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Lead halide perovskites (LHPs) are emerging semiconductor materials for light-emitting diodes (LEDs)
owing to their unique structure and superior optoelectronic properties. However, defects that initiate degra-
dation of LHPs through external stimuli and prompt internal ion migration at the interfaces remain a signifi-
cant challenge. The electric field (EF), which is a fundamental driving force in LED operation, complicates
the role of these defects in the physical and chemical properties of LHPs. A deeper understanding of EF-
induced defect behavior is crucial for optimizing the LED performance. In this review, the origins and
characterization of defects are explored, indicating the influence of EF-induced defect dynamics on LED
performance and stability. A comprehensive overview of recent defect passivation approaches for LHP bulk
films and nanocrystals (NCs) is also provided. Given the ubiquity of EF, a summary of the EF-induced defect
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1. Introduction

Over the past decade, lead halide perovskites (LHPs) have gar-
nered substantial attention owing to their remarkable opto-
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behavior can enhance the performance of perovskite LEDs and related optoelectronic devices.

electronic properties, including exceptional color purity,'
tunable optical bandgaps,” robust defect tolerance,®* narrow
emission linewidths," wide color gamut,> high charge-carrier
mobility,”> and elevated photoluminescence quantum yield
(PLQY).® Consequently, LHPs have found widespread appli-
cations in various optoelectronic devices, such as photovol-
taics, light-emitting diodes (LEDs), nanolaser, and
photodetectors.®”’® In 2014, Tan et al. first realized near-infra-
red, red, and green electroluminescence (EL) devices based on
perovskite at room temperature.’ Subsequently, there has been
a significant increase in the external quantum efficiency (EQE)
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of perovskite light-emitting diodes (PeLEDs), with red, green,
and blue PeLEDs reaching 26.3%,'° 30.84%,'" 18.65%,"
respectively, within a relatively short time frame. Numerous
studies have focused on the investigation of defects in perovs-
kite materials, which have emerged as a recurring focal point
for enhancing device performance and stability.

Similar to traditional colloidal quantum dot light-emitting
diodes (QLEDs) and organic light-emitting diodes (OLEDs),
the solution-based processability inherent in PeLEDs inevita-
bly generates defects, which, in the context of PeLEDs, are
pivotal factors influencing their commercial feasibility.
Nanocrystals (NCs) and thin films from the perovskite family
frequently feature intrinsic, grain boundary, and interface
defects.”®> Shallow-level defects, typically originating from
inherent point defects, serve as carrier traps to capture elec-
trons and holes, thereby creating avenues for energy loss.'*
Even though LHPs are acknowledged for their high “defect tol-
erance”, diverse defects can induce alterations in the energy
band of the emitting layer (EML), resulting in energy band
misalignment.'> Moreover, deep-level defects commonly form
centers for nonradiative recombination, disrupting charge
transport and impacting carrier lifetime and PLQY.'® Defects
are the fundamental origin of ion migration. The phenomenon
of ion migration, driven by point defects and grain boundary
defects, leads to phase separation, shifts in EL peak position,
and device instability.'” In light of these considerations, we
posit that a more profound understanding and controlled
manipulation of defect behaviors hold the potential to signifi-
cantly enhance the performance of PeLEDs, particularly in
terms of EQE and stability.

In addition to defect physics, defect behavior under an
inevitable electric field (EF) has exhibited another impact that
requires serious consideration. Generally, defects can trans-
form into “charged defects” under sustained EF, resulting in
free carrier-like motion, particularly in halide vacancies associ-
ated with ion migration. Ion migration poses a real obstacle to
the stability and ageing of perovskites. First-principles calcu-
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lations with increasing EF have verified alterations in lattice
structures, including lattice parameters, band gaps, and light
absorption properties.'® The influence of EF on the interaction
between charged defects and photoexcited species leads to
temperature-dependent changes in the PL yield and decay.*
Furthermore, the migration of charged defects can undergo
redox reactions, producing new defects under bias, sub-
sequently leading to new nonradiative centers detrimental to
the PeLEDs.?! Nevertheless, the intricacies of defect behavior
under active EF remain generally undefined, indicating an
urgent need for comprehensive exploration.

In this review, we presented a comprehensive discussion of
the origin, characterization, and behavior of defects under EF
and their passivation in PeLEDs, as depicted in Fig. 1. We
began by elucidating the significance of defects, delving into
their nature, classification, and characterization within perovs-
kites. Subsequently, we presented several current perspectives
on the defect behavior under EF. Based on the damage posed
by field-induced defect behavior, we outlined the latest strat-
egies for defect passivation and regulation to enhance the
stability and efficiency of PeLEDs. We concluded by discussing
current theories on defect behavior and highlighting avenues
for future research.

2. Significance of defects

The defect state density in lead-based perovskites has been
reported to range from 10" to 10'® cm™>.*> The presence of
these defects compromise device performance, impeding the
commercial potential of perovskite devices.

2.1 Fundamental characteristics of LHPs

Crystalline LHPs conform to the ABX; chemical stoichiometry:
‘A’ signifies a monovalent cation such as CH;NH;" (MA"), CH
(NH,)," (FA"), or Cs"; ‘B’ denotes a divalent metal cation, typi-
cally Pb** or Sn”*; and ‘X’ represents a halide anion, usually
Cl7, Br™, or I". The octahedral [BXs]*~ consists of six halide
anions coordinating with the B-site cation, and the extended
framework of the corner-sharing [BX¢]*~ octahedrons encloses
a cuboctahedral void filled by the larger A cation, as shown in
Fig. 2a.>® Three standard crystal structures, a (cubic), p (tetra-
gonal), and y (orthorhombic), are associated with the extent of
the [BX,]"'~ octahedron tilt, as illustrated in Fig. 2b. The A-site
cation forms ionic bonds with [BXc]*~ octahedra, bestowing
LHPs with distinctive electron-ionic properties and a softer
lattice  than other traditional semiconductors. The
Goldschmidt tolerance factor (¢) and octahedral factor (u) were
used to assess the stability of the LHP lattice.

 Rat+Ry
‘= V2(Rs + Rx) @)
= (2)
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Fig. 1 Schematic summary of EF-induced defect behaviors and passivation strategies in PeLEDs.

where R,, R, and Ry denote the ionic radii of the A-, B-, and
C-sites, respectively. The cubic phase is typically indicated by
range of 0.9 < ¢ < 1, whereas the orthorhombic phase aligns
with 0.71 < ¢ < 0.9.>* In addition, the formation of a stable
[BXs]*™ octahedron is probable when the value of u lies between
0.442 and 0.895.%° However, when compositions include heavier
halides, the Goldschmidt tolerance factor cannot accurately
predict the structural stability. Therefore, Scheffler et al. intro-
duced a new tolerance factor, denoted as 7, defined as:*®

Ry ( Ry/Ry )
T=——"Nal| NA —
Ry

In(Ra/Rg)
where n, represents the oxidation state of A and R; represents
the i ionic radii. When 7 < 4.18, perovskite lattices can form
with an accuracy rate of 92%.%¢

(3)

2.2 Origin of defects

An impressive cost-efficiency ratio is one of the most signifi-
cant advantages of LHPs. However, utilizing a low-cost solu-
tion-based method invariably renders the control of the
nucleation and growth challenging, leading to the inherent
formation of defects. Eqn (4) describes the formation energy
AH(a, q) for defect « in its charge state q.

AH((Z, q) = E(aa q) - E(hOSt)
+ 37 (B + Apy) + qlEve(host) + E] )
i
In this equation, the energy difference between the two
systems is defined by the total energy E(a, q) of a supercell
with a defect at the charge state ¢ and the inherent energy

3840 | Nanoscale, 2024, 16, 3838-3380

E(host) of an identical supercell devoid of the defect. The n;
and y; represent the number of atoms and atomic chemical
potential, respectively, with g signifying the electron charge. E;
denotes the atomic energy of species i, and Ey represents the
Fermi energy level. It should be noted that eqn (4) is applicable
to thin-film materials, whereas defect formation in NCs
adheres to the subsequent framework,

AHYC(a + a')

— E[NC(a +a)] —E(NC) + E(s)  (5)

where o and o' denote the defect pair with opposite charges,
and the last term in the equation represents the energy of the
defective bulk NC and charge-neutral molecular species,
respectively. The defect formation energy of thin films lacks
universality because the chemical potential of NCs prepared in
solution correlates with molecular ions rather than precipi-
tates.>” Defects often occur in pairs and evolve into ionic pairs
in solution. AH is variable, subject to the influence of the
growth environment, as illustrated in Fig. 2c.*®* MAPbI; consti-
tutes a minor proportion at thermodynamic equilibrium and
is substantially influenced by the alterations, as presented in
Fig. 2d.

However, the origin of these defects is intricate. Overall,
defect origins can be classified into inherent and external
stimulation.

2.2.1 Inherent. Regarding passivation defects, intrinsic
defects are predominant in perovskite materials. These intrin-
sic defects, which are closely related to the ABX; composition
and unregulated crystallization growth, are both inherent and
intricate. The selection of specific A-, B-, and X-site ions pro-
foundly influences the perovskite structure. Different lattice

This journal is © The Royal Society of Chemistry 2024
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Fig. 2 (a) Schematic diagram of perovskite crystal structure. Reproduced with permission from ref. 23. Copyright 2014 Springer Nature. (b) Crystal
structures of different phases of APbXs. Reproduced with permission from ref. 27. Copyright 2021 AIP Publishing. (c) Formation energies of native
defects under three representative growth conditions. (d) Thermodynamic equilibrium range of the perovskite MAPbIs growth conditions. (c and d)
Reproduced with permission from ref. 28. Copyright 2021 Springer Nature. (e) Schematic dynamic processes at low excitation (left) and high exci-
tation (right), involving defect trapping and detrapping, which determine the PL increment, and ion activation, migration, and accumulation, which
determine the PL quenching. Reproduced with permission from ref. 32. Copyright 2016 Wiley-VCH. (f) Extracted device surface temperature against
time curve (left) and photographs of a completed PeLED device (top) and a perovskite film covered by TPBi and LiF (bottom) subjected to annealing
at different temperatures under 365 nm UV lamp illumination. Reproduced with permission from ref. 37. Copyright 2013 Royal Society of Chemistry.

compositions yield varying facets, and consequently, distinct
defect types. For example, CsPbX; tends to form Cs and X
vacancies. The challenging control process presents slight
differences between the NCs and films. For NCs, imprecise
management of nucleation and growth during preparation
inevitably produces defects, significantly contributing to the
poor performance of PeLEDs. Often, NCs surfaces are sur-
rounded by ligands. Their dynamic association with the
surface can lead to supplementary surface defects, impeding
the NC storage and performance. However, polycrystalline
films are typically produced using solution spin-coating and
rapid thermal evaporation methods, which add complexity to
the crystallization and growth stages. Hence, increasing
research has focused on integrating additives during crystalli-
zation to enhance the perovskite crystallinity and mitigate film
crack and void.

2.2.2 External stimulation. Numerous studies have demon-
strated the adverse effects of external environmental factors on
the optoelectronic device performance, particularly the perni-
cious role on defects. Perovskite exhibit instability in the pres-

This journal is © The Royal Society of Chemistry 2024

ence of humidity and oxygen, leading to notorious instability
and decomposition issues. Adverse environmental conditions
can induce and interact with defects. For instance, MAPDbI;,
water-soluble, exhibits a pronounced vulnerability to moisture.
Under humid conditions, water molecules infiltrate the lattice,
establishing weak hydrogen bonds with MA', which in turn
triggers crystal bond dissociation.”® Similarly, exposure to
oxygen leads to the adsorption of O, on the (100) surface of
MAPDI; via van der Waals forces, generating positive surface
charges and elevating the work function.?® In both scenarios,
incorporating an insulating layer within the device structure or
encapsulating the device with a UV cured resin can improve
the hydroxide stability. However, current research suggests
that moderate levels of water and oxygen may not only be non-
detrimental but may even enhance device performance. You
et al. observed a significant reduction in defects when thermal
annealing of the precursor occurred in a humid
environment.*!

Beyond the ambient air environment, external stimulation,
such as sustained illumination, EF, and thermal field can

Nanoscale, 2024, 16, 3838-3880 | 3841
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intensify interactions with defects. Overall, the influence of
field-induced defects in PeLEDs is complex and depends on
defect density, material attributes, and environmental circum-
stances. Illumination has been identified as a factor that mod-
ifies the optoelectronic characteristics of perovskites and their
devices. The PL of perovskite presents improvement, quench-
ing, or remain constant under continuous illumination,
depending on the density of intrinsic defect states in films pro-
duced by different methodologies, as illustrated in Fig. 2e.*?
An increase in PL implies defect de-trapping to a certain
degree through curing under illumination, whereas a constant
PL indicates ongoing saturation. Illumination exposure can
lead to the emergence of photo-induced defects, which trap
charge carriers, reducing device efficiency.’® Additionally, light
can induce ion migration, resulting in charge redistribution in
the EML, a phenomenon that partially reverses in darkness.>*
Quilettes et al. concluded that the PL enhancement in dimmer
grains considerably surpassed that in bright grains, due to
iodide redistribution. In actual experiments, light and oxygen
frequently co-influence devices. This is evident when MAPbI;
degrades upon simultaneous exposure to light and oxygen
through the formation of superoxide species.>

Joule heating is a crucial aspect in the operation of electro-
luminescent devices. However, a deeper understanding of its
impact on PeLEDs stability remains elusive. Joule heating is
associated with thermally activated ion migration and can
inflict irreversible damage to the organic transport layer or
interfaces.***” Under a bias voltage of 6 V, the device can
attain temperatures approaching 70 °C, as shown in Fig. 2f. In
comparison, inorganic perovskites exhibit superior thermal
stability compared to their organic-inorganic hybrid counter-
parts. Moreover, various temperatures cause phase transitions
in perovskites. For CsPbCls, the transition temperatures from
monoclinic to orthorhombic to tetragonal are 37 °C, 42 °C,
and 47 °C,*® respectively. Similar behaviors are observed in
CsPbBr; and CsPbl,.>**°

EF is more than a primary driving force of device operation,
requiring a higher level of attention. Although current research
on the influence of EFs on perovskite optoelectronic devices
has predominantly focused on photovoltaics, LEDs remain
understudied. Similar to the influence of illumination on per-
ovskite materials, EFs also trigger ion migration and phase
separation, leading to an increase in defects and degradation
of the crystal structure.** The ionic properties of the octahedral
“sub-lattice” within the perovskite framework facilitate the
mobility of both positive and negative charged ions or
vacancies under EF,** particularly Vy defects,*” which behave
akin to free carriers under sustained EF. In addition, EF can
introduce new defects and alter the energy band structure.
Studying the effect of EF on defect behavior remains limited,
and will be the focal point of the ensuring chapter.

2.3 Classification of defects

As mentioned previously, defects can be caused by numerous
sources and occur in a diverse range of types. Understanding
these specific defect types facilitates identification of their

3842 | Nanoscale, 2024, 16, 3838-3880
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origins and underlying formation mechanisms, enabling
effective characterization and regulation. Based on distinct
classification standards, these defects can be categorized as
follows.

2.3.1 Dimensionality. Consistent with the different dimen-
sionalities of the defects, they can be classified into zero-, one-
, two-, and three-dimensional defects. Zero-dimensional
defects typically refer to point defects, including vacancies (V,,
Vg, and Vy), interstitials (A;, B;, and X;), and substitutions (Ag,
Ax, Bx, X4, and Xg), as illustrated in Fig. 3a.** Unlike zero-
dimensional point defects, which are localized disruptions in
the crystal lattice, higher-dimensional defects extend over
larger regions. One-dimensional defects are linear in nature,
such as dislocations or stacking faults, and do not encompass
point-like characteristics. Two-dimensional defects correspond
to planar disruptions like grain boundaries, as represented in
Fig. 3b.*” Three-dimensional bulk defects, such as pinholes,
cracks, precipitates, and second-phase domains, have a pro-
nounced tendency to cause irreversible damage to device
performance.

2.3.2 Defect pairs. Generally, the interactions between
different point defects can be referred to as defect pairs.
Typically, defect pairs yield two primary -classifications:
Frenkel defects and Schottky defects (Fig. 3c).”> A Frenkel
defect arises when a cation, such as Pb>" or Cs", leaves its stan-
dard lattice site to occupy an interstitial site, ensuring no net
charge imbalance in the crystal. However, Schottky defects
occur when a pair of oppositely charged ions is absent from
their normal lattice sites, which affects the electrical conduc-
tivity of the perovskite. The fundamental distinction between
them is that a Frenkel defect is derived from a single-ion type,
whereas a Schottky defect originates from two unique charged
vacancies.

2.3.3 Position within the bandgap. Defects are commonly
categorized into shallow- and deep-level defects, based on the
resistance level of the forbidden band. Defect states proximal
to the valence band maximum (VBM) or conduction band
minimum (CBM) are termed shallow-level defects, primarily
functioning as carrier traps. Conversely, defect states within
the bandgap are designated as deep-level defects, which can
establish nonradiative recombination centers, thereby compro-
mising the device efficiency. In general, interstitials and sub-
stitutions in LHP materials predominantly contribute to deep-
level defects, while shallow-level defects are often associated
with vacancies, notably Vx and V,, and barely diminish tran-
sition efficiency.*® However, it should be noted that this is not
an ironclad rule, as certain vacancies (e.g., Vg in FAPDI;) can
act as deep charge traps,”” suggesting that the specific nature
and impact of defects can vary considerably depending on the
specific LHP composition and structure. Surface defect passi-
vation can efficiently mitigate shallow-level defects. As shown
in Fig. 3d, vacancy-associated states in LHPs exhibit character-
istics linked to the orbital interactions of X and Pb.
Specifically, the interplay between Pb 6s and X 3/4/5p orbitals
at the VBM gives rise to a bonding and an antibonding state,
which is pivotal in determining the characteristics of the

This journal is © The Royal Society of Chemistry 2024
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(a) Scheme of vacancies, interstitials and anti-site substitutions in the perovskite lattice. Reproduced with permission from ref. 44. Copyright

2022 Wiley-VCH. (b) Open spaces and dislocations at grain boundaries. (c) Illustration of Schottky defects (left) and Frenkel defects (right). (b and c)
Reproduced with permission from ref. 45. Copyright 2016 American Chemical Society. (d) Electronic structure of defect-tolerant materials (e.g.
MAPDbI3), which primarily form shallow traps with low capture cross-sections. Reproduced with permission from ref. 13. Copyright 2021 Wiley-VCH.

valence band.'® In the conduction band, the Pb 6p orbital
hybridizes with the X 3/4/5p orbital, forming a bonding state
at the VBM and an antibonding state at the CBM. This
bonding feature emphasizes the shallow nature of these defect
states. Calculations indicate that Cl-based produces present
deep-level defects, whereas Br- or I-based structures predomi-
nantly exhibit shallow-level defects."*"*®

2.4 Advanced characterizations of EF-induced defect
behaviors

It is highly practical to reveal the behavior of defects in metal
halide PeLEDs, as it is closely correlation with the device per-
formance and optoelectronic properties. To date, there have
been few characterization techniques employed to directly
identify defect states. In addition, most defect behavior assess-
ments are typically inferred from variations in the device per-
formance, either enhancement or degradation. As previously
mentioned, defects range from low- to high-dimensional types,
arising from internal or environmental factors. Device per-
formance parameters shift as the defect density is reduced
through passivation or ligand-engineering strategies. This
section summarizes the pivotal methods for characterizing
defect behaviors, including microscopic, spectroscopic, and
electrical measurements, and elucidates how these methods
assess defect status alterations caused by minimized non-

This journal is © The Royal Society of Chemistry 2024

radiative losses. The manner in which these characterizations
with defects deserves further study.

