission from AAAS. (d) PL spectra of 1.67-eV control perovskite films (Cs,5Br0) and triple-halide perovskites (Csy,Br1s + Cls)
under 10-sun and 100-sun illumination for 20 min, respectively. From [60]. Reprinted with permission from AAAS. (e) Absorbance over time of thin films of
CsPbl; and CsPbl,Br, measured at 675 and 625 nm respectively, when exposed to a slow flow of air at 50% relative humidity (RH). Reproduced with
permission of [112]. Copyright 2018 John Wiley & Sons, Inc. (f) PCE comparison of solar cells with pure a-CsPbls and CsPby g¢Big 045 layers upon air exposure.
Reprinted with permission from [114]. Copyright 2017 American Chemical Society.

perovskite films containing Cs, MA and FA cations showed supe- lization of the photoactive perovskite phase, Rb*, which has an
rior thermal stability and charge transport properties than tradi- ionic radius slightly smaller (152 pm) than Cs* (167 pm), was
tional MA/FA mixtures, evidenced by minimum performance successfully embedded in the Cs/FA/MA perovskite composition
losses in aging tests (Fig. 2b) [25]. To further enforce the crystal- [59]. The resulting films showed exceptional material properties
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and thermal stability. Saliba et al. further removed the thermally-
unstable MA and fabricated the Csg 1Rbg osFAg ssPbls perovskite
solar cells, which show high efficiency and high stability
(Fig. 2c¢), providing an MA-free alternative [111]. McGehee
et al. demonstrated that triple-halide alloys (chlorine, bromine,
iodine) could suppress photoinduced phase segregation in
wide-bandgap perovskites, needed for tandem applications with
silicon solar cells. Photoluminescence (PL) studies showed a sup-
pressed light-induced phase segregation in films even under 100-
sun illumination and achieved less than 4% degradation in semi-
transparent cells after 1000 h of MPP operation at 60 °C (Fig. 2d)
[60].

Phase stabilization of perovskites using mixed cations can also
be applied to inorganic CsPbl; materials. A range of solutions
have been developed to stabilize o-CsPbls at room temperature.
Absorption studies of Snaith et al. showed that partial replace-
ment of I by Br could increase the phase stability and prolong
exposure to ambient atmosphere (hours or days depending upon
the ambient humidity) (Fig. 2e). However, the composition
change leads to an undesired increase in the bandgap [112].
Actually, CsPbBr; shows super stability against heat and humid-
ity. The unencapsulated device demonstrates nearly unchanged
performance under 80% relative humidity over 100 days and
85 °C over 30 days, but the record efficiency is only up to
11.08% due to the wide bandgap [113]. B-site substitution could
also stabilize a-CsPbl;. Zhang et al. demonstrated that the Bi-
incorporated o-CsPbgeBippsl3 maintains 68% of the initial
PCE of 13.21% for 168 h under ambient conditions without
encapsulation (Fig. 2f) [114]. Miyasaka et al. stabilized the a-
CsPbl; at lower annealing temperature (85 °C) by incorporation
of Eu** (EuCl;) into CsPbls, which prevents the black to the yel-
low phase (3-CsPbl3) transformation in ambient air (room tem-
perature) for a reasonably long time (>30 days) [115]. Hagfeldt
et al. demonstrated that Eu is incorporated into the CsPbl,Br per-
ovskite lattice on the atomic level by solid-state nuclear magnetic
resonance (NMR) and high-angle annular dark-field scanning
transmission electron microscopy (HAADF STEM). Hong et al.
doped Eu®** and In** into mixed halides CsPbl,Br to further
enhance the stability. The fully air-processed devices exhibit sta-
bilized efficiency of 17.05% for a small area (0.09 cm? and
15.04% for square-centimeter-scale cells, respectively. The unen-
capsulated PSCs maintain >95% and >75% of initial PCE over
400 h at 65 °C and 85 °C, respectively, revealing a robustness
against thermal stress [116].

2D perovskite

2D perovskites are demonstrated to be promising candidates for
optoelectronics due to their improved stability and additional
functionalities compared to 3D perovskites [26,117,118]. The
most studied Ruddlesden-Popper (RP) 2D perovskite has a struc-
ture of (RNHj3),A,,.1Bn X301, Where R is an aromatic or aliphatic
alkylammonium cation, A is Cs*, CH3NH3 or HC(NH,)3, B is
Pb** or Sn**, X is a halide ion, n defines the layer number of
the perovskite sheets (Fig. 3a). As an artificial quantum-well with
ideal two-dimensionality, 2D perovskites have been intensively
studied for transport properties or exciton states in quantum-
wells in the last decade before they were applied to optoelectron-
ics [119,120].

In 2011, Chen et al. investigated the properties of 2D (3-
BrC;HgNH3),CuBr, to achieve a PCE of 0.021% with a p-i-n
structured solar cell for the first time [121]. In 2014, Karunadasa
et al. reported the layered perovskite (PEA),(MA),Pbsl;o, which
can act as an absorber in a solar cell with a PCE of 4.7%. They
demonstrated that the powder X-ray diffraction (PXRD) pattern
of the layered perovskite did not show additional peaks over
46 days under 52% humidity as well as the absorption spectra
showed no significant changes, while the 3D counterpart
showed a new phase after 4-5 days (Fig. 3b) [122]. 2D perovskites
with low n values show enhanced stability compared to those
with higher n values, although they exhibit worse performance
due to the lower mobility and carrier lifetime [123]. The poor
out-of-plane charge transport by the insulating organic cations
between the conducting inorganic slabs is the main challenge
for improving the efficiency. To address this issue, vertically ori-
ented quasi-2D perovskites were developed later by the hot-
casting deposition [124] or processing with additives [125,126].
Thus, highly efficient 2D perovskite solar cells with better stabil-
ity can be achieved using this approach. In 2016, Mohite et al.
fabricated vertically oriented (BA),(MA)3;Pbyl;3 by hot-casting
for a solar cell with a significantly enhanced PCE of 12.5%. Both
unencapsulated and encapsulated devices showed much-
enhanced stability under illumination or 65% humidity com-
pared to the 3D perovskite devices (Fig. 3¢). Under illumination,
the PCE degraded to about 50% of its original value within the
first 10 h in the 3D encapsulated device and then saturated at
approximately 10% of its original value after 800 h. In contrast,
the 2D encapsulated perovskite devices were extremely robust,
with no degradation and negligible hysteresis over 2250 h of
constant illumination. With humidity of 65%, the PCE of an
encapsulated 3D perovskite device decreases to < 10% of its orig-
inal value over 350 h. In contrast, the encapsulated 2D devices
do not exhibit any degradation in the first 650 h and maintain
at 85% over 2085 h [124]. Recently, Huang et al. achieved
high-performance solar cells and LEDs by wusing 3-
bromobenzylammonium iodide (3BBAI) based quasi-2D per-
ovskite film. The unencapsulated devices sustain over 82% of
their initial efficiency after 2400 h under relative humidity
(RH) of ~ 40% and show almost unchanged photovoltaic param-
eters after immersion into water for 60 s. On the other hand, the
external quantum efficiency of electroluminescent devices
(EQEgL) decays to half of the initial value after ~ 96 h of contin-
uous operation at a given current density of 200 mA cm ™2, creat-
ing a new record for operation lifetime of perovskite LEDs, which
is also even better than the best performing near-infrared organic
LEDs [127].

