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Lead-halide perovskites (LHPs), in the form of both colloidal
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nanocrystals (NCs) and thin films, have emerged over the past decade

as leading candidates for next-generation, efficient light-emitting
diodes (LEDs) and solar cells. Owing to their high photoluminescence
quantum yields (PLQYs), LHPs efficiently convert injected charge
carriers into light and vice versa. However, despite the defect-tolerance
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nonradiative recombination, which lowers the PLQYs, device effi-

ciency, and stability. Therefore, understanding the defects that play 4
a key role in limiting performance, and developing effective passiva-
tion routes are critical for achieving advances in performance. This
Review presents the current understanding of defects in halide
perovskites and their influence on the optical and charge-carrier
transport properties. Passivation strategies toward improving the effi-
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ciencies of perovskite-based LEDs and solar cells are also discussed.

1. Introduction

Defects exist in nearly all semiconductors at room
temperature.!'l These defects exist at the atomic scale (e.g.
vacancies) through to the macroscopic level (e.g. voids or
wrinkles).'*?! They play a key role in controlling the optical,
electronic, and structural properties of semiconductors, and
thus affect a wide range of applications."***?31 Although
defects give rise to numerous advantages (e.g. active sites for
photocatalysis), the traps they introduce in the band gap are
detrimental to the optoelectronic performance of semicon-
ductors.'"*¢ Historically, the emphasis of material growers was
to develop synthesis routes to prepare pure and perfect
crystalline semiconductors which could be controllably doped
with the desired elements to obtain the required electronic
properties (e.g. majority carrier type and concentration).l*l
The presence of defects in certain semiconductors, even at
a level of parts per billion, can dramatically alter their
properties, such as conductivity, charge-carrier mobility, and
minority carrier lifetimes. Such defects can, therefore, lower
the performance of the resulting optoelectronic devices.

In classical semiconductor systems, such as Si, GaAs,
CdTe, CdSe, InP, and metal chalcogenides, a small population
of defects can be extremely detrimental, as reflected in the
substantial decrease in their intrinsic photoluminescence
quantum yield (PLQY), carrier mobility, and stability.'*”
However, interestingly, some semiconductors are defect-
tolerant, which means that it is possible to achieve low
nonradiative recombination rates despite high densities of
traps in the band gap.'*?*¢ Defect-tolerant semiconductors
were rare and were not widely studied until the recent
serendipitous discovery of LHPs.”! LHPs have the general
formula ABX;, where A = CH;NH;*, HC(NH,),", Cs*; B=
Pb*"; X=CI", Br™, and I". This class of halide perovskites
shot to prominence over the past decade owing to the rapid
increases in efficiency achieved in optoelectronic devices.
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6. Summary and Outlook 19

Originally, this was achieved in photovoltaic devices, whose
efficiency rose from 3.8% in 2009® to a certified 25.5% in
2020."’ Subsequently, efficient performance was also found in
LEDs (from ca. 1% external quantum efficiency in 2014 to
>23% in 20201"%), radiation detectors, and others.!'!]
Nevertheless, despite their defect-tolerant nature, the
surface defects and grain boundaries (GBs) present in
perovskite thin films have been found to be detrimental to
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the performance of the resulting optoelectronic devi-
ces.?be46¢121 The Jatest advances in efficiency require careful
passivation strategies.'” Similarly, in colloidal perovskite
NCs, the surface defects arising from the removal of ligands
and surface halides during purification significantly reduce
the PLQY.[" In particular, surface defects play a critical role
in the optical properties of colloidal NCs because of their high
surface area to volume ratio.l'"*'”) Therefore, it is of utmost
importance to understand the types of defects that are
common at surfaces as well as their role in the optoelectronic
properties of perovskite thin films and colloidal NCs to
advance their applications in solar cells and LEDs.[* 1214161
Toward this goal, a wide range of surface passivation
strategies have been developed using a large variety of
organic and inorganic molecules for LHP NCs as well as thin
films. 2128 14016171 Ty this Review, first we present a funda-
mental understanding of the surface chemistry and defects in
perovskite NCs and thin films. The defect-tolerance of
different compositions of LHPs is discussed, as well as the
types of defects that commonly occur. We then provide an
overview of surface passivation strategies for both colloidal
NCs and thin films toward improving their optical properties
and thus the efficiencies of the resulting LEDs and solar cells.
Finally, we present a brief outlook, highlighting the open
questions and remaining challenges in this research field.
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2. Surface Chemistry and Defects in Thin-Film and
Colloidal Perovskites

As discussed in the introduction, surface chemistry plays
a critical role in the optical and electronic properties as well as
the stability of LHPs. Therefore, the surface chemistry of
LHPs has been heavily investigated but is still not fully
understood.™>1*¥ During the crystallization of perovskite
thin films, their surfaces can terminate with PbX, or AX or
both, depending on the film processing conditions. The
electronic band structure of the surface could be different
from that of the bulk, and the type of surface termination can
significantly influence the band alignment with other molec-
ular systems.'”’ Although AX termination is thermodynami-
cally stable, it can be changed to PbX, when organic-inorganic
hybrid perovskite films are exposed to moisture because of
differences in their interaction with water molecules. This is
because the AX termination can undergo fast hydration
compared to the PbX, termination because of the strong Pb—
X bond.