2.4.1 Microscopic measurements. Compared to other tech-
niques, microscopy measurements can be relatively intuitive
insights into understanding and deducing the movement and
distribution of defects, thus laying the foundation for defect
comprehension. Common measurement methodologies
include: (i) optical microscopes can usually directly observe
macroscopic defects of larger sizes, such as cracks, holes, and
the like;*® (ii) confocal fluorescence microscopy has notable con-
trast variations between effectively passivated and unpassivated
defect zones, which in turn respond to changes in defects;”®
and (iii) conductive atomic force microscopy (c-AFM), which
indirectly reflects defect status via localized conductivity shifts
due to diverse electronic states.”* For instance, currents at grain
boundary frequently exceed those at grain surfaces, aligning
with the existing understanding. Techniques affording
enhanced precision include Kelvin probe force microscopy
(KPFM) and scanning tunneling microscopy (STM).

Kelvin probe force microscopy (KPFM). KPFM, a derivative of
AFM, is a non-contact technique for measuring the surface
potential. It leverages the potential difference between the
probe and the sample surface to obtain the surface potential
distribution,’* which is an indirect method to characterize the
presence and nature of defects. By initially mapping the
surface topography with AFM and maintaining a fixed probe

Nanoscale, 2024, 16, 3838-3830 | 3843
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(a) CPD mapping images in the dark after applying positive bias (left) and negative bias (right). Reproduced with permission from ref. 54.

Copyright 2016 Wiley-VCH. (b) Intrinsic defects on the surface of MAPbBr; monitored by STM. Reproduced with permission from ref. 57. Copyright
2019 American Chemical Society. (c) Highly luminescent, smooth, and compact NC films, featuring a photograph of high bright CsPbBrs and FA-
doped CsPbBrz NC films. Reproduced with permission from ref. 59. Copyright 2018 Wiley-VCH. (d) TrPL decay curves of FAPbls NCs treated with
various PEAI concentrations. Reproduced with permission from ref. 62. Copyright 2022 Wiley-VCH. (e) Comparison of initial carrier recombination
of CsPb;_,Mg,Brs perovskite films with different MgBr, concentrations deposited directly on quartz. Reproduced with permission from ref. 65.
Copyright 2016 Royal Society of Chemistry. (f) TrEL of OLED and PeLED at the 5 V. Reproduced with permission from ref. 72. Copyright 2019 AIP
Publishing. (g) Current density—voltage characteristics of hole-dominated devices with a control perovskite or 10% HPA layer. Reproduced with per-

mission from ref. 75. Copyright 2022 American Chemical Society.

height, the potential difference, Vcpp, between the probe and
the sample surface can be determined.”®> KPFM measures the
electrostatic forces of samples using an externally applied
alternating voltage (Vac) and bias (Vpc), generating a surface
potential map. In Fig. 4a, increased Vcpp at grain boundaries
emerged under positive voltage from defect-induced ion
accumulation, while efficient ion extraction under negative
voltage reduced Vcpp.”*
ations in surface potential may not only originate from hole or
electron traps affecting the local charge distribution but also
be influenced by the chemical composition of the material,

However, it should be noted that vari-

surface roughness, other electronic effects, environmental con-
ditions, and so on. It is often necessary to combine other
characterizations to analyze defect states accurately.

Scanning tunneling microscopy (STM). This high-resolution
technique enables visualization of surface structures at the
atomic scale, capturing both the electronic and morphological
attributes of LHPs.”> When integrated with density functional
theory (DFT), it elucidates surface and sub-surface structures,
accentuating the interface properties. For a tunneling current
to be obtained, probe-to-surface distance should be less than
1 nm.”® As Stecker et al revealed that in MAPDBTr;, single
unpaired Br~ was caused by pair orientation mismatches and,
with the assistance of vacancies, further associate with Br

3844 | Nanoscale, 2024, 16, 3838-3880

neighbors to form two unpaired Br.*’ single,

double, and triple vacancies could be clearly appeared as dark
depression at atomic scale in STM images (Fig. 4b). In STM
testing, the preparation and cleanliness of the sample surface
significantly impact the measurement results, and care should
be taken to identify artifacts caused by changes in local charge
distribution due to inhomogeneous sample surfaces or con-
tamination. When comparing test results side-by-side, atten-
tion should be paid to probing information, scanning para-
meters, etc.

2.4.2 Spectroscopic measurements

Photoluminescence quantum yield (PLQY). Generally, the
PLQY is a key parameter affected by carrier recombination
kinetics in LHPs, which can be described as the quotient of
the radiative recombination rates to the rates of overall recom-
bination in eqn (6):’

Moreover,

>R
PLQY = =————
Q ZRr + ZRnr (6)
PLOY = Binz (7)
QY= An + Bn? + Cn3
kexn
PLQY = 8
Q (kex + ktrap)n + kAugn2 ( )
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where R, and R, represent radiative and nonradiative recombi-
nation, respectively. The eqn (7) often appears in 3D LHPs
with lower exciton energy (E}), where An indicates trap-assisted
nonradiative monomolecular recombination, Bn”* refers to the
bimolecular radiative recombination of free charge carriers,
and Cn® corresponds to three-body Auger recombination.
Changes in carrier density at different fluence levels have a sig-
nificant effect on PLQY. Meanwhile, the formation of stable
excitons is realistic due to the presence of quantum confine-
ment in low-dimensional LHPs. Therefore, in low-dimensional
LHPs, radiative recombination is mainly driven by monomole-
cular excitonic recombination, as shown in eqn (8).° Among
them, k. represents the first-order radiative monomolecular
recombination rate, ki, stands for the first-order nonradiative
monomolecular recombination rate, ka.g is the second-order
nonradiative recombination rate, and n is the charge-carrier
density. The Auger process has a pronounced reliance on the
carrier density. At low excitation densities, where the contri-
bution of the Auger process becomes negligible, the PLQY
adheres to the ratio key/(kex + kerap), @ value that maintains inde-
pendence from the density of excitation. However, Auger
recombination begins to manifest its significance at the high
density of carriers, which in turn affects PLQY. With a high
molar absorption coefficient, NCs feature excitation overlap
regions that facilitate significant excitation light absorption for
light conversion.”® On this basis, perovskite nanocrystals (PNCs)
often exhibit high PLQY, creating the requirements of emerging
displays. The PLQY of perovskite polycrystalline films or NCs
can be applied as a metric for recombination losses influenced
by various elements, notably bulk and multilayer film interface
defects. Absorption and fluorescence reabsorption of the
sample may lead to measurement errors in PLQY. The uniform-
ity and thickness of the perovskite films, as well as the dis-
persion of the NCs, have a significant effect on the PLQY
results. Moreover, perovskite materials may undergo phase tran-
sition under light exposure and temperature changes, leading to
inaccurate test results. As depicted in Fig. 4c, Zeng et al. effec-
tively optimized CsPbBr; NCs, achieving an impressive PLQY >
90% using a room-temperature triple-ligand surface engineering
approach.>® Moreover, a partial substitution of the A-site with
FA" increased the PLQY of PNCs films from 46% to 61%, signify-
ing fewer nonradiative recombination centers attributable to
defects. The merit of defect reduction leading to enhanced
PLQY was confirmed by green PeLEDs leveraging CsPbBr; NCs
with a high EQE of 11.6%.

Time-resolved photoluminescence (TrPL). TrPL is a transient
decay assessment method used to analyze charge carrier
recombination dynamics, indirectly indicating the extent of
defect formation in NCs or films. Typically, the TrPL decay is

modeled using the rate equation:>®°
dn 2 3
73=k1n+k2n +k3n (9)
t
- d—” = Kerap!t + kex + knugn® (10)
t

This journal is © The Royal Society of Chemistry 2024

View Article Online

Review

where k; (i = 1, 2, 3, trap, ex, Aug) corresponds to the rate con-
stants and n represents the concentration of carriers. To some
extent, PL decay curves can respond to nonradiative recombi-
nation processes. Particularly, in 3D LHPs with a low Ey, rate
equation can be explained by eqn (9), where &, k,, and k;
correspond to the rate constants for monomolecular, bimole-
cular, and Auger recombination, respectively. However, for 2D,
quasi-2D, and NCs, the charge carrier recombination dynamics
process can be described by eqn (10). In the case of NCs, two
competing processes are involved in monomolecular recombi-
nation: exciton radiative recombination (k.2) and nonradiative
recombination assisted by traps (kwapn).”’ In the TRPL test,
which has a fluence dependence, excitation density deter-
mines the charge-carrier density in the LHPs. Whether or not
the Auger recombination can be neglected depends on the
carrier density. Upon the low excitation density, the decay of
PNCs is predominantly mediated by defect-assisted recombi-
nation, exhibiting a rapid decay rate. As excitation density
increases, defect occupancy is initiated, followed successively
by exciton radiative recombination and Auger recombination
processes.®® Wong et al. employed a post-treatment involving
encapsulation of FAPbI; NCs with 2-phenylethylammonium
iodide (PEAI).°> The resultant TrPL curves indicated a
reduction in surface vacancies for PEAl-passivated NCs
(Fig. 4d). An extended PL lifetime, coupled with a PLQY of up
to 61.6%, was achieved through the enhancement of film crys-
tallization quality and carrier transport performance. TrPL-
based analyses provide insights into exciton formation and the
behavior of free carriers, but they lack the capability to dis-
tinguish between excitons and free carriers. To a certain
degree, TrPL can be an indicator of the defect density through-
out the device, which has a profound correlation with EQE,
containing defects in the bulk or at interfaces. However, detec-
tor response time and resolution limitations are key challenges
in TrPL, which are crucial for accurately capturing rapid
dynamic processes in perovskites. However, photodegradation
of perovskites may occur under prolonged light or high-inten-
sity excitation, potentially affecting TrPL measurements. The
photophysical properties of perovskites may change with temp-
erature, making temperature control and recording important
in TrPL measurements.

Transient absorption spectroscopy (TA). TA spectroscopy, also
known as ultrafast transient absorption or pump-probe
technology, has been employed to investigate the carrier trans-
port dynamics in bulk perovskite materials or films. This pro-
vides insights into charge extraction from device interfaces
and energy transfer from excited states. The nomenclature
“pump-probe” arises from the dual-pulse measurement tech-
nique involving distinct pump and probe pulses. The regenera-
tive amplifier generates a pulse beam that is subsequently
bifurcated. The majority of the beam serves as the pump
pulse, while a lesser fraction is converted into weak broadband
white light, designated as the probe pulse.®® Both the high-
energy pump beam and broadband white light probe beam
sequentially irradiate the sample. This transition shifts the
sample from the ground state to an excited state upon pump-
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light excitation. Therefore, TA spectroscopic measurements
commonly comprise signals from excited state absorption
(ESA), ground-state bleaching (GSB), and stimulated emission
(SE).*® The TA curve captures both the detection and reference
light signals, with or without the pump pulse, and includes AA
and AT signals. The AA signal, which is calculated as the
difference in absorption spectrum between the excited and
ground states, can manifest as either a positive or negative
value. This signal serves to probe the temporal evolution of
photoexcited states,*

1)y = 12)

(100 = 12)

AA = —log Purmp (11)

unpump

where I means the light intensity, I(4)pro — I(A)rer signifies the
difference between the probe pulse intensity and the reference
pulse intensity, and the numerator and denominator refer to
the sample under the irradiated pump pulse or not. Moreover,
the AT signal is defined as the ratio of transmission to inci-
dent light, and is commonly expressed as the normalized AT/
T. This metric can manifest as either a positive or negative
value, indicative of photoinduced transmission or absorption,
respectively.®

TA spectroscopy is a powerful tool for monitoring carrier
relaxation by capturing variation data in light absorption or
reflection in time and space, which is enabled by the interplay
between pump and the probe light pulses. This method has
revolutionized the study of microscopic defect dynamics in
various optoelectronic devices, including photovoltaics, LEDs,
and optoelectronic detectors. Nevertheless, choosing different
excitation intensities and wavelength conditions produces
varying results regarding the intensity and dynamics of the TA
signal. Sample treatment (e.g., preparation method, film thick-
ness) and testing environment (e.g., temperature, atmospheric
conditions) before TA tests also affect results. Researchers
should exclude nonlinear effects and sample degradation as
much as possible before interpreting TA signals. Sun et al.
demonstrated a reduction in defect density in CsPbBr; perovs-
kite by partially substituting Mg>* for Pb**, as confirmed
through TA spectroscopy and TrPL.®> As shown in Fig. 4e, the
incorporation of Mg>* led to a slower relaxation rate of the
initial peak upon photoexcitation, typically occurring on the
picosecond (ps) scale. This reduced relaxation rate is indicative
of decreased nonradiative recombination channels and
suggests improved perovskite morphology along with a signifi-
cant reduction in defect density, as corroborated by TrPL data.

Thermal admittance spectroscopy (TAS). Charged defects have
a notable influence on electronic performance and capacitance
properties. TAS predominantly focuses on monitoring capaci-
tance fluctuations associated with defect density to glean
insights into both deep-level and shallow-level defects.®®
Applying an alternating EF, defect information can be
obtained by scrutinizing alterations in capacitance. However,
TAS is constrained in its ability to map the spatial distribution
of defects. Under illumination, specific electronic defect states

3846 | Nanoscale, 2024, 16, 3838-3880

View Article Online

Nanoscale

capture photogenerated electrons. Modulating the frequency
of the alternating current instigates the release of these photo-
generated electrons, thereby generating admittance signals.®®
Conducting TAS at varying temperatures enables the elucida-
tion of defect density and energy distribution in semi-
conductor materials, with distinct defects corresponding to
specific capacitance metrics.®” Through TAS analysis, the
defect capture state density (tDOS) can be quantified.
Common challenges with TAS include the precision of temp-
erature control and the selection of frequency response, where
different frequencies may reveal distinct defect types and
charge transfer mechanisms. Measurement artifacts that may
be caused by ambient electromagnetic interference, poor
sample contact, or instrumental noise should be excluded
when analyzing the data and focusing on temperature depen-
dence. When necessary, compare and contrast the results with
other test methods (e.g., DLTS). Huang et al. compared the
passivation effects of PCBM and choline chloride (ChCl) on
LHPs and determined that ChCl exhibited a lower aggregate
tDOS.®® Devices treated with ChCl displayed a shallow-level
trap state density approximately threefold lower than that
observed in PCBM-treated devices (0.35-0.40 eV), signifying
the effective passivation of defects at grain boundaries by
ChCL

2.4.3 Electrical measurements

Deep-level transient spectroscopy (DLTS). DLTS offers heigh-
tened sensitivity, simplified operation, and an extended detec-
tion range for identifying deep-level defects.”® DLTS employs
time-domain capacitance measurements for the comprehen-
sive characterization of defects, yielding vital data on their
energy levels, concentrations, and charge states. Initially,
charge carriers are introduced into the sample via illumination
or voltage pulses and captured at deep-level defect sites,
thereby inducing transient charge states. These charge states
undergo time-dependent charging or discharging processes,
which rely on the charge state of the deep-level defects kinetics
monitored through real-time capacitance measurements of the
sample. The DLTS can quantify the ionization energy of deep-
level defects, thus analyzing their energetic depth.
Furthermore, the rate and magnitude of the charging and dis-
charging events serve to estimate the deep-level defects con-
centrations, facilitating an understanding of the defect distri-
bution within the material. The sensitivity of the instrument
may limit the identification of electron traps and deep defects.
Care should be taken when analyzing DLTS data to identify
and differentiate between electron traps and deep defects.
Comparative DLTS studies on films prepared via one-step and
two-step methods revealed that the one-step method yielded a
higher density of defects.®

Transient EL (TrEL). The TrEL technique leverages the lumi-
nescent properties of materials under EF excitation to investi-
gate and characterize defects. In a typical TrEL experiment,
short-pulse EF excites the sample, leading to the generation or
injection of charge carriers. These carriers traverse the
material and interact with defects, subsequently resulting in
radiative recombination and emitting visible light.”® Time-
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resolved spectral analyses elucidate key parameters, such as
onset time, luminescence intensity, and lifetime, offering
insights into defect properties, including charge carrier
capture and release rates, defect concentration, and energy
level structure. Quantification of charge carriers is attainable
through temporal integration of EL during the slow decay
phase, allowing for an approximate calculation of defect
density (n;), using a specific mathematical equation:”*

Vbi dC w
qwo dw kBT

ne = (12)
where V;,; means the built-in EF, w represents the angular fre-
quency, g serves as the elementary charge, @, produces the
depletion width, kg performs the Boltzmann constant, and T
shows the temperature. Fig. 4f illustrates that the decay rate of
TrEL was substantially higher than that of OLED upon voltage
termination, thereby indicating a reduced trap density in
MQW perovskite as compared to OLED.””

Space-charge-limited-current (SCLC). The SCLC method is fre-
quently employed to evaluate key parameters such as conduc-
tivity, carrier concentration, mobility, and defect density.”?
Charged defects can capture free charges, decrease the
number of free carriers, and induce alterations in the electrical
properties when the defects become saturated. Because the
space-charge effect limits the current, the I-V curve, commonly
partitioned into three distinct regions, including ohmic, trap-
filled limit, and Child region, serving as a basis for determin-
ing defect density.”* In the low-voltage ohmic region, the curve
is linear, which is attributable to defect sites being filled with
the injected charge. Upon saturation of these defects, the
injected charge carriers can move in the material unhindered,
resulting in a rapid increase current and transition to a low-re-
sistance state. The voltage at this point, is denoted as the trap-
filled limit voltage (Vygy), which facilitates the calculation of
the defect density via a specific equation:

_ 2e0&rVrrL

el? (13)

t
where L, &, &y, and e represent the thickness of the MHP film,
the dielectric constant of the material, permittivity of vacuum,
and electronic charge, respectively. However, the quality of the
sample interface and electrode contact are critical to SCLC
testing. The caveat explained is to consider the effect of
contact resistance and sample homogeneity on SCLC measure-
ments. Inconsistencies in perovskite film thickness may lead
to difficulties in interpretation. Analysis of the SCLC curve pre-
sented in Fig. 4g determined that the defect density in the
quasi-2D film with hypophosphorous acid (HPA) was 1.55 x
10'” em™, which was less than the 2.19 x 10" cm™ observed
in the pristine film.” This demonstrated that the inclusion of
HPA served as an effective passivating agent for defects.

2.4.4 Additional measurements

Time-of-flight secondary-ion mass spectrometry (TOF-SIMS).
TOF-SIMS is a sophisticated surface analytical mass spec-
trometry technique offering detailed insights into the compo-
sition and distribution of elements and molecules on the per-
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ovskite film surface, grain boundaries, and interfaces in an
entire device stack.”® TOF-SIMS, delivering high-resolution
depth profiling, imaging, and 3D tomography, is utilized in
PeLEDs to produce evidence of ion migration behavior,
indirectly characterizing the formation of defects. This is
mainly due to the fact that defect regions may exhibit a
different elemental composition or chemical state than sur-
rounding material, thus indirectly reacting to the formation of
the defect. Moreover, defects sometimes accumulate at the
surface or interface of the perovskite, and by analyzing the
inhomogeneous elemental distribution in these regions, the
characteristics and distribution of the defects can be revealed.
TOF-SIMS can track the distribution of specific ions (e.g., Pb**
and I") in PeLEDs, thus revealing ion migration paths often
associated with internal defects. TOF-SIMS functions through
the bombardment of the sample’s surface with a high-energy
primary-ion beam (~30 keV), initiating a collision cascade and
disrupting molecular bonds within the material, which results
in surface material removal without inducing bulk sputter-
ing.”® The bulk sputtering is a second low-energy ion beam
(<1 keV), which enables depth profiling. A minor portion of
the ejected material becomes charged, allowing for precise
mass analysis of these charged secondary ions. In depth profil-
ing, primary-ion beams lead to oversampling with higher
energy, and removing damaged material is insufficient to
remove the beam damage following each round of sputtering
damage to the organic material underneath in PeLEDs, which
keeps accumulating, producing beam damage artifacts. Lee
et al. utilized TOF-SIMS to track the penetration depth of small
molecules on perovskite films after post-treatment, determin-
ing that ethylenediamine (EDA) can more effectively passivate
surface defects and reduce nonradiative recombinations.””