Although 2D perovskites with n = 1 show better stability than
that of 2D perovskites with higher n [123], there are only a few
works on their optoelectronic applications mainly due to the
poor out-of-plane mobility and large bandgap. Recently by
designing the organic spacer cations, the photovoltaic perfor-
mance of n = 1 2D perovskite was much enhanced. Stupp et al.
reported a series of n = 1 layered perovskites with the form
(aromatic-O-linker-NH3),Pbly. By tuning the aromatic moiety
and linker, the out-of-plane conductivity was enhanced, result-
ing in a champion PCE of 1.38%. The synthesized 2D perovskite
can withstand immersion in water for several minutes without
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(a) Schematic illustration of RP and DJ phase 2D layered perovskites. Reprinted from [132], Copyright (2019), with permission from Elsevier. (b) PXRD patterns
of films of (PEA),(MA),Pbslio (1), MAPbI; formed from Pbl, (2a), and MAPbI; formed from PbCl, (2b), which were exposed to 52% relative humidity.
Reproduced with permission of [122]. Copyright 2018 John Wiley & Sons, Inc. (c) Photostability tests under constant AM1.5G illumination and humidity
stability for 2D (BA),(MA)sPb,ly3 and 3D MAPDI; perovskite devices without and with encapsulation. Reprinted by permission from Springer Nature [124],
Copyright (2016). (d) Schematic and J-V curve for the champion device based on (pyrene-O-propyl-NH3),Pbl, layered perovskite. The photograph (inset)
shows the difference in the appearance of two substrates after dipped in water: MAPbI; turned yellow instantly revealing chemical degradation, whereas the
n =1 layered perovskite (pyrene-Opropyl-NHs),Pbl, retained its original color. Reprinted with permission from [128]. Copyright 2018 American Chemical
Society. (e) Schematic structures of FASnl3, (PEA),Snl, and mixed FA-PEA tin perovskites. Normalized PCE of the unencapsulated device based on FASnl; and
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any decomposition to lead iodide (Fig. 3d) [128]. Nazeeruddin
et al. synthesized 2D perovskites with symmetrical
imidazolium-based cations such as benzimidazolium (Bn) and
benzodiimidazolium (Bdi), which show relatively narrow band-
gaps compared to traditional -NH3} amino groups, at 1.81 eV
and 1.79 eV for Bn,Snl, and BdiSnly, respectively. Perovskite

solar devices using Bn,Snl, show promising efficiencies of up
to 2.3%, but detailed stability studies have not been reported
yet [129].

Tailoring the organic spacer cations could also enhance the
stability of quasi-2D perovskites. Jen et al. demonstrated that
MeO-PEAI and F-PEAI-based quasi-2D perovskites (n = 5) show
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much better stability in air (RH ~40-50%) than PEAI-based
quasi-2D perovskites. This is due to the steric effect and electron
repulsion of MeO and F to the water lone pair electrons which
could prevent water from penetrating into the perovskite struc-
tures [130]. Recently, Huang et al. designed a new bulky alkylam-
monium, 2-(methylthio)ethylamine hydrochloride (MTEACI). In
addition to a weaker van der Waals interaction, the interaction
between sulfur atoms in two MTEA molecules enables a
(MTEA),(MA)4Pbsl;6 (n = 5) perovskite framework with enhanced
charge transport and stabilization. The result is 2D RP PSCs with
significantly improved efficiency and stability compared with
those based on butylammonium iodide (BAI) which is only
one atom different. PSCs with a power conversion efficiency as
high as 18.1% (17.8% certified) are achieved, along with mois-
ture tolerance for up to 1512 h (under 70% humidity conditions),
thermal stability for 375 h (at 85 °C) and stability under contin-
uous light stress (85% of the initial efficiency retained over
1000 h of operation at the MPP) [131].

Dion-Jacobson (DJ) phase 2D perovskites with the formula of
A’AL1BnX3n41, Where A’ represents a divalent organic cation,
have the potential to stabilize the layered perovskite structure
by eliminating of the van der Waals gap (Fig. 3a). Li et al. demon-
strated that the DJ phase 2D perovskites exhibit greater material
and device stabilities than the RP phase counterparts by compar-
ing the 2D perovskites derived from the 1,3-propanediamine
(PDA) and the propylamine (PA) cations, respectively [132]. Rel-
ative to the PSCs based on the RP phase 2D perovskite, the DJ
phase analogs not only resulted in a higher PCE of 13.3%, but
also exhibited a higher stability, retaining more than 95% of
PCE, when subjected to very harsh testing conditions such as
ambient air with 40%-70% RH for 4000 h, heating at
85 °C under 85% RH for 168 h, and continuous light soaking
in a nitrogen-filled glove box for 3000 h.

Apart from the greater moisture resistance, the layered struc-
ture may also greatly enhance the air stability of Sn-based per-
ovskite materials. Ning et al. demonstrated the improved
oxidation resistance of low-dimensional Sn perovskite (PEA),-
(FA)n.1Snpl3n,1 using the same approach. When n = 9, the 2D
PSC shows a PCE of 5.9% and retains 96% of its initial value
for over 100 h, while the PCE of 3D FASnI; PSC decays by 77%
within 48 h in a glove box without encapsulation (Fig. 3e)
[133]. Further optimization of the film processing technique
and addition of NH4SCN into PEAg 15FAggsSnlsz resulted in a
record PCE of 9.41%. The device sustains 90% of its initial PCE
for nearly 600 h after storing in a nitrogen-filled glovebox [134].

Besides, reducing the dimension of perovskite could signifi-
cantly suppress the undesirable phase transition of o-CsPbls.
Chen et al. demonstrated reduced-dimensional «-CsPbls
perovskite photovoltaics with greatly improved performance
longevity, and showed that quasi-2D perovskites with lower n
values (n = 10) exhibit better phase stability than those with
higher n values (n = 40, 60) [135].

2D/3D perovskite

Quasi-2D perovskites have shown significant improvement in
stability but poorer performance compared to their 3D counter-
parts. 2D/3D mixed perovskite with high nominal n values (typ-
ically n > 10) may combine the advantages of 2D and 3D

perovskites, achieving high performance and high stability
simultaneously. Due to the passivation ability of 2D perovskites,
2D/3D perovskites could even achieve higher performance than
their 3D counterparts.

Snaith et al. obtained a thin 2D perovskite film, where the
butylammonium (BA) cation was orientated perpendicularly to
the plane of the film embedded between 3D perovskite grains.
The devices show improved PCE and much better stability com-
pared to their 3D counterparts. Cells sustain 80% of their ‘post-
burn-in’ efficiency after 1000 h and close to 4000 h when encap-
sulated. The devices are aged under xenon-lamp simulated full-
spectrum AM1.5, 76 mW cm™2 equivalent irradiance in air with
a humidity of ~45% without any ultraviolet filter, held at open-
circuit during ageing, and tested at different time intervals under
a separate AM1.5, 100 mW cm 2 solar simulator [136]. Yang et al.
also demonstrated that 2D perovskite spontaneously forms at
grain boundaries of 3D perovskite, protects the FA perovskite
from moisture and suppress ion migration. Thereby a stabilized
PCE of 20.64% (certified stabilized PCE of 19.77%) with signifi-
cantly enhanced operational stability was achieved (Fig. 4a) [64].

Other than improving stability against moisture, as men-
tioned in the previous section, 2D/3D structures could also
enhance the phase stabilities of perovskites as quasi-2D structure.
Jen et al. revealed that introduction of PEAI into FAPbI; per-
ovskite to form mixed cation FAPEA,,Pbl; can effectively
enhance both phase and ambient stability of FAPbI;. The ambi-
ent stability of the FAPEA,,Pbl; (FA/PEAI = 40, nominal n
~80) based device is greatly improved, which retains over 90%
of its initial PCE (17.71%) after being stored in air for 16 days
under a relative humidity of 40 + 5% without encapsulation.
Contrarily, the PCE (14.05%) of pure FAPbI; based device decays
to near zero after 16 days [63]. Zhao et al. stabilized the a-CsPbl3
films by introducing a small amount of ethylenediamine cations
(EDA?") to form a 2D/3D structure. The resulting a-CsPbl; struc-
tures are highly robust at room temperature for months and can
retain their phase even after annealing at 100 °C for a week. The
best solar cell based on the CsPbl3-0.025EDAPbI, perovskite
showed good stability because it retained its ~10%-efficiency
after storing in a dark, dry box for one month without any
encapsulation [137]. Chen et al. also demonstrated that quasi-
2D PEA,Cs,.1Pbylsn, perovskites with lower n values (n = 10)
exhibit better phase stability than those with higher n values
(n = 40, 60) (Fig. 4b). After 40 days under ambient atmosphere
without sealing, the devices kept 98%, 93%, 83%, 83% and
77% of the initial values for n = 10, 40, 60, 80 and 100 quasi-
2D perovskites, respectively [135]. Meng et al. utilized
phenyltrimethylammonium iodide (PTAI) to enhance the phase
stability of CsPbls, it could also effectively suppress non-radiative
recombination in the PSC devices. As a consequence, the cham-
pion PSC device based on CsPbl; exhibits a record efficiency of
21.0% with high stability [138]. Other than those strategies,
Steele et al. recently found that substrate clamping and biaxial
strain could render black-phase CsPbl; thin films stable at room
temperature [57].