However, the presence of higher humidity can lead to
complete hydration of the surface, regardless of the type of
surface termination. To improve the stability of LHP films by
increasing the surface resistance to moisture, long-chain
alkylammonium halide molecules have been incorporated
into perovskite films, thereby giving rise to 2D halide
perovskites.””! These molecules can also passivate the surface
defects in LHP films. Like in classical semiconductors, two of
the main classes of defects are point defects (atomic-scale)
and structural defects. Compared with a perfect lattice
(Figure 1a, i), point defects (native defects) include vacancies
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(atoms absent from their lattice sites; Figure la, ii-iv),
interstitial defects (atoms located between lattice sites;
Figure 1a, v-vii), and anti-site defects (atoms occupying
another species’ lattice site; Figure 1a, ix—xiv). Structural
defects (extended defects) include dislocations (Figure 1a,
xv) and GBs (Figure 1a, xvi). In addition, defect complexes
can occur. These include Schottky defects (pair of anion and
cation vacancies; Figure 1a, xvii) and Frenkel defects (a pair
of an interstitial and a vacancy created from the same ion;
Figure 1a, xviii). Beyond these intrinsic defects, extrinsic
impurities can also occur (Figure la, viii, xix). Unlike
conventional semiconductors such as Si, CdTe, or GaAs,
which require low defect concentrations to mitigate the
deleterious effects of their deep traps, the common point
defects in perovskites (A- and X-site vacancies) are usually
shallow-level defects (at least for Br- or I-based perovskites)
and are not detrimental to their device performance. Point
defects with deep traps such as interstitial or anti-site defects
are almost absent in perovskites, since they have high
formation energies.”! Therefore, the types of defect which
we should consider during synthesis and passivation are more
likely to be uncoordinated Pb*" ions and surface charged
defects.”>?] More details will be discussed in Section 2.1.
On the other hand, the surface chemistry of colloidal
perovskite NCs is more complex in the presence of capping
ligands on the surface (Figure 1b).1!8I Most often, long-chain
amines in combination with a long-chain acid have been used
as ligands in the synthesis of colloidal perovskite NCs. One of
the most commonly used amine-acid pair is oleylamine and
oleic acid. In this base-acid pair, the proton is exchanged from
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the acid to the amine, leading to the formation of an
ammonium cation (R-NH;"), which then occupies the A site
positions on the NC surface (Figure 1b). Theoretical studies
suggest that ammonium cation ligands replace 50% of the
“A” cations on the NC surface and these ligands help to
maintain the colloidal stability of perovskite NCs in nonpolar
solvents.” Furthermore, it was shown experimentally (by X-
ray photoelectron spectroscopy (XPS) and 'H NMR spec-
troscopy) that the R-NH;" binds to the surface of CsPbBr;
NCs by replacing most of the Cs* cations and forming
hydrogen bonds with Br~ anions.'® However, interestingly, it
was argued that the R-COO™ ions do not bind to the NC
surface, but play an important role in the colloidal stability of
CsPbBr; NCs by forming an equilibrium with surface-bound
R-NH," ions and maintaining charge neutrality.'®! In con-
trast, quantitative '"H NMR studies by Smock et al. suggest
that both the oleylamine and oleic acid ligands bind to the
surface of CsPbBr; NCs."*! Similarly, De Roo et al. showed,
by using '"H NMR spectroscopy, that oleic acid binds to the
NC surface in the form of oleylammonium oleate only when
excess oleylamine is added to the purified NC solution, and
this helps to improve the PLQY.!'”] Another hypothesis is that
the long-chain carboxylic acid molecules replace some of the
surface halides to complete the octahedral coordination of
lead, and thus passivate the mid-gap defect states (Fig-
ure 1b).”"" Amine-free synthesis methods were also reported,
in which the nanocrystals were solely capped by oleic acid;*!
this results in colloidal CsPbBr; NCs with only oleate-
terminated surfaces. Although the role of oleic acid in the
colloidal stability of perovskite NCs is still under debate, it is
widely accepted that alkylammonium cation ligands bind to
the surface of perovskite NCs. However, ligand binding to
a perovskite NC surface is highly dynamic and, therefore, the
surface is properly passivated only in the presence of excess
free ligands in the solution. Because they are labile, surface
ligands often desorb from the perovskite NC surface upon
ageing, dilution, or purification by washing, and these
processes lead to the formation of surface defects, and thus
a reduction in the PLQY.™ It is worth mentioning that
a small amount of additional ligands need to be added during
the purification to maintain the colloidal stability and high
PLQY of perovskite NCs.™! To overcome these difficulties,
various ligands, such as quaternary alkylammonium cations,
alkyl phosphonates, and zwitterionic molecules, have been
tested as alternatives to the oleylamine/oleic acid pair
(Figures 1b).%% Tt is well-established that the stability and
PLQY of perovskite NCs strongly depend on the binding
affinity of the capping ligands. Recent studies suggest that
ligands with multiple functional groups with opposite charges
(e.g. zwitterionic molecules such as 3-(N,N-dimethyloctade-
cylammonio)propane sulfonate) tightly bind to the perovskite
NC surface and thus significantly improve the stability. It was
hypothesized that the ammonium cation of the zwitterionic
molecules occupies the A-site position, while the carboxylate
or sulfonate group simultaneously binds to uncoordinated Pb
to complete its octahedral coordination (Figure 1b). In this
regard, Krieg etal. demonstrated that the CsPbBr; NCs
capped with zwitterionic molecules could be washed multiple
times without hampering the PLQY and chemical stability,
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Figure 1. Defects in lead-halide perovskites. a) Types of defects in lead-halide perovskites: i) perfect crystals, ii) A-site vacancy, iii) X-site vacancy,
iv) B-site vacancy, v) A-site interstitial, vi) X-site interstitial, vii) B-site interstitial, viii) impurity interstitial, ix) Ag anti-sites, x) A anti-sites, xi) X
anti-sites, xii) X, anti-sites, xiii) B, anti-sites, xiv) B, anti-sites, xv) lattice dislocations, xvi) grain boundary defects, xvii) Schottky defect (anion and
cation vacancies occurring together), xviii) Frenkel defect (interstitial and vacancy created from the same ion), xix) impurity substitution.

b) Schematic illustration of the ligand-capped LHP nanocrystal and an enlarged view of the nanocrystal surface with defects and different types of
surface ligands used for the stabilization of NCs, including alkylammonium ions, carboxylic acid, and zwitterions such as amino acids. The Figure

is inspired by Ref. [21].

thus suggesting that these types of ligands bind strongly to the
perovskite NC surface.[*!

In principle, perovskite NCs also exhibit similar types of
defects as bulk thin films (Figure 1a). Additionally, perov-
skite NCs exhibit surface vacancies caused by the desorption
of ligand molecules (Figure 1b). To address this, and owing to
the flexible surface chemistry of perovskite NCs, a wide range
of post-synthetic defect-passivation strategies have been
developed to improve the stability and PLQYs, which is
discussed in detail in Section 3. The defects in both thin films
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and NCs can cause either shallow or deep states in the
electronic band structure. Defects in a specific material are
generally studied by calculation of their formation energies in
different charge states. It has been said that the vacancies (A,
Pb, and X point defects) in perovskites form shallow traps
because of their low formation energy. However, interest-
ingly, surface halide vacancies can significantly affect non-
radiative recombination rates depending on the type of
halide, which are discussed in detail in the following section.
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2.1. Defect Tolerance in Perovskites

A key enabling feature of lead-halide perovskites is their
defect tolerance, in which low nonradiative recombination
rates are achieved despite high densities of defects.[®**?7!
Owing to their defect tolerance, lead-halide perovskite thin
films and nanocrystals that have defect densities several
orders of magnitude higher than silicon or GaAs could still
realize efficient solar cells and light-emitting diodes.”>?*! This
is because the trap levels from the most common defects are
shallow and have low capture cross-sections, and can be
understood from the classic equation for Shockley-Read-Hall
(Usgy) recombination [Eq. (1)],1! where n and p are the
electron and hole carrier concentrations, respectively; 7, and
p; are the occupancy of the single trap-state modelled; and 7,
and 7, are the low injection hole and electron lifetimes,
respectively.*! Based on Equation (1), there are three ways to
limit Uggpy, as shown in Equations (2) and (3): 1) by having
a low trap density (IV,); 2) by having low carrier capture cross-
sections (o0, and o,.); and 3) by having the defect energy
levels (E,) far away from the map-gap energy level (i.e. close
to the band edge), thereby giving rise to a larger n, or p, value.
In the third case, having a trap close to one band edge would
allow it to be highly occupied by one of the carriers (hence
a high n, or p, value) but it would be difficult for the other
carrier to reach that trap state because of the large energy
difference. Thus, nonradiative recombination is reduced.
Traditionally, material growers have opted for the first
option of minimizing N,. Defect tolerance focuses on design-
ing materials that have low capture cross-sections and shallow
defects, enabling low Uggyy values despite high N, values, as
shown in Figure 2.