In situ characterization. In order to accommodate the
dynamic micro-level processes associated with LHPs, tech-
niques for in situ characterization of ion migration and defect
formation are rapidly advancing. In situ transmission electron
microscopy (TEM) enables the real-time monitoring of micro-
structural alterations in perovskite materials and devices, par-
ticularly under specialized conditions like thermal fields and
EFs, offering more relatively direct visual confirmation crucial
for comprehending the mechanisms of ion migration and
defect formation. Utilizing high-angle annular dark-field
(HAADF) imaging of the in situ TEM, the devices showed
shrinkage at the EML/hole transport layer (HTL) interface and
appeared nanoparticles at structural defects present in the
HTL itself as well as at the interface under continuous bias.”®
Enhanced contrast in these regions provides confirmation of
ionic migration involving heavy metal elements. Hu et al. used
in situ UV-vis absorption spectroscopy combined with SEM to
visualize defect formation indirectly. Their findings indicated
that introducing nitrogen at the onset of crystallization
enhances the film quality and device performance, in contrast
to its application during the intermediate stage, which was
observed to induce defects and cracks.”® While in situ charac-
terization offers valuable insights, it concurrently presents
specific challenges, such as the inherent instability of LHPs.
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Moreover, the electron beam in in situ TEM can induce unin-
tended precipitation of lead within LHPs, potentially skewing
the results. A synergistic approach is often adopted to alleviate
these issues, integrating additional testing methodologies to
provide a more comprehensive and accurate understanding of
the phenomena under study.

3. Electric field-induced defect
behaviors

It is widely acknowledged that defects in perovskite materials,
which are crucial for optoelectronic stability, are susceptible to
various forms of external stimulation, including water, oxygen,
light field, EF, and thermal field. The manner in which these
environmental factors induce defect states remains controver-
sial, and existing conclusions are inconsistent. The study of
the effects of humidity and oxygen on perovskite-based devices
has yielded insights into both the advantageous and disadvan-
tageous effects. Among these external factors, the EF related to
device operation is a persistent issue that warrants critical
attention. Dating back to the foundational research of
Varignon et al., the role of EF in shaping the properties of
intrinsic perovskite materials has been explored, despite EF
being an essential driving force in EL devices. Notably, this
work identified that EF can modulate Jahn-Teller distortions
in specific perovskite materials such as SrTiOz;, BaMnOs;,
YMnOj;, and BiFeO;.%° Typically, the defect formation sites are
firstly affected by the EF. However, the behavior of defects
induced by external EFs has a complex debate on intrinsic
materials and devices, which hinders the advancement of EL
devices. Many studies have focused on reducing the adverse
effects of defects, although there is a marked absence of com-
prehensive investigations into the intrinsic behavior of defects
under EF conditions. Therefore, it is imperative to conduct
focused research to elucidate the influence of EF on defect
dynamics within operational perovskite materials and devices.

3.1 Ion migration

Recently, EF-induced ion migration has garnered significant
attention in the realm of perovskite materials and LEDs due to
their association with both device performance and stability.®'
Within an external EF context, ion migration often either a
manifestation of defects®* or mediated by them,®” plays a
double-edged sword role in halide perovskite-based electronic
devices. Although mobile ions contribute to spectral impuri-
ties and compromise the stability of PeLEDs, they also have
potential to partially heal defects, thereby enhancing the
device performance. This section offers a nuanced perspective
of the complexities of ion migration in EL devices.

3.1.1 Relationship between ion migration and defects. The
phenomenon of ion migration in LHPs has its origins in per-
ovskite solar cells (PSCs), accounting for anomalies in low-fre-
quency dielectric constant and hysteretic behavior.®* Mobile
ions can generally be categorized into two types: ionic defects
inherent in the material and excess ions derived from the pre-
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cursors. As outlined in Section 2.3, ionic defects often take the
form of point defects that emerge during crystallization owing
to inherent softness of the material, even without external
stimulation. However, ion migration is predominantly facili-
tated by these point defects, which enhance the rate of ion
movement through mechanisms such as ion hopping.®> Due
to the complexity and variability in measurement and calcu-
lation methodologies, a definite, fixed value for the ionic
defect activation energy (E,) is generally elusive. The value of
E, can be used to describe the trend and rate of ion migration.
In addition, E, is not consistently correlated with factors such
as composition, grain size, strain, and solution environment.**
The E, of the mobile ions obtained by measurement and calcu-
lation methods is briefly summarized in Table 1. Notably, the
E, values for A- and X-sites are lower than those for B-sites,
corresponding to shallow- and deep-level defects, respectively.
The relatively low E, serves as a driving force for the directional
migration of ionic defects, particularly under the influence of
an external EF.

In contrast to PSCs that utilize standard stoichiometry,
PeLEDs often employ excess halide salts to maintain their
lattice integrity. Therefore, similar to the doping strategy, a
precursor with excess salt serves surplus ions resulting in
more defects. Moreover, regarding the thinner EML and stron-
ger EF than PSCs, the oscillation of various ions in response to
a reversing EF is a non-negligible factor, as illustrated in
Fig. 5a.%* Upon voltage application, mobile ions initially fill

Table 1 Summarized E, in LHP materials and devices

Mobile
Material type species  Methods E, [eV] Ref.
MAPbI, Viia DLTS 0.37 86
MA; 0.37
I 0.19
MAPDI; 1~ Transient ion-drift 0.29 £ 0.06 87
MA”* measurements 0.39-0.9
MAPDI, — Temperature 0.43 83
dependence
of the conductivity
(FA/MA/Cs)Pb(I/Br); — TAS 0.282 88
MAPDI, 1 Temperature dependence  0.14 +0.03 89
of PL
CsPb,_,Cd,Br; — Temperature dependence  0.225 90
of PL
MAPDI, MA* Temperature dependence  0.58 91
of the impedance
MAPbI, Vi DFT 0.08 92
Vaa 0.46
Vo 0.8
I 0.08
MAPDBr; Vir DFT 0.09 92
Vaa 0.56
MAPbI, | DFT 0.58 93
Vpb 2.31
Vaa 0.84
MAPbI, | DFT 0.32 94
Viia 0.57
FAPbI, Vi DFT 0.55 94
Vama 0.61
MAPbI, \ MD 0.1 95
L 0.24
CsPbl, Vi DFT 0.36 (0.29) 96
Vs 0.59 (1.16)
Vb, 0.81 (0.99)
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Fig. 5 (a) Schematics of ion drift in perovskite during positive and negative poling, respectively. Reproduced with permission from ref. 84.
Copyright 2014 Springer Nature. (b) Potential difference (surface charge) superimposed on topographic image of the CH3zNHzPbls-only perovskite
film (left) and thermally annealed perovskite/PCBM film (right), acquired using the BE-KPFM technique. Reproduced with permission from ref. 99.
Copyright 2017 Wiley-VCH. (c) I~ migration along an octahedron edge and Pb?* migration along the diagonal direction (110) (left), while MA*
migration into a neighboring vacant A-site cage (right). (d) Theoretical calculation results of migration paths indicating a slightly curved path and
local relaxation/tilting of the octahedra. (c and d) Reproduced with permission from ref. 93. Copyright 2015 Springer Nature.

the trap, temporarily enhancing the EQE and PL intensities of
the device. Under conditions of sustained high current
density, irreversible ion migration and accumulation lead to
more defects and Joule heat generation, subsequently exacer-
bating ion migration and causing a decline in the device
efficiency. According to the operating principle of PeLEDs,
electrodes on both sides continuously inject electrons and
holes into the electron transport layer (ETL) and HTL, respect-
ively, under an external field. This electron-hole activity, in
conjunction with vacancies in the EML, limits opportunities
for beneficial interactions between mobile ions and defects,
thereby exacerbating ion migration.®

3.1.2 Ion migration paths under electric fields. The paths
of ion migration depend on various factors, including material
properties, EF strength, and ion mobility rates. Furthermore,
diverse defective environments result in distinct migration
behaviors of different ions, leading to numerous migration
trends. Based on previous reports, ion migration pathways can
be broadly classified into two categories: those occurring
within the bulk material and those relevant to the device
architecture.

Grain boundary (GB). To passivate defects, excess halide salts
are incorporated during the fabrication of the perovskite
layer,”” a substantial fraction of which fails to integrate into
the lattice, instead residing at GB or surface sites.’® These
provide channels for more ion mobility. Yun et al. demon-
strated that ion migration at GBs occurs at a faster rate than
that within grain interiors (Gls), as assessed by KPFM.>* This

This journal is © The Royal Society of Chemistry 2024

accelerated migration is attribute to the rapid ion mobility at
GBs. Various factors, such as GB composition and structure,
temperature, and applied EF, can exhibit influence on the GB
which serves as ion migration “highways”. Yang et al
employed innovative, open-loop, band-excitation, (contact)
Kelvin probe force microscopy (BE-KPFM and BE-cKPFM) tech-
niques to compare ion migration across GBs with different
compositions (Fig. 5b).°° They confirmed that the introduction
of [6,6]-phenyl-Cq;-butyric acid methyl ester (PCBM) reduced
ion migration, whereas the presence of additional mobile CI™
ions at GBs enhanced it. The GB are the result of crystalliza-
tion process in which the perovskite material grows in multiple
domains; the boundaries between these domains retain partial
chemical bonds, thereby requiring a lower E, for migration
than the bulk material.

Interface. Upon the application of an EF across the device, a
force is exerted on the ions, instigating their movement not
only within the EML but also throughout the perovskite
materials. This leads to pronounced ion migration at the
device interfaces. Additionally, the halide ions exhibit a strong
affinity for electrode materials,'®® exacerbating ion migration
at the interface, as corroborated by the detection of halide ions
in the transport layer. Concurrently, the electrode introduce
metal ions into the device under the influence of the EF,
resulting in the formation of Pb° through a redox reaction.'**
In this context, mobile ions undergo redistribution within the
EML, establishing an internal EF (E;,,). When multilayer films
are incorporated into device designs via straightforward solu-
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tion-based processes, these interfaces serve as additional path-
ways for ion migration owing to the introduction of new
defects.

Bulk defect. The migration pathways of ions can vary. Taking
the ion transport mechanism in the MAPbI; perovskite struc-
ture as an illustrative example, theoretical calculations
suggested that mobile ions generally preferred direct linear
jumps between adjacent sites, as depicted in Fig. 5c.”?
Specifically, I~ migrated of along octahedral cages, Pb>" tra-
versed the diagonals of cubic unit cells in the (110) direction,
and MA" relocated to adjacent empty A-site cages. However, a
detailed investigation of the migration pathways for I~
vacancies revealed a slight deviation from a strictly linear
route, featuring a curved trajectory with a saddle point offset
from the neighboring Pb>*, as presented in Fig. 5d. Ion
migration within bulk materials is further complicated by
lattice dislocations, in addition to the typical elemental
defects.'® The presence of these dislocations distorted the
crystal lattice, effectively reducing the energy barriers that
would otherwise hinder ion migration. This allowed ions to
traverse the lattice more expeditiously along paths, dislocation
mechanism commonly referred to as “dislocation-mediated
ion migration”.

Surface defect. Due to their reduced dimensions, PNCs
exhibit a high specific surface-to-bulk ratio, rendering the
surface critical in ion migration. The underlying mechanisms
for surface ion migration can be more intricate than those in
the bulk and are influenced by multiple factors, such as
material composition, NCs size and shape, and environmental
conditions. Surface defects include a broader range of features
than bulk defects, such as vacancies, interstitials, anti-site
defects, surface states, surface reconstructions, and charges
arising from dangling bonds. Leppert et al. revealed through
DFT studies that Br vacancy migration barrier in cubic
CsPbBr; bulk was approximately twice that of surface
migration, attributing this difference to more room for vari-
ations in surface bond lengths.'®® Similar studies have
been reported in other studies, indicating that the activation
energy of migration for surface Vg, is nearly 0.3 eV lower than
in bulk material."®* However, Meggiolaro et al. noted that ; is
largely unaffected by surface conditions.'® Surface defects
serve as additional sites for ion migration for several reasons:
(i) the surface is inherently more prone to defects; (ii) the dis-
parity between surface and bulk properties drives ion
migration along the surface; and (iii) the surface charge can
either attract or repel ions, thereby influencing ion migration
behavior.

3.1.3 Electric-field induced ion migration effects on device
performance

Luminance overshoot. Experimental observations of “lumi-
nance overshoot”, depicted in Fig. 6a, suggest an initial boost
in luminance prior to a decline, when the effect of EF on
device performance are studied.®” This is supported by the
work of Zhao et al.,, who demonstrated that EF significantly
improves the efficiency of MAPbI; LEDs through repeated elec-
trical scans, as shown in Fig. 6b.'°® This is attributed to
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mobile ions initially filling local defects, thereby decreasing
nonradiative recombination. However, luminance overshoot
can be misleading as it might be misconstrued as an indi-
cation of permanent performance gains, which is not the case.
Long-term repeated electrical scans can render perovskite
lattice sites mobile, subsequently increasing defects such as
vacancies and adversely affecting EQE. Therefore, Kim et al
designed a 3D/2D hybrid perovskite structure that substantially
mitigated luminance overshoot while enhancing both stability
and efficiency, as presented in Fig. 6¢."”

Inefficiency. Despite a transient increase in efficiency under
electric stress, an excessive EF ultimately leads to decrease in
efficiency and stability. The main contributors to this ineffi-
ciency are exciton quenching, charge accumulation, and
material degradation. First, ion migration within the perovs-
kite layer of PeLEDs serves as a trap site for excitons, initiating
nonradiative recombination, and thereby quenching excitons
ineffectively. Second, ion migration often triggers charge redis-
tribution within the device, leading to energy band bending,
as depicted in Fig. 6d.'®” In addition, ion accumulation can
generate an interfacial dipole, altering charge injection and
extraction efficiency and consequently reducing device per-
formance. This changes the transport ability of the ETL and
HTL, exacerbating the imbalanced carrier injection at high
current densities. Further discussion of the material degra-
dation is presented in the subsequent section. In summary,
ion migration exerts a significant impact on the efficiency and
stability of PeLEDs, necessitating meticulous control and
monitoring to optimize performance.

Spectral impurity. Spectral impurities frequently occur in
mixed halogen PeLEDs such as ABBr,Cl;_, and ABIBr;_,,
resulting in deviations from stable pure-blue (460-470 nm)'°®
and stable pure-red (630-640 nm) emissions,'*® respectively.
Notably, field-driven phenomena contribute to the formation
of phase-separated halide-rich domains, thereby inducing
spectral impurities. Vashishtha et al. presented compelling evi-
dence that varying the Br/I ratio in mixed halide CsPbBr;_,I,
occurs red-shifting and splitting of the EL peaks due to field-
driven halide separation.’'® This is highly dependent on NC
composition and applied voltage. Under 7 V operation, puri-
fied Br and higher I/Br ratio domains were observed, corres-
ponding to green and red peaks as shown in Fig. 6e and f. The
instability can often be attributed to the difference in ionic
radii: including CI7, Br~, and I" ions (R¢; = 0.181 nm, Ry, =
0.196 nm, and R; = 0.220 nm),*® which can introduce defects
or lattice distortions that promote ion migration through weak
atomic bending. Newly formed Br- or I-domains alter the orig-
inal energy bandgap, inevitably resulting in peak shifts and
spectral broadening. Nevertheless, Li et al. demonstrated that
although the EL peak experienced a red shift after several
minutes of initial electrical operation, this peak offset can be
fully reversed if the devices were allowed to rest for an ade-
quate duration.™ Other research in other dimensional perovs-
kite materials corroborated these findings.''>''* Due to the
limitation of a single test cycle, it remains uncertain how the
reversibility of spectral changes impacts the long-term stability
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(@) Impact of the EF-induced ion migration on PeLEDs leading to in luminance overshoot. Reproduced with permission from ref. 82.

Copyright 2022 Wiley-VCH. (b) R-V, EQE-J, and J-V curves of an as-produced PeLED for subsequent voltage scans. Reproduced with permission
from ref. 106. Copyright 2017 Wiley-VCH. (c) Relative luminance of 3D/2D hybrid and 3D PeLEDs over time, demonstrating a significant reduction in
luminance overshoot for the 3D/2D hybrid PeLEDs. Reproduced with permission from ref. 17. Copyright 2020 Springer Nature. (d) Schematic repre-
sentation of the band diagram before (left) and after ions responded (right), following the application of a positive forward voltage pulse.

Reproduced with permission from ref. 107. Copyright 2021 Springer Nature.

(e) EL spectrum from the LED device operating at the turn-on voltage (5

V), at 7 V, and at 2 min intervals until the spectrum had fully shifted, alongside photos of the same LED (right). (f) Schematic diagram of ion separ-
ation in (e). (e and f) Reproduced with permission from ref. 110. Copyright 2017 American Chemical Society.

of PeLEDs. In conclusion, mixed LHPs hold promise for future
applications in pure red and pure blue light emissions for a
wide color gamut. Further detailed investigations into ion
migration-induced phase separation and its impact on the
spectral purity are warranted.

Degradation. Long-term stability remains a critical challenge
113,114 Nowadays,
the rapid and irreversible degradation of non-encapsulated

impeding the commercialization of PeLEDs.