2D/3D structure could also suppress the phase separation of
mixed-halide wide-bandgap perovskites, which is particularly
detrimental to the performance of both LEDs and solar cells.
Rand et al. achieved phase-stable mixed halide perovskites by
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adding BAI, which could be used to fabricate high-efficiency
LEDs with tunable emission wavelengths and solar cells with
tunable Vo (Fig. 4c) [101]. Jen et al. also demonstrated that
PEA incorporation can reduce the extent of phase segregation
of large bandgap perovskite MAPb(Iy ¢Bro4); under light, thus
improving V¢ and light stability [102].

2D/3D perovskite were successfully prepared by depositing
ammonium halides or amines to form thin 2D perovskite layers
on top of a 3D perovskite film. Nazeeruddin et al. attained the
surface of a 2D perovskite layer by spin coating a PEAI solution
on an optimized lead excess pristine Csg 1FAg.74MAg 13Pbl; 45B1¢ 3
perovskite film. The devices based on 2D/3D perovskite films
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show enhanced performance and impressive improved stability
at 50 °C in air, retaining 90% of the initial PCE after 800 h
under continuous illumination in inert gas condition and 85%
at humid environment with encapsulation [139]. n-Butylamine
(BA) was used to obtain a 2D/3D stacking structure by Huang
et al., with thin layers of (BA),Pbl, on top of 3D perovskite. After
reacting with BA, the corresponding devices show enhanced per-
formance (17.28% to 19.29%) and much improved thermal sta-
bility in comparison to the 3D counterpart or BAI-modified
counterpart when subjected to the heat stress test. The control
device degraded to 69.8% of its initial efficiency after continuous
heating for 100 h, while the BA and BAI modified devices still
maintained 96.5 and 88.2% of their initial efficiencies [140].

Phase stable perovskite quantum dot

Stabilization of the unstable o-phase perovskites such as CsPbl;
and FAPDI; can also be archived by reducing all three dimensions
in the form of perovskite QDs [141,142]. These perovskite QDs,
with sizes generally around 4-12 nm, have made remarkable
advancements in the field of QD based LEDs, with external quan-
tum efficiencies (EQEs) around 12%, 22% and 15% in the blue,
green, and red parts of the visible spectrum, respectively [143],
but also as sensitizers in solar cells [144,145], with certified effi-
ciencies almost reaching 17% [146]. On the one hand, the large
surface areas of these QDs raises significant challenges in term of
chemical stability, for instance, towards moisture degradations.
Although challenging, perovskite QDs allow for the generally
unstable a-phase perovskites, in the form of CsPbl; and FAPDI;3,
to be significantly more stable than their bulk counterparts. This
nanoscale stabilization can be ascribed to the high surface area of
the QDs, which in combination with careful tuning of their sur-
face ligands can lead to surface strain, which results in pressure-
induced o-phase stabilization [82]. Luther et al. demonstrated
that the careful surface treatment of CsPbl; QDs can result in
QD films being stable for months in ambient air when treated
with suitable ligands. They also developed a method for per-
ovskite QD film assembly to remove the long and insulating
organic capping ligands which significantly hinder the carrier
transport between neighboring QDs, allowing for efficient dot-
to-dot electronic transport while retaining the phase stability of
the individual QDs. Finally, an efficiency of 10.77% is achieved
for the first perovskite QD-based photovoltaic cell, which were
tested completely in ambient conditions after 15 days (relative
humidity ~15 to 25%) (Fig. 5a) [82]. Further ligand chemistry
as well the chemical interface engineering has resulted in CsPbl;
QD based solar cells achieving a PCE surpassing 14% [31]. The
initially assigned purely cubic o-phase of CsPbl; QDs was later
corrected to be a lower symmetry orthorhombic y-phase [147].
Similar to the CsPbl; QDs, pure FAPbI3; QDs also seem to gain
from the ligand-induced surface strain, allowing them to be sig-
nificantly more stable compared to bulk FAPbI; [148]. Xue
et al. for instance, demonstrated that FAPbI; QD films show sig-
nificantly better ambient and operational stability compared to
bulk films, where QDs remain stable over months. Pure FAPbI3
QDs based solar cells show similar PCEs as those based on CsPblz
QDs, with the current record certified efficiency at 13.2%

(Fig. 5Sb) [149]. Br and Cl-based QD formulations could also stabi-
lize FAPbBr; and FAPbCl;, although their tolerance factors are
outside of the stable perovskite range [150,151].

Perovskite QDs also seem to have an additional benefit com-
pared to bulk perovskites, as they have much higher miscibility
with mixed cations with suppressed phase segregation due to
the small crystalline domain of the individual QDs. This was
demonstrated by a full range of CsxFA;«Pbl; QDs with x = 0-1,
resulting in room temperature stable QDs for any given x compo-
sition (Fig. 5c) [152]. The combined suppressed phase segregation
and ligand-induced phase stabilization were recently utilized by
Hao et al. to demonstrate a FAy sCsg sPblz QDs solar cell with a
certified efficiency of 16.6%, which is currently the highest for
any type of QD based solar cell (Fig. 5d) [146]. Further device
optimization and the use of CsPbl; QDs deposited on top of
Cso.25FA¢.75Pbl; QDs creating a charge separating heterostructure
has resulted in the current non-certified QD solar cell conversion
efficiency surpassing 17% [153]. The high cation miscibility of
perovskite QDs is also visible for B site alloying, allowing for a
wide variety of divalent metal cations and further improving
the CsPblj; stability by increasing their goldsmith tolerance fac-
tors [154]. These cations for instance include Mn?*, Zn?* and
Sr?* (Fig. 5e) [155,156], where the latter has been used to further
stabilize CsPbl; QDs for use in red light LEDs with efficiencies up
to 15% [145].

Overall, perovskites QDs pose a unique solution tackling the
phase instabilities observed with CsPbl;, FAPbI; and mixed per-
ovskites. Since perovskite QDs have also achieved high photolu-
minescence quantum yield, they are very attractive for other
optoelectronic devices like LCDs and LEDs, as further discussed
in Sections “Liquid crystal display” and “Light-emitting diode”
respectively.

Devices

Advances in technology depend on integrating new materials,
the emerging materials such as 2D materials [32,157], conduct-
ing polymers [158] have quickly become the hottest directions
of research in the world and widely utilized into the fields of pho-
tonics, optoelectronics, catalysis, biomedicine, and energy appli-
cations. In the following sections, the strategies of how to
enhance the stabilities in terms of different kinds of perovskite
devices will be discussed.