2
np — n;
Usry = : 1
ST g+ my) + we(p + 1) M
1 1
Toh=-——and 7p, =——— 2
T NOwVinn o NG Vine @
E, —E; E —E;
n, = n,-exp< lk ’> and p, = nl-exp( lkT '> (3)

Defect tolerance in the lead-halide perovskite family was
originally identified in methylammonium lead iodide
(MAPbL),™ and rationalized on the basis of the electronic
structure.[®®! The Pb6s and I5p orbitals hybridize to form
a pair of bonding and antibonding states in the upper valence
band, while the Pb 6p orbital hybridizes with the I5p orbital to
form a bonding state in the upper valence band and an
antibonding state in the conduction band minimum.[ As
a result, the original atomic orbitals are close to the band
edges rather than inside the band gap (as shown in Figure 2,
right). To a first approximation, defect states form close to the
original atomic orbitals, and the electronic structure of
MAPbDI; makes it more likely that these states are resonant
within the bands or shallow within the band gap. This
contrasts with the electronic structure of traditional semi-
conductors (e.g. silicon; Figure 2, left), in which the bonding—
antibonding states form across the band gap and the original
atomic orbitals are within the band gap, thereby making deep

Angew. Chem. Int. Ed. 2021, 6o, 2—27
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e.g., MAPbI;
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Deep traps
LR N ]
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=
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Figure 2. lllustration of how the electronic structure can enable defect
tolerance. Left: The electronic structure of defect-intolerant materials
(e.g. silicon), in which traps primarily form deep within the band gap
and have high capture cross-sections. Right: the electronic structure of
defect-tolerant materials (e.g. MAPbI3), which primarily form shallow
traps with low capture cross-sections.

traps more likely to form. Furthermore, the presence of heavy
elements in MAPbI; leads to strong spin—orbit coupling,
which reduces the band gap, making it more likely that the
trap states are shallow.®®¢! The high polarizability of the Pb**
ion also leads to a high dielectric constant, which favors lower
capture cross-sections of charged defects.**'!! The combina-
tion of shallowness in the trap energy levels and low capture
cross-sections leads to low trap-assisted recombination rates
despite high defect densities. However, the defect tolerance of
MAPDI; has not been found to be generalizable across the
entire lead-halide perovskite family (Figure 3a). Beyond the
electronic structure, the crystal structure has also been found
to play an important role. For example, CsPbl; can form three
polymorphs (cubic oa-phase, or orthorhombic 8- and Y-
phases).®” Although the composition of the orbitals and
bonding/antibonding states is qualitatively the same as that of
MAPbI;, the Pb-I-Pb bond angle reduces from 180° for the a-
phase to 155° (y-phase) and 95° (8-phase).’* Whereas o-
CsPbl, is defect-tolerant,F” the reduced bond angles in the
alternative polymorphs lead to a reduction in the overlap in
the orbitals from Pb and I, thus reducing defect tolerance,
especially in the 8-phase, which forms deep traps.**! Indeed,
the synthesis of nanocrystals is advantageous because with
reductions in size, formation of the a-phase becomes more
favorable, whereas the defect-intolerant 8-phase would form
in bulk thin films or nanocrystals that are too large.*”
Another important structural factor is the lattice param-
eter. On changing the halide from I to Br~ to CI” in
MAPbLX;, the lattice parameter decreases. This leads to
stronger interactions between Pb*' dangling bonds when
halide vacancies form, which, when combined with the lower
electron affinity, gives rise to deeper trap levels for the halide
vacancy. Thus, while MAPbI; and MAPbBr; primarily form
shallow traps, MAPbCl; forms deep traps.™***34 This has
also been found in their inorganic counterparts, in which cubic
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Figure 3. Defect tolerance in perovskite NCs. a) Effect of halide vacan-
cies on the PLQYs of CsPbl;, CsPbBr;, and CsPbCl; NCs, and

b) transition level of halide vacancies in the band gap of these
materials. Reprinted from Ref. [31] with permission. Copyright 2018,
American Chemical Society. c) Defect diagram for CsPbl,. The dashed
lines represent the conduction band minimum energies computed
from GW calculations. Reprinted from Ref. [30b] with permission.
Copyright 2017, American Institute of Physics.

CsPbCl; forms deep traps and has significantly lower PLQYs
than a-phase CsPbBr; and CsPbl;, which are both defect-
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tolerant (Figures 3a,b).**3®3! Calculations of defects in a-
CsPbl; showed the defects with the lowest formation energies
are lead vacancies (Vp,), iodine vacancies (Vy), as well as anti-
site (Pb; and Cs;) and interstitial defects (Pb; and Cs)).
However, none of these defects have transition levels (or trap
states) within the computed band gap.’® We note, however,
that the calculated band gap of about 1eV from GW
calculations is below the experimental band gap of
1.73 eVl Band-gap corrections can lead to the transition
levels also shifting in energy, but it is likely that the V;
transition level falls within the band gap, as has been found
in computations by other groups (Figure 3b). Similarly,
calculations on defects in CsPbBr; showed that all defects
with low formation energies form shallow transition levels.