PeLEDs in ambient conditions during continuous operation is
a significant contributor to device instability. Ion migration is
the primary cause of degradation. The detrimental effects of
ion migration can be categorized into three key degradation
areas: perovskite layer, interface, and electrode corrosion. Ion
migration induces vacancies and accumulation of halide inter-
stitials at the interface, resulting in a distorted crystal lattice.
Deng et al. reported a negative feedback loop between perovs-
kite decomposition and ion migration, wherein decomposition
accelerated ion accumulation, subsequently decelerating bulk
degradation caused by EF.®" As shown in Fig. 7a, both irrevers-

This journal is © The Royal Society of Chemistry 2024

ible and reversible PL responses are observed under varying EF
conditions. Moreover, Miao et al. further argued that at high
operating voltages, surface degradation mediated by ion
migration was more pronounced than bulk degradation.'™ As
shown in Fig. 7b, at a low driving voltage (2.1 V), both EL and
PL exhibited similar decay trends, indicating that the primary
degradation mechanism occurred in the perovskite layer."'*
Conversely, although PL remained relatively stable, EL experi-
enced a rapid decline, suggesting that principal degradation
occurred at the device interfaces between the EML and the
transport layer. These findings are corroborated by additional
studies, as indicated in Fig. 7c."'* Ton migration in specific
contexts may exhibit complete or partial reversibility yet evoke
complicated electrochemical reactions at interfaces with metal
electrodes, significantly impacting PeLEDs’ functionality, per-
formance, and durability. Three possible electrochemical reac-
tions in principle: (i) redox reactions localized at the interface,
(i) migration of metal ions from electrodes into the perovskite
film, and (iii) corrosion of metal electrodes caused by halide
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Fig. 7 (a) PL images of the same sample biased as the EF was progressively increased at different electric field levels. Between each biasing, the
sample was allowed to recover different minutes. Reproduced with permission from ref. 81. Copyright 2013 Royal Society of Chemistry. (b)
Simultaneously measured PL and EL intensities of a working 1.0 DDS film-based LED at a low driving voltage of 2.1 V (top) and high driving voltage
of 2.8 V (bottom), respectively. Reproduced with permission from ref. 114. Copyright 2020 Springer Nature. (c) Microscopy image and corresponding
PL and EL intensity maps of a device without BA treatment (scale bar, 70 pm), illustrating that degradation initiates from the edge of the Au electrode
and the EL degrades faster than the PL. Reproduced with permission from ref. 113. Copyright 2019 Springer Nature. (d) XRD patterns of Ag on
MAPbBr; materials with and without APMs after 30 days. Reproduced with permission from ref. 77. Copyright 2017 American Chemical Society.

complexes. Commonly used metal electrodes, such as Ag, Au,
and Al, undergo different electrochemical reactions at the
interface due to defect types, with metal ions of higher charge
states typically facing greater kinetic barriers. Au is typically
recognized for its robust resistance to corrosion and oxidation;
nevertheless, the 5d energy level can interact with Vpy, to create
deep trap states, facilitating the formation of numerous non-
radiative complexes."'> In MAPbI; PeLEDs, despite a transport
layer existing for physical separation, Al° in the Al electrode
rapidly reduced Pb>" to Pb® and converted CH3;NH,PbI; to
(CH;3;NH3),Pblg-2H,0, which is then converted to CH;NH;L.'**
Intriguingly, degradation between the Al electrode and the
EML proceeded spontaneously, independent of oxygen and
light exposure. However, moisture notably enhanced ion
diffusion, perpetuating a continuous reaction between the
metal and the perovskite, underlining a complex degradation
mechanism. Due to the transparency of metal oxide electrodes,

3852 | Nanoscale, 2024, 16, 3838-3880

like ITO is widely used as the anode, but acidic PEDOT:PSS
etches the ITO surface and causes defects, leading to the
migration of In and Sn into the EML, generating quenching
centers, and causing degradation of the PeLEDs. Light
exposure triggers redox reactions between MAPDbI; and Au
interface, emitting volatile substances such as I, and MAI and
leading to polyiodide compounds.'*® These compounds, in
turn, can oxidize the gold electrode, forming gold halide com-
plexes, thereby modifying the properties of the interface.
Hence, applying contact engineering in perovskite materials is
crucial to reduce unwanted interfacial reactions and achieve
dependable contact characteristics. To mitigate this, Lee et al.
employed amine-based passivating materials (APMs) to sup-
press the corrosion of metal electrodes by inhibiting ion
migration from the perovskite layer to the electrode, thus
enhancing both efficiency and stability of PeLEDs.”” Fig. 7d
reveals that the XRD pattern of Ag on MAPbI; without APMs

This journal is © The Royal Society of Chemistry 2024
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Fig. 8 (a) PL images of the MIS structure with voltages varying from —12 V to +12 V (top); schematic illustration of the electric-field-induced inter-
action between Br vacancies and excessive Br~ (bottom). Reproduced with permission from ref. 3. Copyright 2021 American Chemical Society. (b)
Schematic diagram of the three-step carrier transfer model for MPB SCBK with 532 nm excitation under no bias, appropriate bias, and excessive
bias. Reproduced with permission from ref. 122. Copyright 2020 Springer Nature. (c) PL scan of a single line within the electrode gap for MAPbIs/Au
(left) and MAPbIs/PMMA/SiO,/Au (right) during a bias of +9 V applied to the right electrode. Reproduced with permission from ref. 21. Copyright
2018 American Chemical Society. (d) Real-color PL images of a typical CsPbBrz nanoplate device with different positive (left panel) and negative
(right panel) bias voltages applied at the upper electrode. Reproduced with permission from ref. 124. Copyright 2018 American Chemical Society. (e)
Schematic illustration of the redox processes of Pb;?* in different MAPbIz device structures. Reproduced with permission from ref. 21. Copyright
2018 American Chemical Society. (f) Interpretation of the dominant ionic effects. Diagrams proposing processes occurring during the application of
an electrical field in the lateral electrode configuration. (g) Time-dependent PL images of a perovskite film CHzNH3Pbl;_,Cl, under an external EF
(~2 x 10* V m™). The “+" and “"—" signs indicate the polarity of the electrodes. (f and g) Reproduced with permission from ref. 118. Copyright 2018
Springer Nature.

demonstrates an evident signal of AgBr, implying severe elec- Awasthi et al. reported lateral field-induced PL variations due
trode corrosion due to ion migration. to changes in the number of free carriers."'” They observed
that the trapping probability of electrons by defects varied for
different field orientations. A positive field declines the
Current research has predominantly employed lateral EFs to number of free carriers and trapped electrons, reducing the
modulate the PL of the perovskite layer for defect behavior nonradiative recombination and increasing the lifetime. In
analysis. Gao groups pointed out that an EF can induce either contrast, a negative EF exhibited the opposite effect. This
passivation or activation of Vg, depending on the direction of reflects the anisotropic impact of EF on the PL of the MAPbI;
the laterally applied field. As depicted in Fig. 8a, Vz, commonly perovskites. However, most related studies have not concen-
locates at the surface of CsPbBr; microplates as a positive trated on the defect behaviors and their interactions with car-
center for capturing photogenerated electron.” In a negatively riers that lead to PL alterations. Moreover, as displayed in
biased EF, these vacancies are passivated by excess Br~ ions Fig. 7a, Deng et al. used PL in a lateral EF setting to study the
from raw material, resulting in increased PL brightness with degradation of perovskite materials, an experiment similar to
escalating negative bias. In contrast, the Vg, and Br™ ions move the one described above. They discovered that ion migration
in opposite directions, causing a reduction in the PL intensity. and defect-mediated accumulation lead to reversible PL

3.2 PL variation
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changes. This findings is consistent with earlier work indicat-
ing that MA- and I-related defects migrate in a lateral EF,
causing PL quenching, as shown by PL imaging microscopy."*®
The mobility of MA- and I-associated defects prompts a shift
in the effective concentration of electron-hole pairs, resulting
in numerous sites for nonradiative quenching. This subject
has been rigorously investigated in the context of PSCs."**™**!

In the context of an applied EF, in addition to the response
of charged defects, there is an additional case of carrier injec-
tion, which complicates the interaction process between the
defects and carriers. Xing et al. delineated a universal three-
step carrier transfer model, as illustrated in Fig. 8b."** Owing
to the commonly used preparation methods, numerous
defects are generated both on the surface and within the bulk
of the film. The three steps predominantly occur at the
surface, surface-bulk transition layer, and bulk region of the
material. In the absence of an EF, the photogenerated elec-
trons and holes initially interact with the surface defects upon
laser excitation. Subsequently, the remaining electrons and
holes drift into the surface-bulk transition layer, where some
are captured by the bulk defects. Upon diffusion into the bulk
region, these carriers transition into free carriers, leading to a
long-lifetime radiative recombination. The introduction of an
appropriate EF increases the complexity by inducing both
photogenerated and electrically injected carriers. Under the
influence of EF, bulk defects gravitate toward the surface,
while these surface defects capture some of the injected car-
riers, resulting in passivation. Furthermore, bulk defects can
be healed by drifting photogenerated or injected carriers,
thereby neutralizing the treated defects and increasing radia-
tive recombination at the surface and surface-bulk layers.
Moreover, excessive voltage introduces additional charge car-
riers that can mitigate pre-existing defects and generate new
ones by capturing holes, thereby reducing the probability of
radiative recombination. Hence, numerous studies have corro-
borated the potential for voltage regulation engineering to pas-
sivate surface defects and mitigate carrier-related issues.>"**

It is vital to understand the impact of the behaviors
between injected carriers and defect on recombination mecha-
nisms. Birkhold et al. studied PL quenching in MAPbI; using
lateral devices equipped with both charge-injecting and insula-
tor-coated blocking contacts.”! They witnessed PL quenching
exclusively at injecting contacts when bias was introduced,
whereas the MAPDI; film displayed no defect-assisted charged
ion migration without charge injection, as illuminated in
Fig. 8c. Hu et al. showed that charged carrier transport is a
vital process in defining the performance of CsPbBr; nano-
plates under an EF. Fig. 8d shows that when a lateral positive
bias is applied, the emission spot adopts an elongated shape
directed towards the top electrode, counter to the applied
EF."** The degree of elongation is directly proportional to the
applied bias magnitude. Notably, under a negative bias, the
emission spot extends towards the opposite electrode, always
in a direction opposite to the applied EF. This elongation of
the PL tail is attributable to the drift of photogenerated min-
ority carriers under the applied bias. Importantly, the PL
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images exhibits less pronounced elongation at low tempera-
tures, further substantiating the nuanced role of injected car-
riers in the presence of an EF.

Investigating the effects of vertical EF on defect behaviors is
complicated because of the absence of more intuitive charac-
teristics. Leijtens et al fabricated MAPbI;_,Cl, capacitors
using non-injecting Al,O; contacts to examine the dynamics of
defect-induced excited states at room temperature (RT) and
190 K, employing both PL and TrPL analyses to eliminate the
effect of injected carriers.”® The field-induced PL was attenu-
ated at RT, with distinct trends observed for the single- and
double-molecular decays of PL. This attenuation arose from
photoexcited carriers and charged defects drifting in opposite
directions under EF, reducing the probability of radiative
recombination while accumulating charged defects at the non-
injecting interface. Conversely, at 190 K, the enhancement in
the field-induced PL persisted even after the field was de-
activated. This enhancement was attributed to the EF-induced
alignment of organic cations at low temperatures, which limits
the vibrational freedom and local shielding of the lattice
between the organic and inorganic ions. This leads to stronger
electron-hole interactions, accompanied by slower rates of
charge drift, charged ion migration, and carrier capture at
these low temperatures. Hence, the rate of radiative recombi-
nation surpassed that of nonradiative recombination. Under
the influence of EF, PL quenching occurred in conjunction
with carrier separation and drift, leading to a reduction in the
nonradiative relaxation rate. This observation indicates that
mobile defects under EF also have a significant impact on the
rate of nonradiative recombination.

To realize efficient and stable PeLEDs, a comprehensive
understanding of the defect behavior and carrier interactions
in halide perovskite materials under operational conditions is
imperative. Such an analysis will provide valuable scientific
insights and theoretical frameworks essential for enhancing
the fundamental properties of these materials, thereby addres-
sing the challenges previously outlined.

3.3 Induced new defects

When EF is applied to a device, defects are the first to respond
to. However, the motion of one defect under the influence of
EF can induce the formation of additional new defects,
thereby altering the energy band structure. This process can
result in vacancy-interstitial pairs, which complicates the
differentiation between intrinsic and field-induced defects.
Although the transformation of semiconductor electrical mor-
phology induced by ions remains an area for further investi-
gation, the mechanisms governing the generation of new
defects in PeLEDs under EF is also a subject of active research.
Theoretical and experimental studies have been conducted to
propose various models to elucidate these phenomena.

The proposed mechanism suggests that EF can promote the
migration of various defect types, such as point defects,
vacancies, and interstitials, leading to the formation of new
defects, as discussed in Section 3.1. This defect migration can
subsequently generate charge carriers and their recombina-
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tion, leading to light emission. In standard device configur-
ations, these defects often interact with the injected carriers.
Birkhold et al. reported that injected electrons can interact
with existing defects to form new nonradiative defect centers,
specifically Pb;°, through the electrochemical reduction of
Pb;>*.*' A diagram of the redox process is shown in Fig. 8e.
DFT calculations indicate that Pb;>* resides above the CBM
with a defect energy level of 0.08 eV, whereas Pb;® forms a
deep trap state at 0.47 eV below the CBM, corroborating
observed PL bursts in Fig. 8c. However, such phenomena are
absent in devices without electron injection. Bisquert et al.
extended this understanding by exploring the role of intersti-
tial Pb(0),"*® and employed p-type doped MAPbI; with defect
types including I, Vya, Vep, and lattice Pb(0) for their investi-
gation. Among the inherent defects studied, only I; can form
deep energy levels while being neutralized by Vi, thus mitigat-
ing the quenching centers. Furthermore, excess V; can trigger
redox reactions that convert the interstitial Pb*>* to Pb(0), as
illustrated in Fig. 8f. Both I; and Pb(0) serve as nonradiative
recombination centers that quench the PL images, as shown
in Fig. 8g. Huang et al. also reported that ferroelectric polariz-
ation in perovskite polycrystalline films could induce grain
polarization and ion migration, creating new defects when the
polarization strength surpasses 1.0 V pum™'.%! Using Br/Cl
mixed-halide NCs as a research object, Liao et al. investigated
the defect behavior in PeLEDs with varying numbers of layers
of NCs under EF.'*® They pointed out that multilayered NC
devices, which undergo drift of CI~ between adjoining NCs
under the action of the EF, induce a new defect region with Cl-
deficient, which leads to spectral instability and degradation
of the device. In contrast, devices with single-layered NCs can
efficiently curb the process. However, the excess holes injected,
coupled with the electrochemical reaction react with Cl~, lead
to the generation of irreversible chlorine vacancy regions. Such
defects constitute deep traps and nonradiative recombination
centers.

An alternative mechanism imply that EF can induce the for-
mation of new defects through electrostriction or piezoelectric
effects. In this scenario, EF causes strain within the perovskite
material, resulting in new defect formation and the conse-
quent modulation of the electronic structure of the material.
Supporting this notion, Wieghold et al. utilized SMA-STM to
study the bandgap of CSo.05(FAO.83MA0.17)0.95Pb(Io.ssBro‘U]s-18
Their findings revealed a marginal reduction in the bandgap
with increasing EF strength, with an even greater reduction
observed under illumination. This behavior can be attributed
to charged defects, which alter the crystal structure and in
turn influence electron-phonon coupling, subsequently
affecting the carrier recombination dynamics. DFT calcu-
lations further corroborate these observations, confirming
changes in lattice constants, bandgap, and optical absorption
characteristics with enhanced EFs.

Overall, the behavior of defects in PeLEDs under EF pre-
sents a complex and not yet fully understood landscape at the
microscopic level. Currently, the majority of research in this
area is focused on ion migration, with considerable efforts
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directed towards the development of passivation techniques to
mitigate this phenomenon. Despite these efforts, advance-
ments in microscale analysis of defect behavior have been rela-
tively slow. Many studies have employed changes in the PL in
the presence of a lateral EF to investigate the interactions
between defects and both photogenerated and injected car-
riers. The application of an external EF in PeLEDs can lead to
the segregation and translation of photogenerated carriers,
affect the inherent defect migration, and generate new defects
that alter the density of states, ultimately affecting both radia-
tive and nonradiative recombination mechanisms. However,
the situation under vertical field conditions remains relatively
unexplored. Hence, a comprehensive understanding of carrier
recombination dynamics, defect migration, and charge
capture under EF modulation is pivotal for improving the per-
formance of PeLEDs and accelerating their path to
commercialization.

4. Management of defects

To overcome the hindrance caused by defects that adversely
affect device performance under EF conditions, researchers
worldwide are exploring a range of passivation strategies.
Various similar but not identical procedures, such as ligand
engineering, additive incorporation into precursor solutions,
and inclusion of interfacial layers within devices, have been
used to develop perovskite defect passivation. Considering
high surface-area-to-volume ratio NCs, ligands can control
nucleus growth and size regulation during synthesis, while
post-treatment with ligands can fine-tune the surface chem-
istry of NCs, both allowing for comprehensive defect passiva-
tion from the inside out at the same time. Yet, incorporating a
controlled ratio of additives into precursor solutions not only
promotes the growth of high-quality crystalline films with
fewer defects, but also elevates the PLQY and overall device
efficiency. Importantly, device engineering remains crucial to
unlock the full potential of near-perfect LHPs in achieving
high-performance PeLEDs. The strategic insertion of compati-
ble interfacial layers can further passivate defects in perovskite
films and minimize the grain boundary issues. Therefore, this
chapter provides a comprehensive overview of the latest
advancements in each of these key areas.

4.1 Defects passivation strategies in LHP NCs

4.1.1 Surface chemistry in LHP NCs. Since the pioneering
discovery of nanoscale MAPbBr; particles by Schmidt et al.,
the surface chemistry of LHP NCs has been a subject of rigor-
ous study.'*® Surface chemistry is fundamental to understand-
ing how to control the nucleation, growth, stability, and con-
ductivity of NCs. As illustrated in eqn (14), which outlines the
hot injection (HI) synthesis of CsPbX;, the indispensable role
of ligands in the preparation process becomes evident. The
common use of ligands such as long-chain oleic acid (OA) and
oleylamine (OLA) is particularly noteworthy. These ligands
serve as stabilizing agents and provide essential passivation
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features via their amine-acid pairs during the synthesis of LHP
NCs. The molecular formula reveals that the amino and car-
boxylic functional groups from long-chain, 18-carbon OLA and
OA are instrumental in effectively controlling the morphology
and providing protection against oxygen and moisture attacks.
Among these, the interaction between OA and OLA with NCs’
surface sites has garnered some debate. During NC synthesis,
OA donates a proton to OLA, resulting in the formation of an
ammonium cation (R-NH;'). This occurs when OA and OLA
are present at a 1:1 molar ratio in a nonpolar solvent, as
shown in eqn (15). The amino group of OLA can engage in
coordinate bonding with unsaturated Pb>* ions on the surface,
utilizing its lone pair of electrons while in an unprotonated
state.’*® In contrast, computational studies suggest that
R-NH;' could occupy up to 50% of A-site cations on the
surface in theory.'®” Moreover, a portion of R-NH;" passivates
Vg via hydrogen bonding, irrespective of the surface termin-
ation.'®® The formation of ammonium carboxylate salts, as
outlined in eqn (15), increases the dissolution of PbBr,, sub-
sequently enhancing the production of Br~ ions according to
eqn (16). It is widely accepted that OLA forms robust bonds
with NC surfaces. However, there is a debate regarding the role
of OA in the surface bonding. Angshuman Nag et al. employed
nuclear Overhauser effect spectroscopy (NOESY) to investigate
whether OA exists as free ligands in the final colloidal dis-
persion, thus not binding to the NC surface.'*® In post-purifi-
cation solution, the addition of excess OLA enables OA to form
alkylammonium oleate through ion pairs with amines, facili-
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tating its enhanced surface adsorption,'*® as illustrated in eqn
(17). Brutchey et al. utilized '"H NMR and diffusion-ordered
spectroscopy (DOSY) to suggest that both OA and OLA interact
with the surface of NCs.”*° In addition, their work contradicts
the findings of De Roo et al., asserting that OA binds securely
to the NC surface even without excess amines. Additional
studies indicate that the R-COO™ can coordinate with unsatu-
rated Pb>* and A-site cations through electron donation.’>®'?®
Concurrently, long-chain OA may passivate surface X~ to coor-
dinate with Pb*", thereby stabilizing the octahedral struc-
ture.”*" In summary, it is generally acknowledged that due to
the ionic nature of perovskite NCs, the formation of labile
bonds between OLA/OA ligands and NC surfaces is inevitable.