Solar cell

Thin-film solar cells based on perovskites have so far reached
record PCE up to 25.7% in certified measurements [15,159].
Separation and extraction of photogenerated carriers are based
on selective carrier contacts; thus the perovskite absorber is sand-
wiched between wide-bandgap ETL and HTL with suitable work
functions. High PCEs can be achieved by careful engineering of
the interfaces, to minimize non-radiative recombination and
resistance losses, and reduction of structural defects in the per-
ovskite bulk as well as passivation of grain boundaries. Applica-
tion of perovskite in photovoltaic modules, their acceptance
and market uptake require extended reliability testing and device
stability testing standards adapted to this technology.
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Charge-transporting layers

Ideal transport layers should efficiently extract photogenerated
charge carriers from the perovskites but also protect the per-
ovskite layers from exposure to moisture or air. Currently, the
most widely used ETL in n-i-p structured devices is TiO,. How-
ever, a critical instability in mesoporous TiO,-sensitized solar
cells was reported, arising from light-induced desorption of
surface-adsorbed oxygen (Fig. 6a) [29]. Therefore many suitable
and reliable metal oxides have been explored as alternative ETLs,
such as ZnO [160], Zn,SO4 [161], CdSe [162], CdS [163] and SnO,
[164]. CdS and CdSe, which have also been successfully applied
in Cu(In,Ga)Se solar cells, are toxic, and ZnO can react easily
with perovskites during thermal annealing (>100 °C) [165].
Today, SnO, appears to be the most promising candidate and
can be processed at low temperatures [164,166]. Perovskite cells
with SnO; ETLs achieve very high PCEs and avoid the drawbacks
of UV-light instability that occurs when using TiO, [167,168].
Modification of metal oxide ETLs by self-assembly monolayers
could also efficiently enhance the device performance and stabil-
ity. For example, Jen et al. utilized a dual-functional interfacial
material, 5-amino-2,4,6-triiodoisophthalic acid (ATPA), to inter-

act with both CsPbl; perovskite and TiO, to achieve better
energy tuning and surface passivation. As a result, a higher PCE
with enhanced photostability are achieved [169].

The widely used and most efficient hole transport material
(HTM), spiro-OMeTAD, for n-i-p structured devices, faces severe
stability issues mainly due to the low glass transition temperature
(Ty) and doping. Spiro-OMeTAD shows a low Tg of ~120 °C  and
decreases to ~50 °C when dopants are added. Therefore, anneal-
ing at high temperatures leads to the deformation of spiro-
OMEeTAD film arising from crystallization. Consequently, solar
cells which employ additive-doped spiro-OMeTAD as HTL exhibit
poor stability [170]. Seo et al. found that the device featuring an
HTM with higher T, showed better thermal stability than the
device with spiro-OMeTAD, maintaining almost ~95% of its ini-
tial performance for more than 500 h after thermal annealing at
60 °C [171]. Dopants such as bis(trifluoromethylsulfonyl)imide
lithium salt (Li-TFSI) and 4-tert-butyl pyridine (TBP) are necessary
to increase the mobility of the spiro-OMeAD, but they are hygro-
scopic and can capture the atmospheric moisture, and thus accel-
erate the moisture-induced degradation of the perovskite layer
[172]. Therefore many novel dopant-free organic HTM are
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(@) Mechanism for UV-induced degradation in TiO, based perovskite solar cells. Reprinted by permission from Springer Nature [29], Copyright (2013). (b)
Normalized efficiency of un-encapsulated CuSCN based PSCs with and without a thin layer of rGO spacer layer between CuSCN and gold layers. Operation
stability was examined at a maximum-power point under continuous full-sun illumination at 60 °C in nitrogen atmosphere. From [179]. Reprinted with
permission from AAAS. (c) Comparison of device stability of an optimized CuGaO,-based and a spiro-OMeTAD based-device measured under ambient
environment (30%-55% humidity, T = 25 °C). Reproduced with permission of [180]. Copyright 2017 John Wiley & Sons, Inc. (d) Device structure and PCE
stability of PSCs with different ETL and HTL in an ambient environment without encapsulation. Reprinted by permission from Springer Nature [28], Copyright

(2016).

developed to improve device stability while maintaining high per-
formance [172-174]. For example, Liu et al. synthesized a
solution-processable 2D polymer HTM, 2DP-TDB, with dominant
face-on packing orientation, good charge transport properties,
efficient perovskite surface passivation capability and hydropho-
bicity. Thus, PSCs based on dopant-free 2DP-TDB HTM show a
champion efficiency as high as 22.17%. The unencapsulated
devices could sustain over 95% of their initial efficiency after
stored in the ambient atmosphere (RH = 30 + 5%) for 1000 h,
whereas only 64% of original efficiency left for the devices with
typically doped spiro-OMeTAD [175]. Besides, modification of
the perovskite/HTL or HTL/electrode interface may improve the
stability. It was shown, that adding 1-adamantylammonium
iodide into the HTM, enabled retention of the PCE value within
a few percent after 500 h under continuous light illumination of
unencapsulated devices under an inert atmosphere [176]. Noh
et al. incorporated gallium(IIl) acetylacetonate (Ga(acac)s) into
HTMs without hygroscopic dopants and it could spontaneously
interact with the surface of the perovskite layer, yielding a reduc-
tion of the interfacial recombination loss for various organic
HTMs. The Ga(acac);-devices show superior moisture stability
for 2000 h under 85% relative humidity at room temperature with-
out any encapsulation, maintaining a complete initial perfor-
mance of 21.8%. An enhanced PCE of 24.6% is achieved with
aligned P3HT as HTM. This is the highest efficiency reported for
conventional PSC based on dopant-free HTM [177]. Deposition
of a thin layer of rubrene can cover the pinholes of the spiro-
OMeAD layer, which improves device stability after 100 h under

continuous light illumination, retaining 97% of its initial per-
formance compared with 65% of the reference device [178].
On the other hand, inorganic HTLs such as CuSCN [179] and
CuGaO,, [180] are developed, which can efficiently replace the
less stable spiro-OMeTAD. Grétzel et al. demonstrated that PSCs
using CuSCN HTL and a conductive reduced graphene oxide
spacer layer between CuSCN and gold allowed the reduced
the degradation of >20%-efficient devices to <5% after aging
at a maximum power point for 1000 h at 60 °C. Importantly,
under both continuous 1-sun illumination and thermal stress,
CuSCN based devices surpassed the stability of spiro-OMeTAD
based PSCs (Fig. 6b) [179]. Jen et al. fabricated an efficient
PSC employing solution processed CuGaO, as HTL. It exhibits
an impressive PCE of 18.51%, higher than the device using
spiro-OMeTAD, and shows significantly improved long-term
stability (Fig. 6¢) [180].

For p-i-n devices, poly(3,4-ethylenedioxythiophene) polystyr-
ene sulfonate (PEDOT:PSS) is widely used even though it is not
an ideal HTM due to inefficient electron-blocking capability
and poor chemical stability stemming from its hygroscopic nat-
ure. CuSCN [181], NiOy [182,183], NiMaLiO [184]| and copper
(II) phthalocyanine (CuPC) [185] have been demonstrated to
be promising alternative HTM. By combing p-type NiOy and n-
type ZnO nanoparticles as HTL and ETL respectively, Yang
et al. achieved highly efficient and highly stable PSCs. After
60 days of storage in air at room temperature, the fabricated
all-metal-oxide based device retained about 90% of the original
efficiency (Fig. 6d) [28].

286



Materials Today ® Volume 58 ® September 2022

RESEARCH

Defects engineering

Structural defects which are mainly located at grain boundaries
(GBs), surfaces and interfaces provide primary channels for ion
migration and act as initiation sites for moisture, oxygen, and
light-induced degradation [186-189]. Water penetration also
occurs preferentially by the diffusion of water molecules through
defect-rich perovskite facets, mainly found at surface and grain
boundaries [70,190]. Depending on the growth conditions and
growth methods, dominant defects can vary and so do the diffu-
sion species as well as diffusion mechanisms, leading to different
degradation behaviors [191]. Meng et al. demonstrated that elec-
tric field-induced interface defects have a stronger impact on sta-
bility than bulk defects. Introducing a fullerene derivative stress-
buffer-layer is an effective route to decrease interface defect
states, due to suppressed lattice strain, and improves stability
[192]. Thus, surface modification, reducing grain boundaries
and passivation can improve the stability of the perovskite mate-
rials and devices as well as improve the device performance by
reducing non-radiative recombination.