These discussions on the role of bulk point defects have
been found to be applicable to surfaces, which play a critical
role in nanocrystals. Ab initio calculations on CsPbX; (X =
I", Br™, CI7) slabs with a halide vacancy introduced on the
surface show that the halide vacancy is shallow in CsPbl,,
slightly deeper in CsPbBr;, and close to mid-gap in CsPbCl;
(Figure 3b). This is consistent with the trend in the PLQYs
decreasing as the halide is changed from I to Cl, as well as the
PLQY of CsPbl; remaining close to unity as the halide
vacancy content increased, whereas the PLQY of CsPbCly
sharply decreased.®) However, ten Brinck et al. argued that
understanding defects at the surfaces of nanocrystals compu-
tationally requires a different treatment to the bulk. Their
work on CsPbBr; nanocrystals, nevertheless, still showed that
the surface is defect-tolerant because the defects with the
lowest formation energies remain shallow.['*

3. Defect Passivation in Perovskite NCs

Figure 4 a illustrates the formation of surface defects in
perovskite NCs either by ageing or washing, and their
passivation with ligand molecules or metal salts. Ligand
detachment from the NC surface leads to the formation of
both A-site and X-site vacancies for charge neutralization
(see Section 2 for more details). There are mainly three types
of post-synthetic approaches for the surface passivation of
perovskite NCs: 1) addition of metal salts along with ligand
molecules, 2) addition of ligand molecules that bind strongly
to the perovskite NC surface, and 3) treatment with inorganic
salts. The ligand molecules are expected to fill the A-site and
X-site vacancies to recover the fluorescence of the perovskite
NCs (Figure 4a). According to covalent bond classification,
these surface ligands are generally divided into L, X, and Z
types depending on the number of electrons (2, 1, and 0,
respectively) they donate to the metal of a NC surface.
Because of the ionic nature of perovskite NCs, L-type ligands
(cationic and anionic) have mostly been used for the
passivation of the A and Xsites of the NC surface. One of
the early studies on the surface passivation of LHP NCs was
reported by Pan et al. 2015;5% they demonstrated an improve-
ment in the photoluminescence and stability of CsPbBr; NC
films upon treatment with didodecyldimethylammonium
sulfide (S*-DDAY). The authors reported that passivation
leads to the formation of a protective layer enriched with
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Figure 4. Surface chemistry of perovskite nanocrystals and defect passivation. a) lllustration of the formation of surface defects on pristine
nanocrystals with well-capped organic ligands. Aging or washing processes will lead to ligand detachment and surface defects. Surface passivation

agents are used to reform the protective shell. b) Types of passivation ligands used in perovskite nanocrystal systems. The Figure is inspired by
Refs. [17a,33].
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sulfide. However, the passivation mechanism at the molecular
level was unclear. The first detailed study of the surface
chemistry of perovskite NCs and the highly dynamic nature of
ligand binding was reported by Roo et al. in early 2016.1!
They also found that the addition of excess amine improves
the binding of carboxylic acid and thus the PLQY. Later, Pan
etal. found that exchanging the ligands of the classical
oleylamine/oleic acid pair by alkylammonium halides could
significantly improve the PLQY and the efficiency of the
resulting LEDs.””! Following these early studies, a large
variety of ligands have been reported for the electronic
passivation of perovskite NCs to improve their optical
properties; some of the ligands are illustrated in Fig-
ure 4 b, [140-d.264.3L3338] Tn most studies, it was shown that the
passivating ligands help to improve the PLQY as well as the
stability of perovskite NCs.

The choice of the ligands is generally based on the
simultaneous refilling of A-site and halide vacancies with an
ammonium cation and the same halide (or with an organic X-
type ligand), respectively!*>7+1%] This is because the healing
of surface defects requires restoration of the damaged surface
by filling the halide vacancies and forming a complete ligand
shell. Keeping this in mind, alkylammonium halides have
been a good choice for fulfilling this criterion toward effective
electronic passivation and improving the stability of perov-
skite NCs.[14172.3637.3839] For example, Bodnarchuk et al.
demonstrated that treating the surface of aged or purified
CsPbBr; NCs with a mixture of didodecyldimethylammonium
bromide and PbBr, leads to an improvement in the PLQY up
to 90-100% (Figure 5a).'™ The authors proposed that the

starting colloid

o QY: 60-70%

purified collgid
QY: 30-40%

DDAB+PbBr2
QY: 90-100%

Abs/PL, norm,

purified, DDAB+PbBrz
QY: 80-100%

507 518

w0 a0 st0 s 60 650
Wavelength, nm
Figure 5. a) UV/Vis absorption and PL spectra of pristine and treated
CsPbBr; colloidal solutions: pristine oleylamine/oleic acid stabilized
NCs (black line), colloidal solution purified using acetone as a non-
solvent (containing OLA and OA,; dark blue line), pristine CsPbBr;,
NCs treated with a mixture of DDAB+ PbBr, (gray line), and purified
colloid treated with a mixture of DDAB + PbBr, (blue line). The inset
magnifies the PL band positions of the four samples; the PL position
remains unaltered after surface treatment. b) Photographs of the four
colloidal solutions under illumination with UV light. The Figures are
reproduced from Ref. [17a] with permission under the Creative
Common CC-BY-NC-ND license. Copyright 2018, American Chemical
Society.
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damaged NC surface is repaired by the ammonium cation
occupying the A-site and the bromide anion occupying the
halide vacancies. Surface passivation has resulted in stable
colloidal solutions with PLQYs up to 95-98% even after
purifying 3 or 4 times. Another type of ligand family that has
received significant attention is zwitterionic ligands (or
bidentate ligands), in which the two functional groups with
positive and negative charges simultaneously bind to the A-
site and X-site, respectively.'7#21-2%¢] Therefore, these ligands
bind to perovskite NC surfaces much more strongly because
of the chelating effect, and the resulting NCs exhibit long-
term stability and high PLQYs even after washing with
different solvents.'’+20¢3%I Tn contrast to using alkylammo-
nium halides and zwitterionic ligands, Alivisatos and co-
workers proposed that surface treatment with X-type anionic
ligands alone can improve the PLQY of CsPbBr; up to near
unity.®!! They proposed that the X-type ligands passivate the
halide vacancies based on hard-soft acid-base theory. Their
results suggest that halide vacancies are the main nonradia-
tive traps in perovskite NCs (see Section 2 and Figure 3b).
This work has led to debate on the role of A-site vacancies on
the PLQY of perovskite NCs. In addition, a comparison of the
PLQY vs. CsPbX; NC concentration, that is, the PLQY vs.
density of halide vacancies, for three different halides (Cl~,
Br~, and I7) revealed that CsPbI; NCs are tolerant to halide
vacancies, whereas the CsPbBr; NCs are moderately intoler-
ant and CsPbCl; NCs are highly intolerant (Figure 3 a). This is
consistent with the low PLQYs (1-10% ) of pristine CsPbCl;
NCs compared to other halide compositions.[*”! On the other
hand, because of their defect-tolerant nature, no improve-
ment is expected in the PLQY of CsPbl; NCs upon surface
halide passivation. In fact, most studies related to surface
passivation and doping of CsPbl; NCs have been focused on
improving their stability rather than the PLQY.* This is
because of the structural instability of the optically active a-
phase cubic CsPbl; NCs, which generally changes into the
nonfluorescent yellow (80—) phase that is less defect-tolerant,
as discussed previously. However, in some studies, it has been
shown that the PLQY of CsPbl; NCs can be improved up to
near unity upon surface passivation with bidentate ligands**!
or by insitu passivation with inorganic salts.*?! It is still
unclear whether the ligands passivate the defects or if they
improve the phase stability of the CsPbl; NCs. However,
despite their defect-tolerant nature, the origin of the non-
unity PLQY of CsPbl; NCs is quite interesting and needs
further investigation.