2Cs-oleate + 3PbX, = 2CsPbX; NCs + Pb(oleate), (14)

RNH, + RCOOH = NH;"...COO~ (15)
2PbBr, + NH; " ...COO~ + xRNH, (16)

— PbBr;~ - NH; ' + PbBr~ - COO~ + xRNH,
NH;"...COO™ +RNH, = (NH;"...RNH,)COO" (17)

The intricacy of surface chemistry of perovskite NCs is
partly attributable to the interactions between various surface
terminations and capping ligands. Bodnarchuk et al. proposed
a likely model for the NC surface structure and discussed strat-
egies for healing trap states on these surfaces, a key determi-
nant of colloidal stability."** Fig. 9a delineates three potential
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Fig. 9 (a) The NC is arbitrarily divided into core, inner, and outer shell in three different ways. Reproduced with permission from ref. 132. Copyright

2019 American Chemical Society. (b) Schematic representation of the most important ligand classes within the covalent bond classification scheme.
Reproduced with permission from ref. 129. Copyright 2016 American Chemical Society. (c) Photos of fresh/aged PNCs and aged PNCs with different
amounts of TOP under daylight (top) and UV light (bottom). Reproduced with permission from ref. 135. Copyright 2018 American Chemical Society.
(d) Intensity of PL emission as a function of CsPbBr; NCs against ethanol treatment time. Reproduced with permission from ref. 143. Copyright 2017
American Chemical Society. (e) A schematic of how TOPO, PbBr,, acid, and Cs* interact within the NCs synthetic system. Reproduced with per-
mission from ref. 145. Copyright 2018 American Chemical Society. (f) Synthesis of CsPbBrs; NCs with OPA (left) and OA/OLA (right), schematic repre-
sentation of the NC surface chemistry (top), and physical representation of the change in luminescence (365 nm excitation) after multiple purifi-
cations (bottom). Reproduced with permission from ref. 150. Copyright 2018 American Chemical Society.
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surface terminations: [CsPbX;](PbX,}{CsX}, [CsPbX;](CsX)
{PbX,}, and [CsPbX;](PbX,}{AX'}. Here, [ ] donates the core, ()
represents the inner shell, and {} represents the outer shell,
where A represents alkylammonium and Cs', and X' respond
to halides and/or oleates. Among these, the {PbX,}-terminated
model is highly improbable because of the necessity for a 2.5
times greater ligand packing density, resulting in steric hin-
drance and disruption of the octahedral coordination ten-
dency of Pb>". The most experimentally congruent model was
[CsPbX;](PbX,}{AX'}. Therefore, to achieve high-performance
electrical and photophysical semiconductor properties directly
influenced by the surface characteristics, it is essential to
reconstruct the damaged (PbX,) surface and fortify the {AX'}
outer layer to maintain the stability of the [PbX]*~ octahedra.

In summary, a thorough understanding of electro-optical
performance of defect states and the surface chemistry of NCs
is vital for achieving high-quality and stable LHP NCs. Existing
challenges persist in the equilibrium between surface passiva-
tion and charge transport when traditional OA and OLA
ligands are used. Recently, there has been an increase in
research on novel ligands that not only bind more securely to
the NC surface, but also exhibit outstanding transmission
characteristics. Therefore, the subsequent section focuses on
enhancing LHP NC passivation through ligand optimization.
Further details can be found in Table 2.

4.1.2 Surface passivation via ligand control. Ligand engin-
eering has emerged as an effective approach for achieving both
high environmental stability and EQE in PeLEDs to address the
dynamic binding of long-chain OA/OLA to NC surfaces and the
negative carrier transport. Kovalenko and co-workers have pro-
posed a covalent bonding classification method for ligands, desig-
nating them as L-, X-, and Z-type ligands, as illustrated in
Fig. 9b."*° L-type ligands, typically referred to as Lewis bases,
donate lone electron pairs to empty orbitals on the NC
surface.”**"** In contrast, Ztype ligands usually Lewis acids,
possess electron-acceptor groups. X-type ligands own metal-ligand
bond, with each electron coming from the ligand and the nano-
crystalline surface, and generally include ammonium salts, rad-
icals, or zwitterionic molecules."*® In acid-base electron theory,
the classification of a substance as either acidic or basic should be
based on its behavior in specific reactions, rather than a general
assessment of its acidic or basic nature. The same substance can
act as an acid or a base in different reaction environments.

L-type ligands
Phosphine and phosphine acid. Phosphorus-containing
materials interacting with the PNC particles during NC syn-
thesis subsequently affect the colloidal stability of PNCs, with
the effects varying based on the functional groups and carbon
chain lengths attached to the phosphorus atom.
Trioctylphosphine (TOP) has been successfully used to regen-
erate non-luminous aged CsPbBr, ,I; ¢ NCs without detectable
structural changes, as depicted in Fig. 9¢,"** and to enhance
the optical performance of fresh CsPbI; NCs. Contrary to the
prevalent view that TOP does not directly interact with the
surface after treatment confirmed by X-ray Photoelectron
Spectroscopy (XPS) and Fourier transform infrared spec-

This journal is © The Royal Society of Chemistry 2024
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troscopy (FTIR).™*>'*® TOP facilitates the release of R-COO~
groups from their coordination with Pb*" owing to the Lewis
base effect, which is a critical factor in mitigating the degra-
dation of «-CsPbl; by further promoting chemical equili-
brium."*® This mechanism results in effective surface passiva-
tion. However, Geyer et al. found that adding TOP to post-treat-
ment CsPbl; NCs considerably enhanced the phase stability of
the solution.’®” FTIR and XPS mapping data indicate that TOP
acts as a capping ligand to protect NCs, albeit with a weak P
peak, suggesting a limited quantity of P consistent with the
fact that each TOP only has one P atom. This diverges from the
conclusions of Zhang et al. Moreover, TOP serves as a coordi-
nating alkylphosphine solvent to improve the reactivity of the
PbI, precursor forming TOP-Pbl, compound, thus accelerating
nucleation and growth to yield high-quality CsPbl; NCs."*® TOP
is frequently used as an alternative to alkylammonium to
improve the optical properties of LHP NCs in amine-free con-
ditions. Xu et al. incorporated both TOP and lead stearate (Pb
(St),) in their synthesis approach to create an environment
devoid of amines and acids.*® The dual carboxyl groups of Pb
(St), were strategically utilized for robust surface passivation. One
carboxylate facilitated the conversion of TOP to TOPO, whereas
the other interacted with a Br~ dangling bond, resulting in a Pb-
rich surface with carboxylate-based passivation. In addition to
TOP, phosphine-containing compounds such as triphenyl-
phosphine (TPP),"*%'** diphenylphosphine (DPP),"** and tri-
butylphosphine, have also been widely explored, each showing
varying degrees of enhancement in the performance of NCs.
Subsequent research has revealed the efficacy of the P—0O
functional group in improving both the crystallinity of NCs and
efficiency of PeLEDs. The first ligand featuring a P=0O group
applied to the perovskite NC system was trioctylphosphine oxide
(TOPO), which was a branched capping ligand, conferring
strong steric stability at high temperatures. Zhang et al. mixed
TOPO and OA/OLA to synthesize TOPO-capped CsPbX; NCs
using a hot-injection method.'*® In FTIR, the peak at 1155 cm™*
is attributed to C-P stretching, confirming that TOPO is
anchored to the surface. TOPO increased the thermal stability
threshold for obtaining monodisperse NCs to 260 °C and
demonstrated exceptional resistance to degradation by protonic
solvents, such as ethanol, as displayed in Fig. 9d. Kim et al. fab-
ricated a PeLED structure (ITO/PEDOT:PSS/VB-FNPD/NCs/TPBi/
LiF/Al) treated with a Zn-TOPO complex,"** achieving high EQE
(7.12%, 6.06%, and 0.56%) and CE (9.93 c¢d A", 32.5 cd A™,
and 0.88 cd A™") for red, green, and blue devices. TOPO posses-
sing L-type ligand properties, readily forms complexes with Zn**
from excess ZnX, raw material, offering Zn-TOPO the properties
of a Lewis acid to passivate halide defects. *'P NMR and XPS
revealed that TOPO adheres to the surface of NCs only when co-
ordinated with Zn®", generating a reduction in Pb-O lattice
bonding. Interestingly, when TOPO fully replaced OLA in a for-
mulation that also included OA, it was largely absent from the
ligand shell, which was exclusively passivated by Cs-oleate, a
finding corroborated by Manna et al. in 2018."** Solvent acidity
and the degree of TOPO protonation were found to influence
both the reactivity of the PbX, precursor and the size distri-
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bution of the NCs, as shown in Fig. 9e. In addition to TOPO,
ligands featuring P=O groups, such as triphenylphosphine
oxide (TPPO)"“**'* and tris(4-fluorophenyl)phosphine oxide
(TFPPO),"*® have also been used to effectively passivate reduced-
dimensional perovskites.

Alkylphosphonic acids, known for their dual chelating sites,
offer robust affinities to NC surfaces and are frequently utilized
as alternatives to OA and OLA."*° For instance, octylphosphonic
acid (OPA) promotes the dissolution of precursors without
requiring amines, due to its acid-dissociation properties.
Moreover, OPA’s dual chelation sites formed close associations
with Pb*", accelerating both nucleation and growth processes.'>°
This leads to the formation of highly stable NCs that are resist-
ant to antisolvents, as illustrated in Fig. 9f. These characteristics
have contributed to advancements in device fabrication.
Compared with OA/OLA, OPA has shorter carbon chains (8C),
which facilitates the removal of detrimental organic ligand resi-
dues from OPA-CsPbBrs;, yielding highly planar films and
devices with an EQE of 6.5%. Additionally, bis(2,2,4-trimethyl-
pentyl)phosphinic acid (TMPPA) serves as an excellent alterna-
tive to OA in synthesizing CsPbl;, producing high-quality NCs
that resist transitioning to the 5-CsPbl; phase."”’

X-type ligands
Thiocyanate. Thiocyanates, considered pseudohalides, offer
superior stability over halides and present a promising alternative

View Article Online
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for perovskite anions, thereby opening new avenues for the tailored
design of optoelectronic properties in hybrid inorganic/organic per-
ovskite materials."> In contrast to the spherical geometry of X,
the SCN™ feature a rod-shaped structure, allowing the lone pairs of
electrons from both S and N atoms to engage in robust chemical
interactions with NC surfaces.'> Previous research has noted the
similarities in ionic radii and electronegativity between SCN™~ (217
pm) and I™ (220 pm).*>* Hence, it has been shown that the intro-
duction of ammonium thiocyanate (NH,SCN) in the synthesis of
CsPbl; NCs can improve crystal quality without lattice incorpor-
ation, while reducing surface defects and grain boundaries.™
Specifically, the dangling Pb>" bonds interact with SCN™ to form
Pb-S bonds, thus decreasing surface defects and the CBM of
CsPbL;. This results in an improved electron injection efficiency
and an increase in the EQE from 6.6% to 10.3%.

In earlier studies, the role of SCN™ was shown to be signifi-
cant in Br-based NCs. Alivisatos et al. reported that post-syn-
thetic treatment of CsPbBr; NCs with either NH,SCN or
NaSCN powders effectively renovated the lead-rich surface,
mitigating shallow electron traps without altering the shape or
crystalline structure of the NCs.'® FTIR analyses pointed that
Na' or NH," ions engaged with oleate species, while SCN™ ions
interacted specifically with Pb*>*. Although SCN™ occupied only
10-15% of the surface sites, it ensured a monoexponential
decay profile (Fig. 10a), nearly unity PLQY, and improved the
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Fig. 10 (a) Time-resolved photoluminescence at room temperature for fresh CsPbBrs; before and after ammonium thiocyanate treatment. Inset

figures highlight the differences in the untreated and treated samples at early decay times. Reproduced with permission from ref. 155. Copyright
2017 American Chemical Society. (b) Curves of ®p_ and photographs of sample under UV light (insight) over time for as-synthesized and DDT-
treated CsPbBr; NCs. Reproduced with permission from ref. 165. Copyright 2019 American Chemical Society. (c) Photoluminescence quantum yield
(PLQY) of as-synthesized, aged (6 days), and DSH-treated CsPbls NCs instantly after treatment (DSH_Instant) and after 1 day (DSH_1Day).
Reproduced with permission from ref. 168. Copyright 2023 Wiley-VCH. (d) Binding motif on CsPbBr; NC surface and interaction strength of OLA,
OA, and DBSA ligands. Reproduced with permission from ref. 176. Copyright 2019 Wiley-VCH. (e) Schematic illustration of the halogen exchange
process triggered by TBAS and SDSA. Reproduced with permission from ref. 178. Copyright 2020 American Chemical Society. (f) Schematical
diagram of the effect of the betaine-capped NCs. Reproduced with permission from ref. 185. Copyright 2023 Elsevier Ltd.
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colloidal stability of CsPbBr; NCs. Similarly, Tian et al. com-
bined NaSCN with DDAB to modulate bromine vacancy
density, thereby passivating surface defects and enhancing the
stability of NCs.">® The integration of this surface treatment
into a solution-processed LED structure led to a significant
enhance the maximum luminance from 550 to 1200 cd m™>
and a reduction in the turn-on voltage.

In addition to Na" and NH," ions, the cations of thiocya-
nates, KSCN"*” and Pb(SCN),,"**'*® are widely used in LEDs.
K" seized X~ and worked with SCN~ to impede the halide
migration through coordinated bonding with detrimental
uncoordinated halide sites and vacancies, obtaining high EQE
(2.04%) and stability of blue PeLED (~470 nm) without
halogen separation.">” Pb(SCN),, usually employed as the lead
source, can partially or completely substitute PbX, without
introducing impurities. Due to the ambidentate linear struc-
ture of SCN™, these ligands function as spacers between dis-
tinct NCs, hindering aggregation and improving colloidal
stability.'>® Notably, the chemical bond strengths of Pb-S or
Pb-N surpass that of Pb-Br, enabling SCN™ ions to distort the
crystal structure and up-shift the CB position."** Additionally,
the organic pseudohalide n-dodecylammonium thiocyanate
(DAT) has been deployed as a ligand in mixed halide (Br/Cl)
perovskites as well.">® The SCN™ ions sourced from DAT effec-
tively filled CI vacancies and removed electron traps within the
bandgap. This optimization led to the production of high-
efficiency blue PeLEDs with an emission wavelength of
approximately 470 nm and EQE of 6.3%.

The incorporation of SCN™ ions can modulate both the
optical properties and carrier dynamics related to the radiative
recombination processes in perovskite materials. For instance,
NaSCN has been shown to completely suppress the formation
of charged excitons that are detrimental to PLQY.'®*'¢!
Moreover, SCN™ ions have been found to hide the flickering
phenomenon'®® and are widely utilized in solar cell
applications."®®
Thiols

As X-type ligands, alkanethiols of different chain lengths
can form Pb-S bonds, significantly decreasing surface energy
and maintaining the stability of perovskite materials.'®*
Dodecanethiol (DDT), with its 12C chain, acts as a suitable
ligand for post-treatment in the CsPbX; system, often in con-
junction with OA/OLA.'®"'*® DDT undergoes a thiol-ene reac-
tion with OA, OLA, and octadecene (ODE) to become a
thioether, as shown in Fig. 10b. These thiol and/or thioether
ligands exhibit strong binding affinity to uncoordinated Pb**
ions, inhibiting Pb® formation and achieving near-unity
PLQY.'®> However, Jeon et al. found that DDT treatment, while
increasing PLQY, also reduced the material’s lifetime due to
the production of nonradiative V5, recombination fractions.*®®
Additionally, DDT plays a dual function in rejuvenating the
degraded o-CsPbI; NCs, as shown in Fig. 10c. Notably,
a-CsPbl; NCs are susceptible to environmental degradation
and often transform into a non-luminous §-phase through the
“a—y—8” pathway. DDT serves two objectives when added to the
“sicked” CsPbl; NCs: (i) it binds with Pb®>" and I” ions to passi-
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vate existing “healthy” NCs and (ii) it utilizes its etching capa-
bilities to promote the a-CsPbl; phase by selectively removing
the heavily aged Cs,Pbl, components.'®® Consequently, signifi-
cant improvements in both the PL and environmental stability
were observed. Moreover, DDT in synergy with AlX; can cata-
lyze the morphological transition from nanocubes to
nanoplates."®”

The 1-octanethiol (OT), characterized by its relatively short
aliphatic alkyl chains, facilitates robust surface adsorption due
to minimal steric hindrance.'®® Through comparing the
different lengths of the aliphatic alkyl chains, the thiol func-
tional groups in OT anchored to Pb**, hindering the structural
transformation and improving the photostability. Deng et al.
reported enhanced stability through a multi-step ligand
exchange process involving OT, which yielded a stable passiva-
tion molecular layer that withstood ethanol washing.'®*
Moreover, the in situ incorporation of OT as capping ligands
during synthesis markedly improved the tolerance of high-
temperature and high-humidity conditions.””® It has been
found that 1,3-propanedithiol (PDT) and OLA together trigger
irreversible transformation of CsPbBr; to Cs,PbBre. PDT serves
as a capping ligand to regulate the size uniformity and chemi-
cal stability of Cs,PbBrs NCs.'”! In addition, materials contain-
ing -SH groups, such as 1-octadecanethiol,’”* butanethiol,'”?
green fluorescence BODIPY molecule,'””* and porphyrin-
thiol,"”> have been extensively studied for similar applications.
Sulfonic acid or sulfonates

Recently, ligands featuring sulfonate groups which are
known for their strong acidity and electron-withdrawing capa-
bilities, have garnered considerable attention. The sulfonate
head of dodecylbenzene sulfonic acid (DBSA) interacts tightly
with exposed lead ions, ameliorating electronic structural
defects and repairing Br~ vacancies. In Fig. 10d, the anchoring
effect of sulfonate groups on the surface of CsPbBr; NCs effec-
tively minimizes exciton trapping and confers enhanced stabi-
lity against degradation throughout purification, storage, and
irradiation processes.’””® Sodium dodecyl benzene sulfonate
(SDSA)"”” exhibits a notable affinity for CsPbl; NCs due to
-SO®” in the ligand strongly binding with uncoordinated Pb**
and filling the V;. The inclusion of SDSA sustained a PL inten-
sity of 83% after 60 days of environmental exposure.
Furthermore, SDSA and tetrabutylammonium p-toluenesulfo-
nate (TBSA) collectively facilitate halogen exchange between
Cl™ and Br~ ions, enabling spectral tuning without requiring
additional halogen compounds, as depicted in Fig. 10e."”® In
comparison with dodecylbenzenesulfonic acid (DSA) and
sodium p-toluenesulfonate (SSA), evidence suggests that both
cationic and anionic components in TBSA and SDSA are essen-
tial for determining the direction and extent of the halogen
exchange. The use of -SO®~ for surface passivation increases
the PLQY from 7% to 81%, with blue PeLEDs owning a promis-
ing EQE of 2.6%. The introduction of short-chain aromatic
backbones like 2-naphthalenesulfonic acid (NSA) during the
purification process not only substitutes for OA but also forms
strong interactions with the NC surface through the sulfo
group coordinate with Pb.’”® The interaction between the NSA
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and FAPbBr; NCs effectively doubled the PLQY from 46% to
93%, enhancing the surface performance. NSA-FAPbBr;
PeLEDs owned a three order of magnitude increase in current
density and achieved a high brightness of 67 115 c¢d em™> with
an exceptional EQE of 19.2%, which hindered efficiency roll-
off. Moreover, molecules containing sulfonic acid groups have
also showed potential as photosensitizers'®® and as ligands for
modulating nanoparticle size.'®

Zwitterionic ligands

Recently, zwitterionic ligands have emerged as a novel class
of capping ligands for PNCs, offering the advantage of simul-
taneous surface passivation by positively and negatively
charged groups. The main difference between zwitterionic
ligands and traditional ligands is including:'® (i) there is no
potential for either mutual or external neutralization of cat-
ionic and anionic moieties via Bronsted acid-base equilibria;
(if) the surface of NCs is stabilized by a strong bidentate effect,
establishing chemical equilibrium. As a result, improvements
in the optical properties, colloidal stability, and charge trans-
fer of PNCs have been observed. Specifically, the long-chain
sulfobetaine zwitterionic molecule, such as 3-(N,N-dimethyl-
octadecylammonio)propanesulfonate (SBE-18) has been effec-
tively introduced as a substitute for OA and OLA in CsPbBr;
colloidal systems, exhibiting enhanced durability even after
four wash cycles due to its chelating ability.'®* Despite its long
alkyl chain, SBE-18 did not significantly impede charge trans-
port, resulting in PeLEDs with an EQE of 2.5%. In contrast to
the protonation and deprotonation processes observed in OA
and OLA, SBE-18 uniquely anchor to the surface via amino
and sulfonate groups, enabling simultaneous binding to both
anions and cations.'®® Experiments revealed that zwitterionic
ligands-treated NCs surfaces often reduce the size uniformity
of the as-synthesized colloid. However, the CsPbBr; NCs
coated with SEB-18 demonstrated homogeneity and yielded
controllable average sizes, ranging from 3.5 to 16 nm.'®
During solvent evaporation, SBE-18-treated NCs exhibited a
propensity for long-range ordered superlattice formation.
Similar effect in betaine-capped NCs contributed to high EQE
values of 10.8% and enhanced durability, as shown in
Fig. 10f.'%?