Huang et al. demonstrated that quaternary ammonium
halides can effectively passivate ionic defects in several different
types of hybrid perovskites which boosts the PCE to a certified
value of 20.6 + 0.5% and also significantly enhances the stability
of films in ambient conditions (Fig. 7a) [193]. Zhou et al.
employed fluoride to simultaneously passivate both anion and
cation vacancies, by taking advantage of its extremely high elec-
tronegativity. They exhibited a PCE of 21.5% (certified 21.3%)
based on Csg osFAg 54MAg 41Pbl; 04Brg 06 perovskite treated with
sodium fluoride. The device retained 90% of its original PCE after
1000 h of operation at the MPP [194]. Stranks et al. stabilized the
photoinduced ion migration across a wide range of mixed halide
perovskite bandgaps by decorating the surfaces and grain bound-
aries with a passivating potassium halide layer. The passivation
also reduced the non-radiative recombination and increased
charge transport, thus high performance was achieved (Fig. 7b)
[195]. Yang et al. used natural products theophylline, caffeine,
and theobromine to passivate antisite Pb (lead) defects. The
encapsulated device with theophylline treatment maintained
>90% of its initial efficiency (21.3%) in 500 h compared to degra-
dation by more than 80% for the reference device, when tracked
at an RH of 30-40% and a temperature of 40 °C [196]. Ionic lig-
uids are another kind of efficient additives to improve the device
efficiency and stability. Snaith et al. observed a degradation in
performance of only around 5% for the encapsulated device
under continuous simulated full-spectrum sunlight for more
than 1800 h at 70-75 °C with 1-butyl-3-methylimidazolium
tetrafluoroborate (BMIMBF,) as additive. The enhanced perfor-
mance and stability are due to the reduced surface defect density
and suppressed ion migration [197]. Later, they found that
BMIMBEF, could also supress the phase segregation which is
mainly caused by ion migration in wide bandgap perovskite
Cso.17FAp.83Pb(Ip.77B1r923)3. Thus, the device with enhanced
open-circuit voltage and efficiency is achieved. Furthermore,
the unencapsulated and encapsulated cells retain 80 and 95%
of their peak and post-burn-in efficiencies for 1010 and 1200 h
at 60° and 85 °C, respectively [198].

Increasing grain size, thus reducing the number of grain
boundaries, is another efficient way to reduce the trap state den-

sity. Zhao et al. utilized a MABr-selective Ostwald ripening pro-
cess to increase the grain sizes of MAPbI; film, which improved
both cell efficiency and device stability [199]. Gritzel et al. added
MACI as a crystallization aid to the precursor to realize high-
quality, large-grain triple-cation perovskite films. The devices
showed enhanced operational stability, and retained 96%, 90%
and 85% of their initial PCE values after 500 h under continuous
light illumination at 20, 50, and 65 °C, respectively [200].

Especially hydrophobic molecules, which may also chemi-
cally passivate the perovskite surface defects, can efficiently
improve the perovskite stability [187,201]. Zhu et al. introduced
guanidinium thiocyanate (GuaSCN) to improve the structural
and optoelectronic properties of low bandgap (FASnls3)g6(-
MAPbI3), 4 perovskite thin films. Gua® and SCN™ ions tend to seg-
regate at GBs to form 2D structures, which appear to passivate
defect states, suppress the formation of excessive Sn vacancies,
and enhance the stability of low-bandgap perovskite films
[202]. Huang et al. converted the surfaces of lead halide per-
ovskite to water-insoluble lead (II) oxysalt through reaction with
sulfate or phosphate ions which effectively stabilized the per-
ovskite surface and bulk material. This boosted the PCE to
21.1% by reducing the defect density. Encapsulated devices stabi-
lized by the lead oxysalt layers maintain 96.8% of their initial
efficiency after operation at MPP under illumination for 1200 h
at 65 °C (Fig. 7c) [187]. Han et al. stabilized the FA;MA;.
«Pby.yl3 perovskite layer by forming strong Pb-Cl and Pb-O
bonds between perovskite film with a Pb-rich surface and a chlo-
rinated graphene oxide layer. The PSCs show PCEs approaching
21% with a cell area of 1.02 cm? exhibiting excellent operational
stability, maintaining 90% of its initial PCE value after operation
at the MPP under 60 °C for 1000 h [203].

Quasi-2D perovskites were demonstrated to be more stable
than 3D perovskites against humidity or under illumination
[124], yet they still show limited stability under sustained pho-
toexcitation and electrical injection, and this remains a road-
block to their application in LEDs. Sargent et al. developed an
edge-stabilization strategy wherein phosphine oxides passivate
unsaturated lead sites during the quasi-2D perovskite crystalliza-
tion. The passivated quasi-2D perovskite shows significantly
enhanced PL stability (Fig. 7d). Furthermore, the green LED
device showed a longest operational lifetime of 3.5 h at high
luminance (4000 cd m~?), which is 21 times higher compared
to the best prior report (at the initial luminance of 3800 cd m~2,
with T50 = 10 min) [204]. This strategy should also enhance
operation stability of quasi-2D PSCs.

Device stability testing standards

International standards were established by the International
Electrotechnical Commission (IEC), which defines standard
testing procedures to evaluate the performance and stability
of industrial photovoltaic modules [205]. The IEC 61215:2016
Damp Heat, Thermal Cycling, and Humidity Freeze tests
(Table 1) are among the standard accelerated tests specified
for commercial modules. The modules must survive these tests
with less than 5% relative loss in efficiency [206]. Since a large
number of research groups with different backgrounds are
working on emerging next generation solar module technolo-
gies such as organic, dye-sensitized and perovskite solar cells,
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(@) Schematic illustration of quaternary ammonium halides (QAHs) assembled on the defect sites. The red and blue symbols represent the N atom and O
atom of the choline chloride molecule, respectively. Reprinted by permission from Springer Nature [193], Copyright (2017). (b) PL spectra of (Cs,FAMA)Pb(l;-
yBry)3 without passivation (x = 0) and with potassium passivation (x = 0.1, 0.4) (x = [K]/([A] + [K]), illuminated continuously under the same conditions.
Reprinted by permission from Springer Nature [195], Copyright (2018). (c) Schematic illustration of protection of perovskites through in-situ formation of a
lead sulfate top layer on the perovskite surface and stability test of encapsulated solar cell devices based on control (blue) and sulfate-treated (red) CSFAMA
perovskite active layers without UV filter in air (relative humidity ~60 £ 10%). From [187]. Reprinted with permission from AAAS. (d) PL intensity stability of
quasi-2D perovskites under continuous excitation under a 374 nm laser diode. The inset shows PL spectra of the untreated control and edge-stabilized
sample before (in red and blue, respectively) and after (in grey) measurement. Reprinted by permission from Springer Nature [204], Copyright (2020).

TABLE 1

Specifications of the three IEC 61215:2016 tests.

Test Damp Thermal Cycling test Humidity freeze test
test
Condition 85 °C — 40 °C (15 min dwell) to 85 °C (15 min 50 rounds of Thermal Cycling as prerequisite, followed by — 40 °C (30 min dwell) to

dwell), Ramp rate of 100 °C/hour

85 °C, 85% RH (20 h dwell). Ramp rate of 100 °C/hour for 0 °C « 85 °C; Ramp rate of

200 °C/hour for 0 °C <> — 40 °C

Requirement 1000 h 200 cycles

10 cycles

there is an increasing demand for standard methods to accu-
rately measure the efficiency in a lab environment [207]. Sev-
eral articles have discussed in detail general issues and
challenges related to the correct characterization and have pro-
vided recommendations [207-209]. Nevertheless, there are still
no binding standards for stability testing methods. This lack of
standards leads to the lack of consistency in the assessment
and reporting procedures, which hinders data comparison
[210]. Recently a large group of 59 scientists in the field of
PSCs have presented consensus on procedures for studying
the stability of PSCs [211].