Besides organic ligands, metal halides!'****%1 and a few
other inorganic compounds!***¥-l have also been found to
be promising for the passivation of halide vacancies of
perovskite NCs to improve their PLQYs and long-term
stability. The halide ions of the added metal salts are expected
to fill the halide vacancies and thus repair the surface of
perovskite NCs. For example, Bohn et al.l'**! found that post-
synthetic treatment of CsPbBr; nanoplatelets (NPls) with
a PbBr,-ligand solution leads to a dramatic improvement in
the PL intensity (Figure 6). Controlled experiments with
different metal halides suggest that both the Pb and Br
vacancies are the origin of the lower PLQY of CsPbBr; NPIs.
The addition of a solution of PbBr, leads to the filling of the
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Figure 6. a) Schematic illustration showing the post-synthetic surface repair of CsPbBr; NPIs by chemical treatment with a PbBr, solution to
improve their photoluminescence efficiency. b) Photoluminescence spectra of pristine (black dashed lines) and surface-repaired (normalized, solid
lines) colloidal dispersions of CsPbBr; NPIs with three different thicknesses. The enhancement clearly increases as the thickness of the NPIs
decrease, which suggests that the defects are more effective as the surface to volume ratio increases. c) Time-resolved photoluminescence spectra
of a 3-monolayer NPI dispersion before (open black squares) and after surface repair (filled blue squares). (a,b,c) are reproduced from Ref. [14c]
with permission the under Creative Common CC-BY license. Copyright 2018, American Chemical Society.

Pb and Br vacancies on the surface (Figure 6a). Interestingly,
NPI-thickness-dependent surface passivation shows that the
PL enhancement factor increases as the NPl thickness
decreases (Figure 6b), which suggests a higher density of
halide vacancies with an increase in the surface to volume
ratio. In fact, this is consistent with the decrease in the PLQY
as the thickness of pristine CsPbBr; NPIs decreases.!'**!
Removal of nonradiative traps by treatment with PbBr, is
reflected in the increase in the PL lifetime and the shape of
the decay profile (Figure 6¢). The PL decay of the treated
sample is more monoexponential compared to the PL decay
of the pristine NP1 sample. Post-synthetic treatment of
CsPbBr; NC films with PbBr, led to a PLQY of near
unity.?®! Similarly, a near unity PLQY of CsPbBr; NPIs was
achieved by Wu etal. by using insitu passivation with
a solution of HBr during synthesis.*) Compared with all-
inorganic perovskite NCs, in which the surface termination
could be either PbX, or CsX and the possible surface defects
are Pb, Cs, or halide vacancies,'’ Bertolotti et al. suggested
that the dominant surface termination of NPIs are CsX with
Cs and halide vacancies in nearly stoichiometric propor-
tion.*”? Therefore, common passivation strategies for NPls
reported so far have focused on X-site vacancy passivation,
such as using PbBr, or HBr.[144]

Furthermore, treatment with metal halides was found to
be very effective for improving the PLQY of weekly emissive
CsPbCl; NCs. Since the CsPbCl; NCs are highly intolerant of
Cl vacancies, they are weekly emissive. However, treatment
with metal chloride leads to the recovery of the damaged
PbCls~ octahedral coordination and thus significantly
improves the PLQY of CsPbCl; NCs. For example, Behera
et al. systematically investigated the influence of the treating
the surface of CsPbCl; NCs with different metal chlorides, as
well as nonmetal chlorides, and they observed an enhance-
ment in the PLQY up to 25-50%.1*! The origin of the PL
enhancement was attributed to the presence of a halide-rich
surface after treatment with metal chlorides. More impor-
tantly, the purification process is very sensitive and the PL can
be significantly quenched by a phase transformation from
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CsPbCl; to CsPb,Cls. These results further indicate that
CsPbCl; NCs are highly intolerant of defects, unlike their Br
and I counterparts. Similarly, Ahmed et al. reported that the
PLQY of CsPbCl; NCs could be improved up to 60% by
surface treatment with YCIL,. They proposed that both the
Y*" and CI™ ions contribute to the surface passivation in such
a way that the Cl™ ions bind to under-coordinated Pb ions and
the Pb-Cl ion pair vacancies will be filled by Y-CI. This needs
an in-depth investigation of how the Y** ions are doped in the
CsPbCl; NCs. Similarly, post-synthetic treatment of CsPbCls
NCs with CdCl, at room temperature leads to an increase in
the PLQY from 3 to 98 %.%! The origin of the enhancement
was attributed to the replacement of Pb*" by Cd** ions during
the cation-exchange process. The author claimed that CdCl,
in the saturated ethanol solution reacted with the CsPbCl,
surface to bind with the surface through ClI vacancies. Then,
the smaller Cd*" ion partially replaced the larger Pb*" ions
and reduced the cuboctahedral voids, thereby leading to less
tilting of the octahedral unit and an increase in the tolerance
factor.*! Therefore, with B-site doping and passivation of the
ClI vacancies on the surface by CI™ ions, the CdCl,-treated
NCs achieved a PLQY of near unity (96 % ).

4. Improving the Performance of LEDs through
Defect Passivation

Lead-halide perovskites have attracted significant atten-
tion for applications in LEDs (PeLEDs) owing to the rapid
increase in efficiency (from ca. 1% EQE in 2014 to >20%
EQE in 2020),5" sharp electroluminescence (EL) bands,
color-tunability over the entire visible-wavelength range, and
versatile, facile processability. In particular, the EL bands
exhibited by LHPs are narrower than those of other organic
and inorganic materials, which give rise to high color
saturation and could lead to displays that emit over a wider
color gamut. Although progress has been rapid for green-,
red-, and near-infrared-emitting perovskite LEDs (all with
a demonstrated external quantum efficiency (EQE) >20%,
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Figure 7. a) External quantum efficiency (%) vs. emission wavelength
(nm) of a perovskite light-emitting diode. b) Radiative recombination
and trap states in the dominant free charge-carrier recombination
process in bulk perovskite LEDs. Injected electrons and holes can be
trapped in defects before radiatively recombining. c) Dominant exciton
recombination process in quantum dot (nanocrystals) perovskite
LEDs. Radiative and trap-assisted monomolecular exciton recombina-
tion compete with each other at a low carrier density.