Zwitterionic polymers with enhanced solubility have gar-
nered research interest. Traditional zwitterionic ligands often
have limited solubility in nonpolar organic solvents because of
their intrinsic dipole properties. By leveraging poly(isobutyl-
ene-alt-maleic anhydride) (PIMA) as the foundational structure
and incorporating poly(ethylene glycol) (PEG) as solubilizing
blocks, Mattoussi and colleagues synthesized polyzwitterionic
polymers, denoted as ZW-PIMA-PEG, through nucleophilic
addition reactions.'®® These polymers feature both amine and
sulfobetaine functional groups. The sulfobetaine groups in
ZW-PIMA-PEG coordinated with Pb*' ions, while the steric
hindrance introduced by the short PEG segments enabled
efficient surface passivation by facilitating close bonding to
the surface. Utilizing this ligand enhanced the colloidal stabi-
lity of the NCs, allowing their solubility in a broad range of
polar solvents over extended durations (1.5 years) while con-
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currently preserving their photophysical attributes. Similar
improvements in surface passivation and stability have been
observed with poly(carboxybetaine acrylamide) (PCA)'®” and
poly(BMA-co-2-(methacryloyloxy)ethyl-sulfobetaine)
(PBMA-SB).'®® The strategic selection of functional groups
allows for the design of photocrosslinkable zwitterionic
ligands, thereby enabling the fabrication of directly pattern-
able PNCs.®°

The predominant functional groups in the amphoteric
ligands include sulfobetaine, choline phosphate, and amino
acids. Soy lecithin, a naturally abundant phospholipid, acts as
an efficacious zwitterionic capping ligand that anchors
robustly to its surface. The ligand density and spatial arrange-
ment of lecithin chains contribute significantly to both solu-
tion phase formation and structural integrity across a wide
concentration range, extending to as low as a few ng mL™"."%°
Similarly, lecithin addition to CsPbI; NCs enabled phase stabi-
lity in ambient air for six months."®" PeLEDs fabricated with
lecithin-capped NCs showed an EL peak at 634 nm, satisfying
Rec. 2020 red standards, with the L., of 1391 cd m™2 and the
operational Ts, of 33 min. This high performance is primarily
attributed to the interaction with lecithin to alleviate lattice
strain and demonstrate a heightened affinity for the CsPbl;
surface.

In the synthesis of CsPbBr; NCs, Grisorio and co-authors
incorporated an auxiliary bromine source, 8-bromooctanoic
acid (BOA)."®> This compound ionizes to release Br~ ions,
while the residual moiety undergoes an SN, reaction with OLA
to form a zwitterionic ligand. This features both dialkylammo-
nium and carboxyl groups, exhibiting a zwitterionic nature.
The NCs capped with this zwitterionic ligand shown reduced
solubility in nonpolar solutions, allowed purification using
hexene, and maintained stability for three months in dichloro-
methane (CH,Cl,). Upon UV irradiation, the CsPbBr; NCs
underwent halide exchange with CH,Cl, as CI~ sources,
leading to a spectral blue shift.

Multidentate ligands

In contrast to other ligands, multidentate ligands offer mul-
tiple coordinating groups on the NC surface, yielding more
stable and enduring bonds with NCs. The distinction between
zwitterionic ligands and multidentate ligands lies in the fact
that zwitterionic ligands carry both positive and negative
charged components, whereas multidentate ligands establish
multiple coordination sites with the metal via several func-
tional groups. For instance, in Fig. 11a, the combined treat-
ment of MAPbI,Br NCs with ethylenediaminetetraacetic acid
(EDTA) and reduced i-glutathione (GSH) effectively bound
surface Pb>" ions, mitigated surface defects, and suppressed
halide migration.'®® This led to a high-efficiency red LEDs
with a peak emission at 620 nm and an EQE of 20.3%. DFT
calculations confirmed that EDTA and GSH maximized the for-
mation energy of iodide Frenkel defects at 0.18 eV, lowering
the likelihood. The experimental results indicated that EDTA
played a key role in enhancing the device efficiency, while GSH
exhibited a stronger surface attachment compared to EDTA,
thereby proving more stability. The concurrent presence of
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Fig. 11 (a) Schematical diagram of the interactions of GSH and EDTA with Pb?* atoms on the NCs surface. Reproduced with permission from ref.
193. Copyright 2021 Springer Nature. (b) The ligand-exchange mechanism on CsPbBr; NC surfaces treated sequentially by OA and DDAB.
Reproduced with permission from ref. 199. Copyright 2016 Wiley-VCH. (c) Formation of strained films with increased thermal transport. Reproduced

with permission from ref. 201. Copyright 2021 Wiley-VCH.

amino and carboxyl functional groups is indispensable in the
synthesis of NCs. Unlike individual ligands, such as OA or
OLA, which contain either amino or carboxyl groups, peptides
offer both functionalities within a single molecular struc-
ture."® This dual functionality effectively passivates Br~
vacancies and Pb** sites on the NC surface. Peptides, when
varied in chain length and concentration, can regulate the
optical properties of MAPbBr; NCs.
Specifically, 1-cysteine serves as a representative trifunctional

and dimensions

amino acid ligand, featuring three functional groups: -NH,,
-COOH, and -SH."® This multifunctionality results in a 6.9-
fold enhancement in PLQY and yields a PL lifetime of 642 ns.
In the synthesis of NCs, replacing OA with succinic acid and
combining OLA as a synergistic ligand led to enhanced
aqueous stability.'® This is attributed to the dual carboxylic
acid groups in succinic acid, which chelate two exposed Pb
sites on the NC surface, thereby significantly improving the
stability against the aqueous environment. Post-treatment pas-
sivation using 2,2'-iminodibenzoic acid (IDA) stabilized the
a-phase in CsPbl; NC-based red LEDs, achieving a PLQY
exceeding 95%."°” IDA showed superior surface attachment
compared to OA, owing to its dual carboxylic groups that
securely coordinate with Pb sites. Utilizing IDA-NCs resulted in
PeLEDs with a notable EQE of 5.02% and L. of 748 cd m™2.
This enhanced performance is attributed to the effective elec-
tronic coupling between the LUMO of IDA and the conduction
band edge of CsPbI; NCs, rather than the conductivity of IDA.
Ammonium salts

Ammonium salts are instrumental in optimizing the pro-
perties and applications of NCs through various means includ-
ing surface modification, stability enhancement, optical prop-
erty modulation, and biocompatibility. Ammonium com-
pounds such as alkyl ammonium salts typically exhibit hydro-

This journal is © The Royal Society of Chemistry 2024

phobic characteristics. They form adsorptive layers on NC sur-
faces, thereby enhancing both dispersibility and NC stability,
and preventing aggregation and precipitation. Through the
strategic selection of specific ammonium salts and modifi-
cation of substituents, the surface properties of the NCs can
be precisely tailored. This fine-tuning occurs because the posi-
tively charged moieties in the ammonium salts interact with
the negatively charged regions on the NC surface, leading to
effective defect passivation. For instance, Kido et al. conducted
a comparative study on the anion-exchange effects of alkyl
ammonium (oleylammonium iodide, OMA-I), and aryl
ammonium salts (aniline hydroiodide, An-HI) as I” sources to
deep-redshift emission.'”® The addition of ammonium salts
influenced not only the desorption of OA from the original NC
surface, but also the surface ligand density. CsPbl; PeLEDs
treated with long alkyl-based OMA-I demonstrated a high EQE
of 21.3% and superior color purity compared to aryl-based An-
HI-capped NCs. However, devices with aryl-based An-HI-
capped NCs demonstrated significantly higher operational
stability, lasting 36 times longer. Additionally, the PLQYs of
the colloidal solutions were 80% for OAM-I NCs and 69% for
An-HI NCs, which was attributed to the effective suppression
of anion defects. Bakr et al. utilized a halide ion pair-based
capping agent DDAB to synthesize highly stable CsPbX; NC
films."*® This relatively compact ligand structure enhanced
carrier mobility within the NC films and facilitated efficient
PeLEDs fabrication. Effective DDAB passivation was achieved
by incorporating OA into the synthetic solution. The acidic
protons facilitated the protonation-mediated removal of the
OLA ligands, resulting in the formation of acid-base com-
plexes with deprotonated OA groups, as shown in Fig. 11b.
These complexes promoted Br~ coordination with Cs* or Pb**
ions and influenced adsorption onto the NC surface because
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of the steric hindrance of DDA’ while also maintaining the
solubility of the NCs in toluene.
Z-type ligands

Alkali metal salts. Z-type ligands are typically Lewis acids
characterized by unoccupied orbitals that are capable of
accepting electrons from surface atoms. In the octahedral
[PbXe]* structure, uncoordinated Pb** ions typically serve as
Lewis acids, whereas the X~ ions, acting as Lewis bases, com-
monly coordinate with them. At the present time, alkali metal
salts provide empty orbitals to accept halogen atoms from the
surface. The appeal of K' ions stem from their small atomic
radius and strong affinity for surface X ions, generating sig-
nificant interest in their interactions. Through the incorpor-
ation of potassium oleate (K-OA) during the synthesis of
CsPbl;_,Br, NCs, we have highly achieved color-stable pure red
PeLEDs and PL stable NCs for weeks, effectively mitigating
halide migration phenomena.'® Synchrotron radiation photo-
emission spectroscopy (SRPES) characterization confirmed
that the majority of K ions predominantly reside on the
surface, facilitating robust interactions with Br~ ions, weaken-
ing the bond between Pb>" and Br™. A smaller fraction of K*
ions were situated within the interstitial spaces of the NCs.
This dual effect of KBr termination efficiently passivates the
surface defects, resulting in NCs with a remarkable PLQY
exceeding 90%. Subsequent device fabrication demonstrated a
significantly elevated EQE of 3.55% and luminance of 2671 cd
m~> compared to the control devices. Similar enhancement
effects were also observed in blue CsPb(Br/Cl); NCs and
devices, leading to the production of a spectrally stable and
highly efficient blue PeLED, achieving a maximum EQE of
1.96% at the emission peak of 477 nm.** Inorganic ligands
maximize thermal conductivity compared to traditional
organic ligands. Therefore, the incorporation of highly ther-
mally conductive KI into the CsPbI; system not only improved
heat dissipation of the film but also promoted stronger inter-
actions between dots, leading to stress relaxation and effective
passivation of surface halide defects.>*’ The films of CsPblI;
NCs treated with KI exchange exhibited a close-packed and
oriented arrangement, as depicted in Fig. 11c. Moreover, K"
ions were not doped into the lattice, facilitated mechanical
coupling and exchanged surface OA and OLA desorption. The
presence of K ions and all-inorganic ligands proved advan-
tageous for enhancing device performance. The red LEDs
demonstrated an impressive maximum EQE of 23% and an
operating half-lifetime of 10 h, showing a notable 6% improve-
ment compared to the control devices.

4.2 Passivation strategies for LHP films

The fabrication of polycrystalline perovskite thin films,
whether via one- or two-step spin-coating methods, exhibits
subtle distinctions compared to NCs. Notably, the latter
approach yielded a higher grain boundary density. These grain
boundaries contribute to elevated surface defect concen-
trations, subsequently influencing charge carrier transport
and photoluminescence efficiency. Improvements in the per-
formance of polycrystalline film devices can be achieved

3864 | Nanoscale, 2024, 16, 3838-3880

View Article Online

Nanoscale

through various pre-processing techniques, including optimiz-
ation of precursor solution concentration and ratio, solvent
engineering, incorporation of additives, and the implemen-
tation of diverse post-processing strategies. Various post-pro-
cessing strategies, such as annealing treatment and interface
passivation, have been developed to passivate film defects. Pre-
processing methods principally focus on controlling the
nucleation rate and crystallization kinetics of perovskite films
to attain well-defined crystal structures, thereby mitigating
defect formation. In contrast, post-processing procedures are
directed at reducing defects on the surface of perovskite thin
films, thus enhancing their transport properties and ultimately
leading to the realization of high-efficiency PeLEDs.

4.2.1 Component regulation. One of the advantages of per-
ovskite materials is their ability to modulate optoelectronic
characteristics through material composition manipulation. As
outlined in Section 2.1, the synthesis of LHP films involves the
combination of AX and PbX, to create an APbX; structure,
where the parameters z and u are determined for structural
stability. Consequently, the adjustment of cation and anion
compositions to engineer perovskite structures holds signifi-
cant theoretical promise for reducing the defect states within
perovskite thin films. The lattice structure and dimensions are
predominantly influenced by the A-site cations, which are
intricately linked to the optical performance and stability of
the devices.”** In the perovskite phase, there is a progressive
increase in octahedral tilting among the cations FA", MA", and
Cs', indicating that variations in cation size contribute to
shaping structural distortions, as illustrated in Fig. 12a.>°?
Therefore, cation mixing exerts a substantial influence, not
only in improving perovskite morphology to mitigate high
leakage current but also in reducing nonradiative recombina-
tion at grain boundaries.

Substituting the smaller MA" cation with the larger FA"
cation led to a tolerance factor nearing 1, which expanded the
octahedral structure slightly, resulting in enhanced luminance
and repeatability in FAPbBr; PeLEDs.”®® Additionally, the
incorporation of MA" cations with high dipole facilitated the
stabilization of the a-phase of FAPbI; without necessitating
high annealing temperatures.”** It is widely recognized that
all-inorganic LHPs generally exhibit greater structural stability
compared to hybrid organic-inorganic LHPs, primarily due to
the chemical instability of MA" or FA" and asymmetry and
instability of the coordination environment within the lattice
structure.”®® Inorganic cations like Cs*, which are more size-
compatible with halides, can facilitate a more symmetric and
stable coordination environment, thereby enhancing the
overall stability of the perovskites. For instance, CsPbX; perovs-
kites demonstrate significantly elevated thermal decompo-
sition temperatures (approximately 580 °C for CsPbBr;) com-
pared to MAPbBr; (approximately 220 °C).>°° However, due to
the relatively weak interaction between FA' cations and
halides, the introduction of Cs" cations can effectively enhance
crystallinity and improve optical/thermal stability.>°” Similarly,
when Cs' is incorporated into MA-based perovskite crystals,
thin films exhibit nearly complete surface coverage and display
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Fig. 12 (a) Structural deformations of the ideal 180° B—X-B bond angle induced by the A-site cation size. Reproduced with permission from ref.
202. Copyright 2015 American Chemical Society. (b) Performance of PeLEDs based on CsPbBrs films with and without excess CsBr. Reproduced
with permission from ref. 205. Copyright 2015 American Chemical Society. (c) FTIR spectra of DMSO (solution), Pbl,:DMSO (powder),
MAI-Pbl,-DMSO (powder), and expanded the fingerprint region for the S=O vibrations. Reproduced with permission from ref. 216. Copyright 2015
American Chemical Society. (d) Top-view SEM images of MAPbBrs films deposited on PEDOT:PSS/ITO substrates. The MAPbBr3 films were fabricated
using solutions with different CB/DMF ratios of 0/1 (i), 1/10 (ii), 2/10 (iii), 3/10 (iv), 4/10 (v), and 4/10 (vi), respectively. Reproduced with permission
from ref. 219. Copyright 2009 Royal Society of Chemistry. (e) Temporal evolution of radially integrated GIWAXS data of MAPI (black) and MAPI-DMSO
solvent-complex (green) as well as temperature (red) during the crystallization process of perovskite solvent complex at 100 °C. Reproduced with

permission from ref. 227. Copyright 2021, Springer Nature.

favorable emission characteristics.>%®

Conversely, the addition
of MA" molecules to all-inorganic CsPbBr; films facilitate in
reducing pinholes by controlling crystallization kinetics. This
synergistic approach, combined with interface engineering,
has yielded high-performance mixed-cation Cs,g;MA 13PbBr;3
PeLEDs with a peak brightness of 91000 cd m™2 and a peak
EQE of 10.43%.2°° In cases where an oversized A-site cation is
used, it can lead to the segmentation of the 3D perovskite
structure into multilayered quasi-2D perovskites with low
defect generation, such as PEA,(CsPbBr;),PbBrs.>'® For
example, through DFT calculations, the intercalation of ali-
phatic or aromatic alkylammonium cations between perovskite
layers resulted in significant van der Waals interactions, as
observed quantitatively. This increase in formation energy con-
tributed to enhanced stability.”*

In addition to A-site cation adjustments, the precise control
of reactant stoichiometry plays a pivotal role in defect passiva-
tion. Reaction stoichiometry governs the exact correlation
between substances involved in chemical reactions.”® In the
context of perovskite precursor solvents, the standard chemical
stoichiometric ratio of raw materials is 1: 1, inevitably leading

This journal is © The Royal Society of Chemistry 2024

to the formation of defects, such as metallic lead atoms.
Therefore, increasing the nonstoichiometric ratio of the raw
materials has proven to be an effective strategy for reducing
defect formation. Varying the concentrations of CsBr and
PbBr, in DMSO was found to decrease the defect density,
resulting in enhanced performance of PeLEDs.*°> This
enhancement is evident in the prolonged PL lifetime and
higher PLQY, as depicted in Fig. 12b. Employing a CsBr-rich
solution led to an exceptionally narrow FWHM, increased
luminescence, along with a decreased V,, in PeLEDs. The
incomplete reaction between MABr and PbBr, at a 1:1 stoi-
chiometry can lead to the formation of metallic Pb atoms.**?
To avoid the generation of metallic lead atoms, incremental
increases in the molar ratio of MABr by 2 to 7% in the
MAPbBr; solution were successfully accomplished.>'?

In contrast to the demands of PSC applications, the control
of A-site cations and nonstoichiometric ratios in perovskite
materials involves not only the modulation of film mor-
phology, but also the imperative reduction of grain size. This
reduction is essential for facilitating efficient electron and hole
confinement, enabling effective radiative recombination in
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LED devices. However, small grain sizes often lead to an
increased prevalence of grain boundaries and defects.
Therefore, the effective passivation of defects is a critical factor
in upgrading LED performance. Achieving an optimal balance
between promoting grain growth and effectively passivating
defects is instrumental in fine-tuning the mixture of A-site
cations and stoichiometric ratios.

4.2.2 Solvent engineering. A significant advantage of per-
ovskite materials is their suitability for solution processing.
However, this advantage can introduce challenges, including
the formation of pinholes and defects during solution proces-
sing, which can subsequently lead to leakage currents and per-
formance degradation in the devices. As previously discussed,
perovskite thin films are synthesized through a straightforward
method involving the spin-coating of perovskite precursor
solutions. These solutions were prepared by dissolving the AX
and PbX, salts in a polar protic solvent, followed by centrifu-
gation and solvent evaporation. The spin-coating process is
intricately linked to the viscosity, saturation vapor pressure,
and boiling point, which collectively govern the perovskite
crystallization and film morphology. Consequently, the choice
of solvent plays a pivotal role in the crystallization of perovskite
films.