Liquid crystal display
Lead halide perovskite QDs, as discussed in Section “Phase stable
perovskite quantum dot”, have attracted significant attention as

color conversion layers (CCLs) for LCDs (Fig. 8a, b) [212]. The
benefit of using perovskite QDs in LCDs originates in part from
their high color turnability and narrow emission linewidth,
allowing for a higher color purity compared to OLEDs and con-
ventional phosphors, thus allowing for the full coverage of the
color gamut (up to 90% of Rec.2020 standard), as well as from
their high PLQY, which allows for a high brightness (near unity).
Furthermore, the defect tolerance of perovskite QDs eliminates
the need for careful surface passivation techniques like core shell
QDs or removing defects with hydrofluoric acid (HF) [213], sig-
nificantly reduces the production cost of perovskite QDs for dis-
play applications compared to other QDs like CdSe and InP
[214,215]. To this extend, green emitting CsPbBr; QDs (515-
525 nm), which emit closely to the ideal green emission around
532 nm, are predicted to reach consumer LCDs within the next
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bright emission. Reprinted with permission from [142]. Copyright 2015 American Chemical Society. (b) Schematic structures of LCDs with quantum-dot
functional color filter (QD-functional CF) and blue LED back-light unit (BLU). Magnified image in (b) shows the structure of QD-functional CF and the right
image in (b) shows the 3D schematic structure of QD-functional CF LCD. Reprinted by permission from Springer Nature [23], Copyright (2018). (c) Scheme of
the perovskite nanocrystals preparation applying ball milling of the solid precursors in the presence of h-PMMA and b-PEl as stabilizing polymers. Reprinted
with permission from [221]. Copyright 2019 American Chemical Society. (d) Stacking various crystal/polymer films of selective emission wavelengths on a
commercial blue LED (450 nm emission) (left-up). Stacking the films can achieve white light with a desired color rendering index. The right figure shows the
chromaticity color coordinates (CIE) plotted from the corresponding perovskite crystal emissions marked as 1, 2, 3, respectively. Reprinted with permission

from [225]. Copyright 2015 American Chemical Society.

few years [216]. On the other hand, FAPbBr; NCs, which exhibit
a slightly smaller bandgap, can cover the ideal 532 emission
[217]. These FA-based QDs though are significantly less chemi-
cally and thermodynamically stable compared to their CsPbBr;
counter parts, which makes the production of LCDs displays
more challenging. Further optimization of such systems using
FAPbBr; with careful surface as well as device passivation will
most likely allow to exchange the green emission from CsPbBr;
with FAPbBr; and thus reach the ideal green in LCD (and LED)
technologies. The coverage of blue (467 nm) as well as red
(630 nm) emitting parts of LCDs with perovskite QDs still
remains challenging, as the emission the CsPbCl; (around
410 nm) and CsPbl3 NCs (680 nm) does not reach the ideal emis-
sion. Furthermore, using halide alloying to reach the required
values results in halide migration and segregation after long
exposure, thus limiting their use. Likewise, using quantum con-
finement to reach for instance the blue emission using small
CsPbBr; QDs results in significantly broadening of the PLQY,
and thus lowering the color purity [143]. Using 2D confinement,
such as CsPbBr; nanoplatelets, which show significantly nar-
rower PL at the same wavelength of CsPbBr; QDs, as well as 2D
perovskites can reach these ideal values and thus might stable,
bright and narrow blue emission for LCDs [218].

The typical reliability tests for displays demand layers with a
robust tolerance (<15% drop in intensity) to temperatures as
high as 90 °C, moisture as high as 95% and flux up to

400 mW cm 2. Unfortunately, the chemical degradation of per-
ovskites gets accentuated at these conditions and hence the most
significant challenge that needs to be solved for this application
is once again their stability. Common strategies used to improve
the stability of perovskite LCDs include (i) compositional engi-
neering (doping of A and B-sites); (ii) surface engineering (ligands
and trap state passivation); and (iii) matrix encapsulation with
polymers and oxides [219].

For the structural stability of perovskites, the ionic radius
plays a key role. Utilizing all-inorganic CsPbBr; systems with
higher thermal and environmental stability have demonstrated
widespread success [45]. Zhu et al. synthesized red-emitting
CsPbBr ,l; g perovskite QDs via a Br-I alloying route in a poly
(methyl methacrylate) (PMMA)/chloroform solution with
enhanced moisture tolerance. Yttrium aluminium garnet
(YAG)-coated white light-emitting diodes (WLEDs) were demon-
strated with a color rendering index (CRI) of 92, CCT of 4222 K,
and luminous efficacy of 78.4 Im W™!, superior to bare YAG-
based WLED (CRI of 74 and CCT of 6713 K) [220]. Utilizing par-
tially hydrolyzed poly(methyl methacrylate) (h-PMMA) and
highly branched poly(ethylenimine) (b-PEI) as double ligands,
Gaponik et al. demonstrated stable perovskite nanocrystal CCLs
with excellent stability against water, heat, and ultraviolet light
irradiation (Fig. 8c). The hydrophobic polymer of h-PMMA
imparted excellent film-forming properties and water stability,
while the b-PEI passivated the surface of the nanocrystals and
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promoted growth of a CsPbBr3/CsPb,Brs core-shell-like structure
resulting in enhanced PLQY and stability. 80% of the PL of the
perovskite nanocrystals—polymer composite was retained when
placed under water for 40 days. After six heating/cooling cycles
(25 °C/120 °C) or being treated under a 2 W UV light lamp (dom-
inant wavelength at 365 nm) for as long as 120 h, the PL inten-
sity of h-PMMA/b-PEI-capped perovskite nanocrystals film
retained 70% and about 60% of its initial value respectively. In
comparison, the PL intensity of OLA/OA-capped perovskite
nanocrystals encapsulated in PMMA dropped to about 10%
and 15% of its initial value respectively under the same condi-
tions [221]. In general, polymer encapsulants such as poly
(methyl methacrylate) (PMMA), ethyl cellulose, polystyrene
(PS) and mesoporous silica have been widely utilized with varied
success [222-224]. By tailoring the composition of methyl and
octylammonium cations, Snaith et al. reported the formation
of meso- to nanoscale 3D MA(OA)PbXj; crystals with an
enhanced photoluminescence efficiency. By blending perovskite
crystals of different emission wavelengths in a PS host over a blue
GaN LED chip, white light emission with a CRI of 86 and CCT of
5229 K was demonstrated (Fig. 8d) [225]. Lin et al. demonstrated
efficient white light emission with chromaticity coordinates of
x = 0.31, y = 0.30, by packing all-inorganic green CsPbBr; and
red CsPb(Bry 4lp6)s perovskites into cross-linked PS beads using
a swelling-shrinking strategy [226]. This resulted in good robust-
ness against water, acid-aqueous and alkali-aqueous solutions
while maintaining high luminescence. Wang et al. exploited
super-hydrophobic frameworks to stabilize CsPbBr; QDs with
narrow-band emission, high PLQY, and excellent water stability
of 6 months. A WLED device was successfully fabricated based on
green-emitting CsPbBr; QDs by embedding the QDs into the
super-hydrophobic porous organic polymer frameworks. In com-
bination with red-emitting KSF phosphors, and a blue LED chip,
high luminous efficiency of 50 Im W~ and a wide color gamut
(127% of NTSC, 95% of Rec. 2020) was demonstrated [227].

2D perovskite structures with strong van der Waals interac-
tions, developed by introducing long-chain amines such as oley-
lamine into the perovskite structure, portray enhanced stability
than their 3D counterparts, and play vital roles in this regard.
Density functional theory (DFT) calculations have revealed
higher desorption energy for PEAI from the perovskite structure,
0.36 eV higher than that for MAI, pointing to 1000 times slower
decomposition than MAPDI; films in ambient conditions [122].
Facile incorporation of organic cations into the perovskite lattice
has triggered considerable research interest recently in creating
hybrid 2D-3D perovskite films and core-shell structures with
good device performance and long device lifetimes. However,
this is still at its nascent stage and entails further systematic
investigations [228-230].