Figure 7a), blue and pure-red perovskite LEDs have lagged
behind. This limits the possibility of achieving all-perovskite
ultrahigh-definition displays or using perovskites for solid-
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state white lighting. As a result, the past couple of years have
witnessed a shift in effort towards blue emitters, and progress
has accelerated, with EQEs increasing from 2.12 % in 20185Y
to >10% today for both blue and sky-blue emitters (Fig-
ure 4a).?

From a device point of view, the prerequisite for obtaining
an LED with a high external quantum efficiency (EQE) is
governed by four factors: 1) charge balance between injected
electrons and holes, 2) coupling between electrons and holes,
3) the fraction of all recombination processes that are
radiative [PLQY; Eq. (4)], and 4) the fraction of photons
generated that are emitted out of the device (outcoupling).®
In this section, we will focus on factor 3, to discuss the
methods used to obtain high PLQYs through defect passiva-
tion routes. Details of the other factors can be found in
Refs. [53,54].

Z Rrad

PLQY = =5~—=+—
Q ZRrad + ZRnon

)

The PLQY is defined as the ratio between the radiative
recombination (XR,,y) and the sum of radiative recombina-
tion and nonradiative recombination (XR,,,). In metal halide
perovskites, radiative recombination can be from free carriers
(bimolecular recombination) or excitons (excitonic recombi-
nation). The mechanism for radiative recombination is
strongly dependent on the dimensionality of the perovskites
and is significantly influenced by the exciton binding energy.
In 3D perovskite thin films, the exciton binding energy is
below the room-temperature thermal energy,™ thereby
resulting in excitons readily dissociating into free carriers.
The role of excitons in bulk perovskites has been discussed by
Marongiu et al., who claimed that the majority of photo-
excitations are from free carriers, with only a small fraction of
Coulombically bound electron-hole pairs under the typical
working regimes of solar cells and LEDs.P®! Therefore,
radiative recombination in 3D perovskites is dominated by
the recombination of free charge carriers and the PLQY can
be calculated by Equation (5), where a is the nonradiative
trap-assisted monomolecular recombination coefficient, b is
the bimolecular recombination coefficient of the radiative
free charge carrier, c is the nonradiative three-body Auger
recombination coefficient, and N is the excess carrier density
above background under illumination of the film.’>" Fig-
ure 7b illustrates the carrier movement in bulk PeLEDs,
where the free charge carriers can be easily trapped in
material defects such as halide vacancies, A-site vacancies,
anti-sites, and Pb precipitate clusters,” because the bimo-
lecular recombination rates are usually slow in bulk perov-
skites."®! However, the actual chemical equilibrium between
free carriers and excitons in 3D PeLEDs is still under debate.
Recent experiments showed that emission spectra were well-
reproduced at the energy of the exciton absorption, where the
contribution from band-to-band transitions is negligible, thus
implying that luminescence is mainly due to the recombina-
tion of excitons. Despite, being outnumbered by free carriers
in bulk perovskite films, excitons emit most of the light, as
their faster radiative decay rate more than compensates for
their lower density."***) Hence, more studies are necessary to
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In contrast, radiative recombination in quantum-confined
perovskites is dominated by excitonic monomolecular recom-
bination due to the relatively high exciton binding energy
(usually hundreds of millielectronvolts, ca. 190-500 meV).[*!
Therefore, the PLQYs for perovskite quantum dots or
nanocrystal systems are strongly dependent on the competi-
tion between the first-order radiative excitonic recombination
and the first-order nonradiative exciton trapping, as shown in
Equation (6), where k. K., and k,, are the radiative
monomolecular exciton recombination coefficient, nonradia-
tive monomolecular exciton trapping coefficient, and non-
radiative Auger recombination coefficient, respectively. Fig-
ure 7c demonstrates the exciton recombination and trapping
process in perovskite nanocrystal LEDs. The presence of
surface ligands significantly reduces the number of perovskite
defects compared with bulk 3D perovskites; as a result,
perovskite nanocrystals can achieve PLQYs near unity. As
discussed in the previous section, surface charged defects
arising from aging or washing can act as exciton trapping
centers and hinder the device performance. Another exciton-
loss mechanism in quantum dot systems is through exciton—
ligand interactions. Kawano et al. confirmed that the Wannier
and Frenkel exciton energies exhibit near-resonance, which
leads to selective emission quenching in the organic ligands
(naphthylmethyl moieties). They explained the selective
luminescence quenching by an enhancement in the oscillator
strength of near-resonant transition energies between Wan-
nier and Frenkel excitons. This provides potential evidence
that ligands can also act like an exciton trapping center to
reduce the desirable radiative recombination.!! The exciton—
ligand interactions have also been studied in a traditional PbS
quantum dot system. Papagiorgis et al. studied the exciton
charge transfer dynamics between PbS quantum dots and
small metal chalcogenide ligands (e.g. K,GeS,). The authors
suggest that the excitons can be trapped by the inter-dot
ligands, which quench the photoluminescence from the core-
level excitons.®? Additionally, Rossi etal. reported that
Forster resonance energy transfer occurs between CsPbBr;
nanocrystals and ligands based on perylene diimide, which
causes emission from the ligands.” Based on previous studies
of traditional quantum dot systems, such as PbS and CdS,*!
we expected to have ligand—exciton interactions or trapping
phenomena. However, the ligands need to be strongly
coupled to the electronic structure of the quantum dots
(QDs), which can provide additional energy states to trap the
excitons.®* Additionally, the position of the singlet or triplet
states of the organic ligands relative to the conduction band
minimum of the QDs are expected to be in the resonance of
the incident light for sufficient energy transfer from the QDs
to ligand shells.[****! However, detailed studies on perovskite
NC systems are still required to understand ligand—exciton
coupling and improve exciton transfer between NCs for LED
and solar cell applications.
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In summary, bulk perovskite thin films have advantages
for making solar cells, as carriers can be easily extracted (low
exciton binding energy and high mobility). Currently, the
record PCE of a perovskite solar cell (25.5% ) was achieved
with bulk perovskite thin films, whilst the highest PCE of
a perovskite nanocrystal solar cell is 16.6% . The primary
reason for this considerable gap in the PCE is the capping
agents of the perovskite nanocrystals, that is, oleic acid and
oleylamine. The insulating nature of these ligands limits
charge separation and transport, thereby leading to lower
carrier extraction and lower PCE:s in solar cells. In compar-
ison, perovskite nanocrystals have advantages for making
LEDs as they can achieve unity PLQY and higher exciton
binding energy through the presence of surface ligands.
However, as a result of the insulating nature of long-chain
ligands, the efficiency of nanocrystal PeLEDs can also be low
even they can achieve high PLQYs (Figure 7a). Therefore,
ligand engineering and defect management is key for both
bulk and nanocrystal PeLEDs to balance the carrier injection
efficiency and PLQYs (related to surface defects).