Within the precursor solution system, Pb** acts as a Lewis
acid, adeptly accepting electron pairs from X~ ions or solvents
such as N,N-dimethylformamide (DMF), dimethyl sulfoxide
(DMSO), N-methyl-2-pyrrolidone (NMP), and thiourea, all of
which serve as Lewis bases.”® This dynamic interplay estab-
lishes a nuanced acid-base equilibrium, fostering intricate
interactions among these components to form an intermediate
phase.” This intermediate entity is crucial for affecting both
the nucleation and growth processes of perovskites, sub-
sequently exerting a specific impact on film morphology and
defect density. As an illustrative example, we consider the for-
mation of MAPDI; perovskite films to elucidate the role of the
solution in constructing the intermediate phase. Initially, Pbl,
dissolved in a solvent exhibited a layered structure held
together by van der Waals interactions. Upon the addition of
MAI, competition arose between the solvent and the I" ions to
coordinate with PbI,. On the one hand, a relatively low acti-
vation energy facilitated intercalation reactions between the
layered PbI, and I". This process involves the dissociation and
reformation of chemical bonds between Pb and I in PbI,,
resulting in a series of iodoplumbate coordination complexes,
including PbI;~ and Pbl,>". Notably, a discernible relationship
emerged between the concentration of Pbl,>~ and the density
of charge recombination centers in the generated perovskite
thin films.>'* On the other hand, a highly coordinating solvent
could displace I” ions from their coordination sites with Pb>*
ions by solvent molecules. Consequently, the presence of this
intermediate phase within the precursor solution effectively
hinders perovskite crystallization. However, it is essential to
note that the current understanding of the formation of inter-
mediate phases during perovskite crystallization is character-
ized by the absence of reliable experimental methods to
directly confirm their presence.>'® This challenge is primarily
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due to the rapid nature of the crystallization process and the
inherent instability of these intermediate phases. Additionally,
contentious debate remains regarding whether these inter-
mediate phases manifest as distinct crystal lattice structures or
amorphous phases. Summarily, dissolving Pbl, in DMF along
with equimolar amounts of DMSO and MAI yielded intermedi-
ate phases of PbI,-DMSO and MAI-PbI,-DMSO, as corroborated
by shifts in the stretching vibration of =0 at 1020 cm™* and
1015 cm™*, respectively, upon reaction with Pbl, and Pbl, +
MALI, as depicted in Fig. 12¢.>"°

From the preceding discourse, the influence of various sol-
vents on the crystallization process and, consequently, the film
morphology is a key consideration. These commonly used sol-
vents, which subtly differ in polarity, solubility, and binding
capabilities, produce diverse complexes during the precursor
stage. Gutmann’s donor number (DN) was employed to quan-
tify solvent solubility of solutions in perovskite precursors,
especially for cations and Lewis acids.?!” Solvents with high-
DN values tend to bind Pb** centers, suppressing the for-
mation of iodoplumbate complexes and retarding perovskite
crystallization. In contrast, solvents with low-DN values have
weak Pb** affinity, enabling the formation of iodoplumbate
complexes and supporting the growth of perovskite single crys-
tals.>'® By blending solvents with varying DN capabilities, it
becomes possible to manipulate the shape of intermediate
complexation species, adjust coordination interactions within
the solution, and effectively control the crystallization process
of perovskites.” Wu and coworkers demonstrated a straight-
forward one-step solution-based approach for enhancing per-
ovskite film morphology by utilizing a diverse range of DN
values in a nonsolvent/solvent mixture. As depicted in
Fig. 12d, the impact of different CB/DMF ratios on MAPDbBr;
film morphology was evident, with an increase in the pro-
portion of CB leading to enhanced coverage and decreased
grain size.>'® The improved film morphology was attributed to
the influence of the combined solvent on the nucleation
process during film formation, leading to an increased nuclea-
tion rate due to the low solubility of CB in the crystallization
process. This led to a smaller grain size in the MAPbBr; film.
The achievement of high-coverage and small-sized films effec-
tively reduced the device leakage current, resulting in a device
with an Ly, of 3846 cd m™.

Crystallization occurs upon reaching a state of supersatura-
tion in the solvent, and the anti-solvent expedites this process
by accelerating the nucleation rate of the perovskite film. This
is achieved by adding the anti-solvent dropwise during the
spin-coating process, which flushes away the solvent within
the precursor, inducing supersaturation and rapid precipi-
tation of the precursor solution.”*® Increasing experimental
evidence underscores the imperative role of incorporating anti-
solvents as a specific method for producing uniformly dense
films, while concurrently addressing inherent defects. The
anti-solvent not only modulates the nucleation rate during
spin-coating but also exerts a profound influence on crystal
growth and film morphology. Commonly used anti-solvents in
PeLEDs include CB, chloroform, ethyl acetate (EA), and mixed
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anti-solvent solutions. Comprehensive anti-solvent compari-
sons have revealed that CB, when employed as the anti-solvent,
efficiently removes solvents from the precursor solution and
leverages the inherent chloride ions within CB to adeptly passi-
vate surface bromine vacancies in MAPbBr;, as substantiated
by XPS analysis.>*" Nonetheless, the high boiling point of CB
at 132 °C presents a predicament as a substantial residue of
CB often remains within the films, potentially posing toxic or
hazardous environmental issues.’?> In contrast, the eco-
friendly green solvent EA, known for its low boiling point and
easy removal after thermal treatment, offers a favorable option
for generating denser and more uniform thin films.*** It is
important to note that iodine-based films treated with EA tend
to increase grain size, while bromine-based films exhibit only
marginal increases while concurrently diminishing grain
boundaries, effectively passivating defects at the grain bound-
aries.>?* Therefore, MAPbBr; films treated with EA exhibit an
improved crystalline structure, refined morphology, and
diminished defect density, thereby in turn enhancing the oper-
ational efficiency of the associated PeLEDs. Additionally, the
timing of anti-solvent dropping during the film formation
process also impacts surface morphology.>>>2>¢

Precise control of solvent engineering is of paramount
importance because of its direct influence on surface mor-
phology and defect states, thereby providing a means to regu-
late nucleation and crystal growth processes. Furthermore,
there is a pressing need to expand the repertoire of solvent
systems to accommodate diverse needs, particularly those
related to eco-friendly solvents.

4.2.3 Annealing treatment. Annealing, a pivotal post-pro-
cessing technique, has been strategically employed to control
the nucleation, crystallization rate, grain size, thin films
characteristics, and defect density in perovskite thin films.
This approach aims to elevate the light emission efficiency,
current efficiency, and overall robustness. The quality of the
post-annealed films is intricately linked to solvent engineering,
with both factors playing a crucial role in defect density
control. However, understanding how annealing treatment
affects film crystallization and defect modulation is a complex
and challenging endeavor. Miiller-Buschbaum et al. utilized
grazing-incidence wide-angle X-ray scattering (GIWAXS) and PL
spectroscopy for in situ monitoring, providing detailed insights
into the intricate changes occurring in MAPbI; films during
the annealing process using a one-step antisolvent-assisted
crystallization method.**” Prior to annealing, the addition of
an anti-solvent induced a nucleation process, leading to a first-
order phase transition. During this phase transition, meta-
stable nuclei are connected through nanostructures, ultimately
forming solvent complexes. Upon annealing, a secondary
phase transition is initiated, driving the transformation of
these solvent complexes entirely into MAPbI;. During anneal-
ing, solvent evaporation was most rapid at the film-air inter-
face, followed by the removal of the solvent from deeper inter-
faces through the already crystallized portion. This triggered a
dissolution and recrystallization process, ultimately converting
the clusters into MAPbI;. This transformation is evidenced by
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the oscillatory changes in the Bragg peak observed in region
III of Fig. 12e. These findings validate the understanding of
structural variations in thin films, where crystallization occurs
at varying rates across different film thicknesses due to pro-
cesses such as solvent evaporation, interdiffusion, and col-
loidal assembly.?*®**° These processes lead to the emergence
of physicochemical reaction gradients resulting from distinct
rates of removal of tightly coordinated solvent molecules,
facilitated by the advection of evaporating solvent molecules
from different film thicknesses.**’

Annealing exerts similar effects in both the one- and two-
step methods. In the two-step method, an annealing treatment
was employed to facilitate diffusion between the two layers of
thin films, such as diffusion from the PbI,/DMF solution to
the MAI/IPA solution. Mativenga et al. varied the resting time
between these steps to enable solvent-controlled growth of
MAPDI; thin films, yielding films with fewer residues, pin-
holes, and defects.”*® During the intermediate resting period,
gradual solvent evaporation mitigated the rapid evaporation of
solvents in the second step, effectively decelerating the entire
crystallization process and resulting in devices with reduced
defects and enhanced performance. Furthermore, the residual
stress in the lattice exhibited a linear dependence on the
annealing temperature, with higher temperatures resulting in
increased stress levels in the film.>*' Typically, films prepared
using the two-step method exhibit greater residual stress than
those prepared using the one-step method.

Annealing treatments have garnered attention for their
capacity to rectify undesirable structural®*”> and are acknowl-
edged for inducing beneficial morphological transform-
ations.”®® In a vacuum-deposition process, Luo et al. success-
fully engineered low-dimensional perovskite thin films of
PEA,(Cs,,_1Pb,Brs,:+;) and subsequently improved the device
performance with an impressive EQE of 6.5% through post-
annealing treatment. Comprehensive analyses, including PL,
space-charge-limited current (SCLC), and PLQY, coupled with
kinetic assessments, indicate the effectiveness of the post-
annealing approach. This led to a notable reduction in defect
density, enhanced film morphology, a five-fold decrease in
nonradiative recombination, mitigated the unfavorable contri-
bution of the small n-phase to luminescence, and heightened
the potential for radiative recombination.

The annealing parameters, including the number of anneal-
ing steps, duration, and temperature, exert a substantial influ-
ence on both the formation of defect states within the film
and the optical performance of the devices. Furthermore, the
annealing process also impacts the construction of the inter-
mediate phase between solvents and precursors, with both
annealing time and temperature playing pivotal roles in this
regard.>** On occasion, annealing can facilitate the transition
between distinct perovskite phases; for instance, at 583 K, it
induces the transformation from CsPb,Brs to CsPbBr,;.>**
While solvent-vapor annealing is a well-established method, it
finds greater application in PSCs**® and is less commonly
employed in LEDs. This discrepancy primarily arises from the
propensity for a liquid or quasi-liquid phase to form on the
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film’s surface under vapor conditions, resulting in the recrys-
tallization of atoms in regions where grains are less compact
or not in contact, ultimately leading to the formation of larger
grains.*®” It is important to note that larger grains are gener-
ally unsuitable for light emission purposes.

Annealing, achieved through precise temperature control, is
a valuable tool for optimizing microstructures within the
crystal lattice and material interfaces. This enhances the
intrinsic crystal quality and promotes the lattice homogeneity.
Nevertheless, the selection of annealing conditions and their
influence on the performance warrants further investigation.
Careful consideration remains essential for determining the
applicability of the annealing parameters in different appli-
cation scenarios.

4.2.4 Additive engineering. As discussed in Section 4.1.2,
NCs are susceptible to surface defects during purification. To
mitigate this issue and obtain stable and efficient NCs, ligand-
control methods have been employed to reduce defects.
Similarly, in solution-processed polycrystalline films,
uncontrollable nucleation and growth processes result in the
inevitable generation of numerous defects. These defect sites
have a propensity to adsorb water and oxygen, functioning as
trapping sites for excitons upon adsorption, thereby affecting
device performance.>*® To address these challenges, additive
engineering is a widely adopted approach. Additives can be
simply classified into two primary categories: organic and in-
organic, and we discuss each category separately.

Organic additives. Certain organic molecules exhibit Lewis
base characteristics, possessing available lone electron pairs
that can interact with Pb**, reduce halide vacancies, enhance
optical properties, and improve the efficiency and stability of
PeLEDs. One approach involves the use of nonionic dielectric
Lewis base polyethylene glycol (PEG) in CsPbBr; precursors,
which physically fills grain boundaries and interacts with the
perovskite crystal to passivate defect states.”*® The interaction
binding between Pb*" and PEG effectively reduced non-
radiative recombination, resulting in a one-order-of-magnitude
decrease in the decay rate and a significant reduction in grain
size. Furthermore, stoichiometric ratio adjustments through
coordinated chemistry yielded luminance levels of 36 600 cd
m~2 and an EQE of 5.34%. Other organic polymer additives
with similar effects include poly(ethylene oxide),**° poly(2-
ethyl-2-oxazoline),”*' and polyhedral oligomeric silsesquiox-
ane.>*?* Halide amines in ammonium salts can also passivate
halide anions of the PbXs'~ octahedra through hydrogen
bonding between the amino groups and three halogen anions,
effectively reducing defects.’® For instance, multilayered quasi-
2D perovskite films have been created by incorporating long-
chain ammonium halides such as phenylethylammonium
halides (PEAX),>°® n-butylammonium halides (BAX),>** and
ethylammonium halides (EAX),>'® transforming the dimension
from 3D to 2D and facilitating bonding between the organic
large cations and halides through hydrogen bonding. This
approach is practical for producing pinhole-free films with low
defect density. To prevent excessive crystal growth and alleviate
surface defects, a substantial amount of bulky ammonium
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halide was introduced into quasi-2D perovskite films.
However, akin to ligands in colloidal NCs, the excessive pres-
ence of ammonium halides can establish an insulating
capping layer, hindering efficient carrier transport across
nanometer-sized grains within the perovskite structure.
Therefore, the inclusion of formamidine acetate (FAOAc) as an
additive in CsPbBr;_,Cl, perovskite films led to the fabrication
of highly efficient blue PeLEDs (~477 nm).>** Acetate ions in
FAOAC facilitated the removal of excess ammonium ions, while
FA" contributed to elevating the formation energy of the low-
dimensional (n = 2) phase in Fig. 13a. This leads to the sup-
pression of nonradiative recombination in the perovskite
films, converting the n = 2 phase into a 3D phase.
Consequently, efficient blue PeLEDs with a maximum EQE of
8.8% were achieved.

Another approach is the introduction of additives into the
anti-solvent and deposit them in a post-deposition treatment
process, which reduces and mitigates nonradiative recombina-
tion defects in polycrystalline perovskite films. The organic
small molecule ethoxylated trimethylolpropane triacrylate
(ETPTA) functions as a functional additive that is incorporated
into the anti-solvent.>*> ETPTA effectively passivated and sup-
pressed defects by interacting with undercoordinated Pb**
ions through its C=O0 group. This process relies on the ability
of ETPTA in anti-solvent to cover the surface of the thin film
and permeate the grain boundaries. The ETPTA passivation
treatment resulted in a high EQE of 22.49% and a threefold
increase in operational stability. Similarly, the addition of 9,9-
spirobifluoren-2-yl-diphenylphosphine oxide (SPPO1), which
contains phosphine oxide functionality, to the anti-solvent
also facilitated the passivation of defects at grain boundaries,
thereby enhancing device performance.>*®

Multifunctional molecules have proven effective not only in
enhancing the performance of NCs but also in thin films. For
instance, Xiao et al. synthesized a dual passivation additive,
4-fluorophenylmethylammoniumtrifluoroacetate (FPMATFA),
which achieved dual passivation of both Pb>" and X~ in high-
performance FAq33;CSg67Pb(lo,Bro3); red PeLEDs.>” FPMA™,
with its strong NH;" functional group at its end and electron-
withdrawing F atom, enabled close binding with X ions
through hydrogen bonds. TFA™ contributed lone electron pairs
for interaction with uncoordinated Pb**, as supported by XPS
and DFT analyses. This intricate passivation strategy with
FPMATFA led to a remarkable increase in EQE, reaching an
impressive value of 20.9% in mixed-halide PeLEDs.
Additionally, the harmful impacts stem from hysteresis and
phase segregation, attributed to defects and ion migration,
were significantly alleviated. Similarly, the bifunctional amino
acid-derived additive 5-aminovaleric acid (Ava) also exhibited
similar passivation effects.>***°

Inorganic additives. Currently, inorganic metal salts are the
predominant choice for inorganic passivation, offering
effective mitigation of X-site vacancy defects and grain bound-
aries in perovskite materials. For example, the systematic
application of passivating potassium halide on both the
surface and grain boundary regions has been demonstrated to
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Fig. 13 (a) Schematic diagram of quasi-2D perovskite with FAOAc addition. Reproduced with permission from ref. 244. Copyright 2021 Wiley-VCH.
(b) Confocal microscopy images of perovskite film on NiO, (left) and NiO,/PVK (right) substrates. Reproduced with permission from ref. 257.
Copyright 2019 AIP Publishing. (c) Schematic illustration of the depthwise penetration of PEI/EDA into MAPbBr;. Reproduced with permission from
ref. 77. Copyright 2017 American Chemical Society. (d) Schematic diagram of halide ion migration under forward and reverse bias. Reproduced with

permission from ref. 273. Copyright 2019 Wiley-VCH.

reduce nonradiative losses and photoinduced ion migration
within perovskite films and interfaces.>*® Similarly, the use of
lithium halides can yield analogous passivation effects, leading
to devices with high EQE of up to 16.2%.>*" Strategically disper-
sing metal ions within grain boundary crevices effectively passi-
vates defects and raises the defect formation energy, thereby
reducing defect occurrence.>*® In addition to metal halide salts,
certain inorganic salts containing thiolate ions can also serve as
effective passivation agents for thin film defects. This is primar-
ily because O atoms with unpaired electrons on the SO;~ head
group can form Lewis adducts, effectively coordinating with the
Pb-exposed surface. Yang et al. effectively utilized methanesulfo-
nate (MeS) in their study, and through rigorous analysis invol-
ving DFT calculations and NMR measurements, they demon-
strated that MeS engaged in robust triple hydrogen bonding
interactions with spacer BA cations.”* This interaction played a
pivotal role in modulating the crystallization kinetics of the
quasi-2D perovskite structure. The incorporation of MeS
resulted in a weakened adsorbate blocking effect of BA, pro-
moted the formation of Lewis adducts, and contributed to a
reduction in uncoordinated Pb ions, ultimately alleviating
defect formation within the perovskite films. These effects facili-
tate the transition from small-n to large-n phases, thereby
enhancing radiative recombination in the higher n-phase.
Consequently, the green LEDs employing these quasi-2D RP per-
ovskite films achieved remarkable performance metrics, includ-
ing a high CE of 63 cd A™" and an exceptional EQE of 20.5%.
4.2.5 Interface passivation. Ionic defects significantly
reduce the activation energy for ion migration, leading to

This journal is © The Royal Society of Chemistry 2024

device degradation under continuous bias conditions. In the
context of PeLEDs, optimizing the radiative recombination
efficiency is more than simply enhancing the quality of the
perovskite film. It also necessitates the precise alignment of
energy level structures and impeccable interface interactions.
As encapsulated by Nobel laureate Herbert Kroemer’s assertion
that “interfaces are the devices”, the pivotal role of interfaces
in defect management has become apparent. Interface passiva-
tion has emerged as a potent strategy for defect mitigation,
accomplished through the interaction between the passivation
layer and dangling bonds on the perovskite surface, effectively
neutralizing their detrimental effects. Interface passivation
can be categorized into two types based on the introduction
site of a passivation agent: upper and lower interface
passivation.