Light-emitting diode

Perovskites have emerged as promising semiconductors for light-
emitting applications because of their high color purity and
excellent photoluminescence quantum efficiencies [231-235].
The performance of LEDs using perovskite as the emissive layer
(PLEDs) has witnessed an unprecedented rise in recent years,
reaching EQE values as high as 28.1% [236-239].

PLEDs were first developed using 3D perovskites, with a focus
on homogenous film morphology and small grain sizes [233].
Subsequently, mixed-dimensional perovskites and assemblies of
colloidal perovskite nanocrystals have attracted attention for
high-efficiency PLEDs because of the enhanced confinement of
charge carriers as well as effective radiative recombination
[142,240-243]. Irrespective of the type of perovskite emitter
adopted, it is necessary to efficiently eliminate non-radiative
recombination routes to achieve high-performance. Utilization
of quasi-core-shell structures [244], perovskite—polymer
heterostructures [245] and hydrogen bonding manipulation
[236] have enabled EQEs of PLEDs over 20%, approaching those
of organic LEDs (OLEDs).

Similar to photovoltaics, several strategies are necessary to
ensure high performance and operational stability. At the mate-
rial design level, this includes enhancing the radiative bimolecu-
lar recombination rate [233], exploiting radiative excitonic
recombination (Fig. 9a) [246], suppressing trap-assisted non-
radiative recombination (Fig. 9b) [247] and controlling non-
radiative Auger recombination [248]. At the device level, the
interlayer properties can in turn affect the crystallinity, morphol-
ogy, defect properties and energy level structures of the per-
ovskite layers [249]. Chemical interactions at the perovskite—
interlayer interfaces are more intricate, and their effects on PLED
performance warrant additional exploration.

Among the challenges that currently impede further develop-
ment of PLEDs such as mediocre performance (especially for red
and blue emission) and toxicity of Pb-containing active materi-
als, the poor operational stability warrants maximum attention.
The operational lifetime of PLEDs (10> h range) [245,250,251]
still lags behind those of commercial organic LEDs, which
exceeds 10,000 h under constant electrical stress. It is worth not-
ing that the operational stability limitations of PLEDs are due to
the low maturity of the technology. Hence, further studies on
the perovskite degradation, i.e., thermal, moisture and photo-
stability, and its mechanisms are required to move towards prac-
tical implementations of PLEDs. The factors responsible for the
poor stability of PLEDs mainly include ion migration, thermal
instability and interfacial instability, similar to photovoltaics.

Although much attention has been paid to the pathways of
extrinsic degradation of perovskites, e.g., the influence of mois-
ture and oxygen, intrinsic degradation pathways induced during
the device operation such as ion redistribution and related ato-
mistic and morphological effects such as the role of grain bound-
aries, etc. have not been explored systematically yet. The electric
field applied to perovskite devices may trigger diverse electro-
chemical degradation pathways, which are significant to LEDs,
but these are still poorly investigated. Bias-assisted microscopy
and spectroscopy techniques have revealed numerous possibili-
ties of electrochemical degradation mechanisms existing within
the device architecture.

Troshin et al. observed both reversible oxidation of I~ to I,
(which remains trapped in the film as polyiodides) and an irre-
versible reduction of organic methylammonium cations under
applied electric bias utilizing atomic force microscopy, photolu-
minescence mapping and time-of-flight secondary ion mass
spectrometry (ToF-SIMS) (Fig. 9¢) [252]. Similar observation on
field-induced migration of MA™ cation to the cathode was
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(a) A schematic illustration of charge-carrier recombination in quantum-confined perovskites. (b) An illustration demonstrating the modulation of passivation

effects by rational molecular design. Reprinted by permission from Springer

Nature [263], Copyright (2020). (c) General layout of the lateral two-electrode

device (i). Optical microphotograph of the device channel before (left) and after (right) applying 1 V um ™" bias for 340 h (ii). Reprinted with permission from
[252]. Copyright 2020 American Chemical Society. (d) STEM image and EDX line profile of Au in an FTO/MAPbI;/Au device biased at 0.9 V for 6 h. Reprinted

with permission from [85]. Copyright 2020 American Chemical Society.

revealed via photothermal infrared (PTIR) microscopy by Huang
et al., thus evidencing the often ignored contribution of organic
cations to the ionic conductivity of halide perovskites [253].
The effect of electrode materials and transport layers on the
electrochemical stability of perovskite films is also not well stud-
ied, which is an essential issue for LEDs. For example, migration
of oxygen ions from the TiO electron transport layer to the per-
ovskite film was confirmed via electron energy loss spectroscopy
(EELS) measurements by Shin et al. [254]. This activated a signif-
icant structural transformation of single-crystalline MAPDI3
grains to their amorphous state with the appearance of Pbl,
and could be partially restored under reverse bias. Very recently,
Rand et al. showed clear evidence of electrochemical oxidation of
gold (the “noblest of metals”) at the MAPbI3;/Au and HTM-
buffered interfaces with threshold voltages of 0.8 and 1.2 V,
respectively via ToF-SIMS, scanning transmission electron micro-
scopy (STEM), and energy-dispersive X-ray spectroscopy (EDX)
measurements (Fig. 9d) [85]. This points to continuous electro-
chemical reactions occurring within the device during its opera-
tion. Such reactions may result in an evolution of intermediate
products within the device, changing its characteristics reversibly
or irreversibly. Gao et al. found that generation of halide vacan-
cies at perovskite/hole transport layer interface during operation
is one of the dominant degradation pathways in PLEDs. The
accumulated halides within the hole transport layer undergo

back diffusion toward the surface of the perovskite layer during
resting, repairing the vacancies and thus resulting in electrolumi-
nescence recovery. By passivating the key interface, PLED with a
high external quantum efficiency of 22.8% and obviously
improved operational stability is achieved [16]. Furthermore,
Janaky et al. reported expulsion of iodine from the lattice of
mixed halide perovskite (CH3NH;PbBr, sl 5) films upon hole
trapping. This results in the reformation of CH3;NH3;PbBrj
domains that act as charge carrier recombination centers, provid-
ing insight into the photoinduced phase segregation of per-
ovskite thin-film devices [255].

Reduction of Pb** to Pb° is likely to be another major long-
term problem for lead halide perovskite devices. Using in situ
XRD measurements and scanning electron microscopy (SEM),
Rand et al. observed moisture-accelerated interfacial redox reac-
tions of Pb?* to Pb® in perovskite devices equipped with various
metals such as Ag, Al, Yb and Cr as a function of their standard
electrochemical potentials [256]. Choi et al. reported that Br
vacancies at non-passivated surfaces could trigger reduction of
Pb?* to Pb by trapping electrons generated from exciton dissoci-
ation [257]. Further evidence of redox reactions was confirmed
by Ginger et al. via multimodal microscopy combining in situ
photoluminescence and scanning Kelvin probe microscopy in a
lateral electrode geometry. By comparing trap formation with
both charges injecting and blocking contacts, the reduction of
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Pb** to Pb° in MAPbI; was observed only in the presence of
injected electrons, suggesting the possibility of redox processes
with injected electronic charge [258].

Proposed strategies to enhance the device stability include
the use of bulky organic ligands and interface engineering.
Xiao et al. suggested the incorporation of bulky organic ligands
in the perovskite structure to effectively stabilize the surface,
preventing ion migration [259]. Gao et al. utilized the dicar-
boxylic acids in the precursor to efficiently eliminate reactive
organic ingredients in perovskite emissive layers through an
in situ amidation process, which is catalyzed by the alkaline
zinc oxide substrate. The formed stable amides prohibit detri-
mental reactions between the perovskites and the charge injec-
tion layer underneath, stabilizing the perovskites and the
interfacial contacts and ensuring the excellent operational sta-
bility of the resulting PLEDs. Efficient PLEDs with a peak exter-
nal quantum efficiency of 18.6% and a long half-life time of
682 h at 20 mA cm 2 is achieved [260]. Further improvements
are proposed by reducing the Joule heating through interface
engineering [261] or employing amino-acids additives as passi-
vation layers [250].