The general principle for designing high-performance
PeLEDs is to maximize the free charge carriers or exciton
radiative recombination and minimize nonradiative recombi-
nation through the Auger process and traps.® There have
been many detailed reviews about modifying the charge-
transport layer to improve the charge balance and reduce the
Auger process,*” including improving hole injection by
adding an extra polymer modification layer to achieve
better band alignment!®® as well as doping hole transport
material to increase hole mobility® and decrease charge
leakage.”! Another challenge for PeLEDs and perovskite
solar cells is operational instability. The origin of this
instability mainly arises from ion migration in the perovskite
layers.”Y Ton migration is intrinsically a defect migration
process." The drift-diffusion model is usually used to model
the net current in PeLEDs and solar cells,>™ in which the
drift current is induced by an external electrical bias and the
diffusion current is governed by a carrier concentration
gradient. Under an applied electrical bias, the ions (halide
ions or A-site cations) can migrate via defects, thereby
causing material degradation which is irreversibly detrimental
to device stability.*! Methods such as making diffusion-
driven charge-transport LEDs™ and effective diffusion
engineering of the charge injection layers”® would be future
directions to suppress ion migration in planar LEDs. In this
Review, we will only focus on improving PeLED performance
by mitigating the effects of defects to improve device
efficiency and stability (Figure 8).

The first common method to suppress nonradiative
recombination is through compositional engineering, includ-
ing A-site,””! B-site,’®! and X-site! tuning to improve the
PLQY. The mechanism consists of the following: 1) Increas-
ing the defect formation energy and reducing the intrinsic
defects of the materials by extra interactions between the
dopants and perovskite lattice.””® For example, Kim et al.
doped guanidinium cations (GA™) into the A-site of FAPbBTr;

www.angewandte.org

These are not the final page number

Angewandte

intemationaldition’y Chemie


http://www.angewandte.org

(] ]]]
KRR

Angewandte

ReVie ws imsemasionalEdition’y) Chemie
(b) Defect (c) Confining Charge (d) Ir!terfa.cial
Passivation Carriers Engineering

Passivation Agents,
®e.g. PbX, or Zwitterion

(a) Compositional
Engineering

© Different A-site
molecules/atoms

o

(A Cation (e.g. Cs, MA)

Mixed 2D/3D
structure

© B Cation (e.g. Pb)

(e) Morphology
Control

©X Anion (e.g. Cl, Br, I)

Figure 8. a) Adopting compositional engineering to reduce the formation of intrinsic material point defects. b) Passivating the intrinsic material
point defects and surface defects through ligands as well as organic and inorganic salts. c) Maximizing the radiative recombination rates so that
less nonradiative recombination occurs by confining the charge carriers. d) Passivating interfacial defects through interfacial engineering, such as
by adding a modification layer. e) Morphology control to improve the film morphology and minimize grain boundary defects.

NCs; the amine group of the GA cation can interact with
lattice halides through hydrogen bonding between the amine
group and the Pb-halide framework which improves the
material stability and reduces defect formation.””! As a result,
the PLQE increases from 79.7 % (pristine FAPbBr; NCs) to
93.3% (FA,9GA,,PbBr; NCs; Figure 9a). Similarly, Zhang
et al. reported that by B-site doping of CsPb(Br,Cl,_,); with
La’" ions, the density of state in the conduction band is
increased, which inhibits the formation of defects at mid-band
gap states (Figure 9b,c)."® As a result, the radiative recom-
bination rate increased from 0.036ns™' (0% La*") to
0.069 ns™" (5.43% La*") with an increase in the PLQY from
3.47% to 84.3% and an increase in the EQE from less than
0.5% to 3.25% at 489 nm. 2) The surplus of the doping agent
can passivate surface defects and dangling bonds to reduce
nonradiative recombination sites.”””” Kim et al. suggested
that the excess of the GA™ dopant can modulate the surface of
the NCs and passivate the surface defects to achieve a high-
performance green LED with a current efficiency of
108 cd A™! and an EQE =23.4%. Similarly, Lu et al. doped
Ag" ions into CsPbl; NCs. The addition of the Ag" ions is
believed to be beneficial for surface passivation as well as
doping (Figure 9c). The diffusion of Ag ions into the
perovskite lattice stabilizes the CsPbl; NCs, while the excess
Ag ions on the NC surface reacts with iodide to form Agl,
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which also partially stabilizes the NCs from moisture and
irradiation. The simultaneous silver doping and passivation
lead to an increase in the device performance from 7.3 % to
11.2%." 3) Doping elements with a smaller atomic radius
could increase the exciton binding energy and lead to high
radiative recombination rates, as the exciton lifetime is
inversely proportional to the binding energy.®®! Further-
more, for CsPbl; systems, partially replacing the Pb*" by
smaller Mn?>* B §r2* 82 or Zn?>*18¥ jons leads to a reduction in
the strain imposed by the larger iodides. This occurs by
increasing the cohesive energy among the octahedral units
and, as a result, it restricts the transition from the facile photo-
active alpha-phase to the photo-inactive delta-phase and thus
provides higher thermal stability.('*"!

Various types of passivation agents have been extensively
discussed in Section 3, including organic ligands (such as
Lewis acids/bases,***2 amine-based passivation materials
such as branched polyethyleneimine (PEI) and ethylenedi-
amine (EDA)®¥), inorganic salts (such as lead halides!!*-¢%
and potassium halides,® potassium salts (KPF)),*! and
organic salts.”?®%¥ The passivation of intrinsic material
defects can be achieved by loading the passivation agents into
the precursors prior to film deposition or colloidal syn-
thesis®®® or during post-treatment of the crystallized per-
ovskite films®™ or colloidal solution.’?® Furthermore, treat-
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Figure 9. a) Photoluminescence quantum efficiency vs. GA doping concentration and schematic crystal structures (inset) of FA, ,GA,PbBr; PNCs.
Reproduced from Ref. [77] with permission. Copyright 2021, the authors, under exclusive licence to Springer Nature Limited b,c) The insets b" and
¢’ show larger versions of the highlighted regions (red box). The band gap position is illustrated in purple. Reproduced from Ref. [78a] with
permission. Copyright 2020, Elsevier Ltd. All rights reserved. d) lllustration of the increase in the EQE upon Ag doping. Reproduced from Ref. [79]
with permission. Copyright 2018, American Chemical Society. €) Schematic illustration of defect passivation at perovskite grain boundaries by
FPMATFA. Reproduced from Ref. [52h] with permission. Copyright 2020, WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim f,g) Structure of the
QLED based on QD films without passivation (f) and with passivation (g). It is shown that TSPO1 could passivate defects on the surface of QD
films, the defects may trap carriers (e.g. holes, electrons), decrease exciton recombination, and hence degrade the device performances. h) PLQY
of QD films without and with TSPO1 on the bottom, on the top, and on both sides of a QD film. Error bars represent the standard deviation of
experimental data for three measurements. Reproduced from Ref. [92] with permission under the Creative Common CC-BY license.Copyright 2020,
the authors. i) PL lifetimes for films with mixed large/small grains, small-grains only, and large-grains only. j) EQE as a function of time under

a constant bias for perovskite LEDs with mixed large/small grains (black curve) and a normal perovskite film prepared by the vapor-assisted two-
step method (red curve). Reproduced from Ref. [97] with permission under the Creative Common CC-BY license. Copyright 2019, the authors.