Lower interface passivation. The anode buffer layer, poly(3,4-
ethylenedioxythiophene):poly(styrenesulfonate) (PEDOT:PSS),
employed in PeLEDs, processes hygroscopic and acidic pro-
perties that can lead to detrimental etching of indium tin
oxide (ITO) anodes.>®® This etching effect results in exciton
quenching and poses a substantial threat to the long-term
stability of the devices. However, the relatively high injection
barrier at the interface with perovskite hinders carrier injec-
tion. Indeed, commonly employed materials such as poly(9-
vinylcarbazole) (PVK), poly(9,9-dioctylfluorene-co-N-(4-butyl-
phenyl)diphenylamine) (TFB), and poly(N,N-bis-4-butylphenyl-
N,N'-bisphenyl)benzidine (poly-TPD) can function as inter-
faces between PEDOT:PSS and perovskite, effectively alleviating
exciton quenching resulting from direct contact. These
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materials establish stepped energy level barriers, thus facilitat-
ing hole injection.>®* Moreover, when an ultrathin LiF inter-
layer was applied to coat PEDOT:PSS, the wettability of the
mixed DMF/DMSO solvent was enhanced. This enhancement
is evident from the reduced contact angles observed on the
coated surface compared to pristine PEDOT:PSS.>">

Inorganic nickel oxide (NiO,) is a promising candidate for
use as HTL in PeLEDs, owing to its highly favorable character-
istics, including exceptional stability, high hole mobility, and
effective electron-blocking ability.>>*>°® Nonetheless, the issue
of nonradiative recombination leading to substantial PL
quenching, primarily attributed to charge transfer events
induced by defects occurring at the surface of the NiO, layer,
has been a challenge. To avoid these quenching effects, an
intermediate layer was strategically introduced between the
NiO, and perovskite film. Sun et al. selected PVK as an inter-
mediate layer, which significantly elevated the PLQY from 23%
to 54%, resulting in an impressive EQE of 11.2% for a green
PeLED.”*’ This notable enhancement is attributed to improved
hole injection facilitated by the ladder energy band alignment
of the NiO,/PVK layer and the suppression of nonradiative
recombination processes, as depicted in Fig. 13b. The incor-
poration of this intermediate layer not only eliminates PL
quenching but also enhances the crystallinity and overall stabi-
lity of PeLEDs. Additionally, a synergistic approach involving
the use of sodium dodecyl sulfate (SDS)-coated NiO, in combi-
nation with short oxygen plasma treatment has been success-
ful in improving the crystallinity of the perovskite layer and
facilitating hole injection efficiency.>®® This strategy effectively
suppressed quenching by leveraging the interaction between
the C=0 group in SDS-OP and uncoordinated Pb**, leading to
efficient passivation of interfacial defects. The interfacial pro-
perties of SDS-OP contribute to the formation of a substantial
surface dipole, a consequence of the combined effects of SDS
layer dipoles and the increased concentration of Ni** species,
ultimately resulting in an enhanced hole injection efficiency.
Furthermore, a novel NiO,/LiF (1 nm)/perovskite interface has
demonstrated superior wettability toward hydrophilic perovs-
kite precursors and has successfully mitigated the effects of
defect trap states on the NiO, surface.>®

To enhance the perovskite film morphology and device
stability, it is common practice to introduce ultrathin hydro-
philic layers on poorly wetted bottom surfaces. You et al
employed this approach by depositing a hydrophilic insulating
polyvinyl pyrrolidone (PVP) polymer interface layer on the ZnO
ETL, leading to a vast reduction in perovskite film pinhole
density.>*® The improved wetting of the perovskite precursor
solution on the PVP-modified substrate resulted in the
uniform growth of perovskite films, thereby minimizing non-
radiative recombination at the grain boundaries. Additionally,
PVP passivated the surface defects in ZnO, reduced the elec-
tron-injection barrier, which, together with its insulating pro-
perties, ultimately improved the carrier balance. Similarly,
inserting PMMA between the ZnO and MAPDbBr; interface
effectively mitigated leakage current and minimized non-
radiative recombination pathways.>>® The ZnO substrate cata-
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lyzed an in situ amidation reaction with the dicarboxylic acids
in the precursor, leading to the removal of organic com-
ponents from the perovskite layer.”* These newly formed
amides acted as interface barriers, preventing undesirable
reactions between the perovskite layer and the underlying
interface, ensuring stable contact at interface, and contribut-
ing to the overall stability of the devices (T5, = 682 h at 20 mA
cm™?).

In PeLED devices, the extended diffusion length of LHP can
lead to an imbalanced charge carrier transport, resulting in
charge accumulation near the EML layer. In addition, the
interface between the HTL and EML layers plays a crucial role
in perovskite crystallization,>®* emphasizing its significance.
Various techniques similar to those employed for interface
passivation are available to address the issues of the formation
of defects. For instance, these techniques include introducing
betaine as a passivating agent between the HTL and EML
layers®®* or using MAPbCl; as an HTL layer to passivate defects
at the interface.”®®> When designing the HTL/EML interface,
considerations extend beyond defect reduction. Inserting
nanostructures>®* or Al,O; ?®® can also be considered to adjust
the refractive index mismatch between the EML layer and sub-
strate. This adjustment minimizes the photon losses in the
waveguide and substrate modes, thereby maximizing the light
outcoupling efficiency.

Upper interface passivation. Owing to the inherent structural
softness of the perovskite lattice, the interactions between Pb**
and X-site ions can be relatively weak, rendering the perovskite
vulnerable to the formation of ionic surface defects during
LHP deposition. Consequently, establishing an upper surface
interface layer is an essential prerequisite for defect mitiga-
tion. This strategic insertion effectively neutralizes uncoordi-
nated Pb atoms that contribute to nonradiative recombination
centers while also reducing the presence of dangling bonds on
the surface. Various amine-based passivating interlayers,
including branched polyethylenimine (PEI) and EDA with
different molecular sizes, were introduced to passivate defect
sites in MAPDbBr; thin films, fabricating a highly efficient
PeLEDs with excellent stability.”” This treatment addresses the
defect sites by forming coordinated bonds between the nitro-
gen atoms from the amine-based molecules and the under-
coordinated lead ions, leading to charge neutralization and a
consequent decrease in the number of defect sites. Compared
with PEI, a smaller EDA exhibited superior passivation effects
on the top of film surface and penetrated deeper (Fig. 13c).
Therefore, Song et al. gained outstanding PL intensity, no PL
blinking, and enhanced device performance. A thin passiva-
tion layer of the organic small molecule TOPO was applied to
coat the surface of quasi-two-dimensional perovskite thin
films.>*® PeLEDs utilizing PEA,(FAPbBr;),_1PbBr, (n = 3)
exhibited green emission and achieved a remarkable CE of
62.4 cd A" and an EQE of 14.36%. This achievement primarily
relies on the combination of TOPO and PbBr, to passivate
defects, effectively reducing nonradiative recombination at
both the surface and grain boundaries. Similarly, the incorpor-
ation of a LiF interlayer on the EML/ETL surface served a dual
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purpose: it eradicated defects at perovskite grain boundaries
and the surface by strengthening chemical bonds with uncoor-
dinated Pb** ions, while also preventing perovskite emission
quenching caused by the electron transport layer.>®” Moreover,
it reduces excessive electron injection, effectively maintaining
carrier balance within the device.

4.3 Adjustment of drive modes

PeLEDs are typically driven by direct current (DC), which is a
straightforward driving mode to realize effective luminescence.
Nevertheless, DC driving comes into being continuous uni-
directional current injection, resulting in unfavorable charge
accumulation at the luminescent layers, especially at high
current densities.>®® This can compromise the device stability
and induce adverse defect behaviors such as ion migration
under EFs. In addition, DC driving requires power converters
and rectifiers when connected to household alternating
current (AC) power lines (110/220 V and 50/60 Hz), making
inevitable power losses.>®® Recently, there has been a growing
interest in AC-driven EL devices, as they present a potential
alternative mode to replace DC driving. AC driving involves the
frequent reversal of the applied EF, effectively preventing
charge accumulation and thermal degradation of devices, alle-
viating adverse defect behaviors and improving operational
stability.”’°?”> The passivation methods discussed earlier,
which address defects in NCs and thin films, are not only
effective in reducing the defect impact under EF conditions,
but also serve as universal defect passivation strategies appli-
cable to devices in various scenarios. AC-driven devices lever-
age EFs to manage the defect behavior within perovskite
materials. When subjected to an AC EF, defects at interfaces or
within the EML become activated as charges.”®® These
charges, acting as hot electrons, tunnel into the EML to
impact and excite emitting centers for light generation or form
excitons with counter charges, ultimately in turn leading to
light emission through recombination.**®

Under a DC bias, one detrimental defect behavior is ion
migration, which can lead to spectral instability. However, AC
driving mode effectively alleviated this issue. Tang et al
employed square-wave alternating voltage to drive devices and
obtain stable ultra-pure CsPbBr,Cl;_, blue PeLEDs
(~466 nm).*”> Under DC operational bias, the mixed-halide
perovskite film exhibited Cl-rich and Br-rich regions, resulting
in spectral instability due to halide ion migration. This
phenomenon was fully reversible upon resetting or applying a
reverse bias (Fig. 13d). Utilizing reverse bias facilitates the
rearrangement of halogen ions in mixed-halide devices. A
square-wave alternating voltage was employed for 12 h to
stabilize the EL spectra during the operation. Mobile ions
accumulate at the surface of the perovskite emission layer
induced by EF, which causes bond bending. This effect
reduces the injection barriers for electrons and holes at
forward and reverse voltages, enabling bidirectional AC EL. Hu
et al. realized bidirectional AC EL using red quasi-2D
PEA,MA,,_,Pb,I3,., films with different n-phase uniform distri-
butions and symmetric device structures (ITO/PEDOT:PSS/PEI/

This journal is © The Royal Society of Chemistry 2024
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PEA,MA,_,Pb,1,,,,/P3HT/PEI/Ag).>’* The distinct n-phase
quasi-2D films provided varying optical bandgaps and energy
levels of the conduction and valence bands to accept and
transport injected carriers. Additionally, the accumulation of
mobile ions at the film interface further reduces the energy
barriers for carrier injection under AC voltage, enabling bidir-
ectional electron-hole injection. This approach achieved a
final EQE of 12.5% and EL irradiance of 24 W sr™* m™2 at
forward voltage and 3.7% and 18.3 W sr™' m™?
voltage.

Under the influence of EF, both mobile defects and charge
carriers exhibit response times to EF, which becomes more
pronounced under AC EFs, especially with varying frequencies.
In the context of the AC quasi-2D devices mentioned previously,
the EL displayed a gradual response when subjected to a square-
wave voltage, instantly disappearing when the voltage was
removed (Fig. 14a). Moreover, at different frequencies (1/20/50/
100 Hz), the response time lengthened with increasing fre-
quency, indicating increased accumulation of mobile ions at the
interfaces.>”* Material properties also play a role in the response
times. Fig. 14b illustrates that the EL response curves of
MAPbBr; and MAPbI; under low-frequency and high-frequency
AC sinusoidal voltage differ.>”> Under low-frequency conditions,
both the MAPbBr; and MAPbI; EL responses synchronize with
the applied voltage crests. However, at high frequencies, a
certain delay is observed because the transit time of the charge
carriers exceeds the duration of a forward-bias half-cycle, requir-
ing more time for recombination. The delay effect is more pro-
nounced in MAPbBr; because the recombination region is
closer to the ETL under positive EFs, necessitating a longer
receding time under reverse bias to retract the recombination
region. Moreover, the ambipolar nature of the materials affects
the reverse-bias EL intensity. For ambipolar materials such as
MAPDI;, the reverse bias EL intensity is higher because the
emission during the negative half-cycle primarily originates
from residual charge carriers from the positive half-cycle.

Several efforts have been made to operate PeLEDs using AC
voltage, with a focus on reducing the migration of ionic
vacancies to enhance operational stability and increase EL
intensity. Li and colleagues conducted a comparative study on
CsPbI; NCs under both DC and AC driving modes, observing
alleviated efficiency roll-off and improved operational stability
under AC mode (Fig. 14c).>”" This effect primarily stemmed
from the shorter operation time of AC driving compared with
DC driving at an equivalent voltage, mitigating heat generation
at high current densities. The frequent EF reversal also con-
tributed to reducing charge accumulation in the defect states.
Furthermore, they conducted a comparative analysis between
sine and square pulsed bias to assess their effects on enhan-
cing the device stability (Fig. 14d). It was observed that square
pulsed bias yielded better EL intensity and operational stability
due to the higher voltage magnitude of the square pulsed bias
under the same peak-to-peak voltage (Vpp).>”® The EL intensity,
whether driven by a sine or square pulsed bias, decreases with
increasing frequency. This phenomenon can be attributed to
the fact that the reverse voltage pumps out a larger number of

at reverse
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Fig. 14 (a) EL profile of quasi-2D perovskite LEDs under forward (4.5 V) and reverse (-3.5 V) square-wave biases at different frequencies.

Reproduced with permission from ref. 274. Copyright 2021 Elsevier Ltd. (b) EL and applied sinusoidal ac voltage as a function of phase angle for the
LEDs based on MAPbIs and MAPbBrs; at 75 Hz (top) or 5.6 kHz (bottom). Reproduced with permission from ref. 275. Copyright 2020 American
Physical Society. (c) Normalized EL intensity of CsPbBrz NCs LED as a function of voltage (left) and running time (right) under DC and AC driving con-
ditions. Reproduced with permission from ref. 271. Copyright 2017 Wiley-VCH. (d) Integrated EL intensity versus Vp,, (left) and excitation frequency
(right) under different driving voltage modes (square wave and sine wave). Reproduced with permission from ref. 276. Copyright 2018 MDPI.

injected carriers before they can recombine at higher frequen-
cies. By employing a dual strategy of AC driving and ChCl
interface passivation, it is possible to effectively passivate
interface defects, suppress device heating, and reduce charge
accumulation. As a result, stability is improved by a factor of
four compared to DC driving.>””

We recognize the inherent advantages of perovskite materials,
including their high carrier mobility (ranging from 0.1 to 10 cm®
Vv~ s71) and long diffusion lengths (exceeding 500 nm). These pro-
perties enable low-frequency emissions when subjected to an AC
EF and potential integration with household circuits. Moreover, in
AC-OLEDs, the serial connection of multiple units capitalizes on
the alternating nature of the AC voltage, facilitating the alternating
emission of different colors during the positive and negative
cycles. Implementing this approach in PeLEDs broadens the scope
of the potential applications of these devices. When operated
under a DC bias, thermal effects and the accumulation of defects
at interfaces can result in device and material degradation.
However, AC driving offers a solution to mitigate these issues,
allowing for controlled management of defect behaviors.

5. Conclusion and future
perspectives

In recent years, LHP materials have achieved remarkable
advancements, which are emerging as promising candidates

3872 | Nanoscale, 2024, 16, 3838-3880

for next-generation display technologies. LHP materials exhibit
notable advantages such as high EQE, cost-effective fabrica-
tion, exceptional color purity, and an extensive color gamut.
Although research into the physics of LHP-based devices is
currently experiencing rapid growth, there remains a substan-
tial gap that must be bridged before commercial applications
can be fully realized. LHPs are well known for their high toler-
ance to defects; however, recent investigations have indicated
that defects play a pivotal role in constraining the attainment
of high-performance PeLEDs. Therefore, our focus was on elu-
cidating the behavior of defects and providing a comprehen-
sive review of defect passivation methods.

The formation of defects in PNCs and bulk films is influ-
enced by a variety of internal and external factors. Among
these factors, the study of defect behavior under EF is particu-
larly pivotal, as an EF serves as an indispensable external oper-
ating condition for driving these devices. The behavior of
defects in the presence of EF remains intricate and elusive.
Under EF, defects undergo transformation into charged
defects, leading to the movement of quasi-free charge carriers
and ensuing ion migration. Ion migration, as a consequence
of defect behavior, is particularly concerning for researchers
due to its potential to cause device degradation and introduce
color impurities. However, these adverse effects can be effec-
tively mitigated through the application of targeted defect pas-
sivation techniques. A more profound understanding of the
EF-induced defect dynamics behavior is still relatively limited.

This journal is © The Royal Society of Chemistry 2024
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When devices inject or generate charge carriers or photocar-
riers under the influence of EF or illumination, the interaction
between defects and carriers becomes notably intricate.
Currently, PL variation serves as the primary tool for investi-
gating the behavior of charge carriers and defects in the pres-
ence of lateral EF. Additionally, the movement of defects under
an electric field can generate new, potentially harmful deep-
level defects.

The challenge in achieving theoretical unity in understand-
ing defect behaviors is partly due to the absence of direct
visual characterization methods for defects. Although com-
monly used methods, such as microscopy, spectroscopy, and
electrical measurements, have been reported in the literature,
these methods primarily provide indirect responses to defect
behaviors, which is not conducive to simple analysis.
TOF-SIMS, a technique enabling the relative visualization of
ion migration phenomena within devices, and a number of
developed in situ characterization techniques provide valuable
insights into how defect behaviors contribute to poor device
performance.

Nowadays, extensive research is directed toward defect pas-
sivation with the aim of mitigating the adverse effects of defect
behaviors and enhancing the performance of PeLEDs. In this
review, we summarized the recent advancements in defect pas-
sivation within LHPs and examined them from three perspec-
tives: NCs, bulk films, and driving methods. Defect passivation
for NCs predominantly revolves around ligand control, which
we have delineated with a focus on functional groups for opti-
mizing both NC materials and devices. However, the choice of
ligands for NCs creates problems of possible toxicity and stabi-
lity, restricting their development. The commonly used encap-
sulation method increases the particle size, which is unfavor-
able for practical applications. Natural materials such as
lecithin as a ligand are a potential material to expand the
application of NCs in the biological field. Regarding the defect
passivation methods for bulk films, we explored compositional
adjustments, solvent engineering, annealing processes, addi-
tive engineering, and interface passivation. Current research
has shown that using inorganic additives in bulk materials is
cost-effective, suitable for mass production, and commercially
viable. Furthermore, employing AC-EF that can be directly inte-
grated with home circuits to drive PeLEDs presents a feasible
approach and constitutes an important research target for
future commercial applications.

Looking ahead, EF-induced LHP-based devices are ripe
with opportunities and challenges. Research on EF-induced
defect behavior primarily centers on the lateral EF, with
limited exploration of vertical electric fields. In-depth research
into the impact of vertical EFs on defect behavior is crucial, a
topic that currently lacks consensus within the academic com-
munity. This highlights a significant research gap that
demands to be addressed urgently and requires a concerted
effort by researchers in their future work. This is not just vital
for understanding the physics of the PeLEDs but also pivotal
in eliminating the effects of ion migration, an essential step
towards the early realization of commercial use.

This journal is © The Royal Society of Chemistry 2024
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Moreover, due to the toxicity concerns associated with lead
in LHPs, there has been a growing focus on developing lead-
free perovskites. Lead is highly water soluble and readily cycles
through the food chain into the human body. Therefore, to
safeguard public health, it is imperative for us to pursue the
development of Pb-free PeLEDs vigorously, but the perform-
ance of current Pb-free devices still significantly lags far
behind that of Pb-based perovskite because of self-trapped
exciton emission and indirect bandgap. With vigorous develop-
ment, non-toxic or low-toxicity Sn- or Ge-based PeLEDs are
expected to improve performance gradually.

AC is emerging as a promising solution for mitigating the
charge accumulation at interfaces induced by EFs. PeLEDs
driven by AC can be directly connected to standard household
circuits (110/220 V and 50/60 Hz) without additional power
converters and rectifiers, reducing power loss. AC driving
mode has the potential to achieve color-tunable emission,
akin to OLEDs, under varying EF directions, fulfilling the
desire for adjustable color displays. Therefore, AC driving is
poised to become a significant research focus in the field of
PeLEDs.
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