Whereas industrial device stability testing standards for pho-
tovoltaic modules have been readily adapted for perovskite solar
cells, stability test for perovskite LEDs are not as well defined.
This has made directly comparing both the performance as well
as stability of perovskite LEDs difficult. Therefore, similar to per-
ovskite photovoltaics, we suggest the development of a universal
stability protocol for PLEDs [211]. To this extend TS0 or T95 val-
ues should always be reported, which correspond to the time it
takes for an LED to drop to 50% or 95% of its initial output
[262]. For such measurements, no well-defined conditions are
established, and therefore it is important to report as main
parameters as possible (such as luminesce, voltage, LED size
etc.). Establishing and pre-defining, such operation and devices
requirements to a fixed set of parameters (as with solar cells)
would greatly help to compare perovskite LEDs in a trusted and
consistent manner [262,263]. Consistent lifetime and color sta-
bility tests under similar operational and atmospheric conditions
would be of great relevance to assess the numerous degradation
pathways in various PLED systems, which would boost the tech-
nology evolution.

lonizing radiation detectors, transistors and memristors

Ionizing radiation detecors are no less susceptible to the stability
issues of halide perovskites in comparison to photovoltaics and
LEDs. While material characteristics such as large light absorp-
tion coefficient, incorporation of heavy elements such as Cs™,
Pb**, Ag®, Bi**, Sn?*, tuneable bandgap, high mobility, long car-
rier recombination lifetimes, large bulk resistivity and defect tol-
erance promise strong stopping power, low dark currents and
noise, and good radiation hardness; self-doping, polarization
and operational instability adversely affects the performance of
these materials [264-266]. The polarization effect, a consequence
of ion migration, results in a continuous shift of the dark current
and degrades the energy spectral resolution of the detector.
Hence, all the above-discussed strategies to suppress ion migra-
tion find relevance here as well. Noteworthy contributions in
this regard include alloying, partial substitution of FA* and I~

with Cs* and Br~ [267], dopant compensation [268] and engi-
neering of the electrical contacts [269].

Transistors are the basic building blocks of all electronic cir-
cuits, used to amplify or switch electrical signals and power.
Despite the remarkable advances in photovoltaics and LEDs, real-
ization of perovskite field-effect transistors (FETs) remains chal-
lenging [270]. This can be mainly attributed to their poor gate
modulation abilities due to partial screening of the applied gate
field induced by ion migration. Admittance, dielectric loss and
Raman spectroscopy measurements have also identified charged
point defects located at grain boundaries, polarization fluctua-
tion of the A-site cations, and lack of long-range crystalline order
as detrimental factors [271]. While cryogenic operation (wherein
the ions are frozen), utilizing single crystals with low defect den-
sities and source-drain contact engineering with suitable inter-
layers have helped to mitigate the issue to some extent,
perovskite FETs still suffer from non-ideal transistor characteris-
tics with large hysteresis, bias stress instability and threshold
voltage shifts upon continuous operation. The strategies to com-
bat migration of ions via grain boundaries and surface defects in
the perovskite film include increasing the grain size via excess
use of acetates in the precursor chemistry [271], adopting molec-
ular cross-linkers via hydrogen bond interactions between per-
ovskite halogens and dangling bonds present at grain
boundaries (Fig. 10a) [272], incorporating strain-relieving cations
like Cs and Rb which act as passivation/crystallization modifying
agents (Fig. 10b) [273], treating perovskite films with positive
azeotrope solvents [273], and utilizing an auxiliary ferroelectric
gate of poly(vinylidenefluoride-co-trifluoroethylene) [P(VDEF-
TrFE)], to electrostatically fixate the mobile ions (Fig. 10c) [274].

With the rise of artificial intelligence and machine learning,
and experimental discovery of memristors (memory + resistor)
[275], investigation of halide perovskites as memristive materials
has lately attracted significant attention [89,90,276]. In contrast
to other device technologies presented in this review such as
photodetectors and LEDs, memristors could reap benefit from
the migration of ions [277]. Mechanistically, halide perovskites
support a rich variety of switching physics including electro-
chemical metallization reactions with reactive electrodes
[278,279] and valence change mechanisms via halide ion migra-
tion [280,281], making them viable memristive materials for
information storage and brain-inspired computer architectures.
However, yield, stability and CMOS process incompatibility con-
cerns continue to impede realization of crossbar arrays for large-
scale implementations. This research direction is in its infancy
and it remains to be seen whether insights derived from other
device technologies can aid accelerated development of this
new application for halide perovskites.

Sensors

The ionic perovskite crystals undergo reversible changes in struc-
tures/compositions under certain controlled conditions via
phase transitions, hydration/dehydration, gas adsorption/des-
orption, and ion intercalation/decalation, suggesting their great
potential for sensing applications [282], thus the perovskites
have been reported as probes for sensing of gases [283-285],
humidity [286,287], temperature [288], metal ions [289,290],
water in solvents [291], and explosive species [292]. These studies
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(@) Electron transfer characteristics of (i) unmodified and (ii) DPP modified-CSMAFA FETs at VDS = 100 V for electron operation measured at room

temperature. Reproduced from Ref. [272] with permission from the Royal Society of Chemistry. (b) Output characteristics measured on the FETs based on
MAPbI;, FAMAPDI; and RoCsFAMAPDI; with L = 100 um, W =1 mm. From [273]. Reprinted with permission from AAAS. (c) Device operation with the negative
polarization of the auxiliary ferroelectric gate at low gate voltages. Mobile cations are accumulated at the interface with the ferroelectric and holes are
accumulated at the interface with the insulator to make a charge-transporting channel. Reproduced with permission of [274]. Copyright 2021 John Wiley &

Sons, Inc.

indicate the potential of using perovskite sensors for practical
uses with enhanced long-term stability by the strategies dis-
cussed above.

Summary and perspective
Since the first application as absorbers in solar cells, perovskites
have been tested and employed into different kinds of devices,
such as PSCs, LCDs, LEDs, ionizing radiation detectors, transis-
tors, memristors and sensors due to their excellent optoelec-
tronic properties. While rapid performance improvement has
paved the way towards the commercialization of perovskite
based devices, the long-term stability has become the main con-
cern due to the intrinsically soft ionic crystal structures of per-
ovskites. In this review, the instabilities, including thermal,
phase, and environmental instability of the perovskite materials,
are discussed as well as strategies to overcome them. Thoroughly
investigating the entire material family for desired properties has
the potential to further boost the performance and lifetime of
perovskite devices. Reducing the dimensionality can stabilize
perovskite materials and designing novel organic spacer cations
could enable highly efficient and highly stable perovskite mate-
rials. Transport layers are crucial for device performance and sta-
bility, which should be carefully investigated. Ion redistribution
is the bottleneck for LEDs, direct X-ray detectors. On the other
hand, testing standards for different devices are urgently needed
for data comparison in the assessment and reporting procedures.
Nowadays the most efficient optoelectronics are always using
Pb-based halide perovskites. The high perceived toxicity of Pb
has caused some concerns which may slow down or even hinder
the pace of commercialization of Pb-based perovskite optoelec-

tronics. Given the fact of the optoelectronic performance of
the alternative lead-free perovskites are much worse, techniques
of encapsulation and cyclization are encouraged to be developed
to reduce the environmental impact for Pb-based perovskite
devices. On the other hand, high performance and highly stable
lead-free perovskites should also be encouraged to be developed.

Finally, currently most research on perovskite optoelectronics
mainly concentrates on small lab-scale devices with an area of
~0.1 cm?, increasing the device area decreases the device perfor-
mance, thus upscaling perovskite optoelectronics while keeping
efficient performance and stability is urgently needed.
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