ments carried out during deposition of the film can benefit the
device performance. Recently, Karlsson etal. developed
a vapor-assisted crystallization method to reduce the density
of surface defects.’””) Directly after spin-coating, the as-
deposited perovskite thin films were placed in a petri dish
under an N,N-dimethylformamide (DMF) atmosphere. The
presence of DMF vapor allows redistribution of the surface
halides, which leads to a more homogenized surface halide
composition with a lower defect density, enabling an increase
in the film PLQY from 3% (control) to 12% (VAC-treated),
as well as an increase in the PL lifetime. By doing so, they
achieved a more spectrally stable blue LED with the EQE
increasing from 0.6 % (without VAC treatment) to an average
of 3.8% (with VAC treatment).®! Another interesting con-
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cept for defect passivation is to design the passivation agents
so that they are suitable for passivating multiple types of
defects. Fang et al. reported a dual passivation of perovskite
defects using a bifunctional molecule, 4-fluorophenylmethy-
lammonium trifluoroacetate (FPMATFA). The TFA anions
and FPMA cations can bond with undercoordinated lead and
halide ions, respectively (Figure 9¢), thereby resulting in dual
passivation of both lead and halide defects. This dual
passivation method results in an efficient LED device with
20.9% EQE at =694 nm.>"

The bimolecular recombination rate for bulk perovskite
LEDs is low, which leads to a low PLQY, and the electrons
and holes can be easily disassociated and trapped in defects.
Therefore, another approach is to improve the PLQY of the
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intrinsic material by increasing confinement effects through
heterostructures, such as by constructing a mixed 2D/3D
(quasi-2D) structure®**® or through perovskite-polymer
heterostructures,"*“! which could prolong the carrier life-
time and improve the structural stability. The 2D/3D passi-
vation strategy is discussed in detail Section 5. Furthermore,
the presence of polymer, such as poly(2-ethyl-2-oxazoline
(PEOXA), can regulate the crystallization process to further
reduce boundary defects”™ Cai etal. showed that the
polymer matrix provides excess nucleation sites during the
NC recrystallization process, which leads to more uniform
distributions of NCs in the films, thereby resulting in a higher
PLQY and EQE (from 1.4 % with 0 wt % polymer to 6.55%
with 45 wt % polymer) in thin films of the composite.’'"’

Interfacial engineering is also critical to achieve high-
performance PeLEDs. It is suggested that defects can be most
easily generated on the surface of as-deposited perovskites as
there is a significant number of dangling bonds at the exposed
interfaces which would quench photoluminescence.”®! Fur-
thermore, the wettability of the surface onto which the
perovskite is grown is critical for the crystallization of the
solution- deposited perovskites, as it directly influences the
concentration of GB defects in the films.”?*¢"! As illustrated
in Figures 7b and 9f, defects between transport layers and
emissive layers can trap carriers which reduce radiative
recombination. Several reviews have been published that
focus on interfacial layer engineering for solar cells and
LEDs, such as improving the charge injection and charge
balance, suppressing interfacial defects, and exciton quen-
ching.”>*"! In contrast to traditional one-sided interfacial
engineering, Xu et al. reported a bilateral interfacial passiva-
tion strategy by evaporating organic ligand molecules (diphe-
nylphosphine oxide-4-(triphenylsilyl)phenyl (TSPO1)) on
both the top and bottom of the perovskite emitting layer
(Figure 9g). By doing so, the film PLQY was enhanced
(Figure 9h). The interactions between uncoordinated Pb
bonds and P=O bonds from TSPO1 can significantly suppress
interfacial nonradiative recombination and improve the EQE
from 7.7 % (nonpassivated) to 13.5% (passivated only on the
top) and 18.7% (passivated on both sides).’”” Therefore, it
would be a novel approach to incorporate interfacial passi-
vation on both sides of perovskites in the design of future
devices. Apart from adding a film, mechanically removing the
defective surface could be another interesting approach to try
to modify interfacial defects in PeLEDs. Chen et al. removed
the defective MAPDI; perovskite surface layers by using
adhesive tape to mechanically peel off the top surface. By
doing so, the PL intensity of the film increased, which
indicates suppression of surface nonradiative recombina-
tion.”™ This could be a useful approach for PeLED applica-
tions.

Surface morphology and grain engineering are also used
for improving PLQYs to achieve more efficient PeLEDs. The
film morphology of perovskites is strongly dependent on the
deposition conditions, including solution concentration, sol-
vents, spin conditions, annealing temperature, the wettability
of the substrates, and how supersaturation is achieved (e.g.
antisolvent dropping during spin-coating or gas-phase
quenching).” Yu et al. conducted a detailed review on the

www.angewandte.org

These are not the final page numbers!

Reviews

© 2021 The Authors. Angewandte Chemie International Edition published by Wiley-VCH GmbH

Angewandte

intemationaldition’y) Chemie

effect of perovskite film morphology on LED device perfor-
mance.’ Both 3D and NC perovskites are strongly depen-
dent on the surface ligands used.”™ Beyond surface passiva-
tion, appropriate ligand engineering is needed to obtain
uniform and pinhole-free films.”! Qin et al. demonstrated
that the grain size of the perovskite films plays a role in carrier
lifetimes and device efficiency.””) Attaching high-band-gap
small grains to the surfaces of low-band-gap large grains can
form interfacial potential wells that can spatially confine GB
defects and mobile ions to enable self-passivation during
device operation. In addition, the small nanometer-sized
grains can effectively confine injected electrons and holes and
then efficiently cascade the injected carriers from high-band-
gap small grains to low-band-gap large grains that function as
light-emitting centers. Furthermore, attaching small grains to
the surfaces of large grains leads to high-quality films for
device fabrication. With this design, self-passivation can be
realized when mobile ions are electrically driven to GBs to
neutralize the charged defects, and as a result the carrier
lifetime and device EQE is increased (Figure 91,j)."”)

5. Improvement of the Performance of Solar Cells
by Defect Passivation

Defect passivation strategies are also extensively studied
to improve the power conversion efficiency of perovskite
solar cells (PSCs). Many reviews have summarized the
influence of the defects on charge-carrier recombination
and transport, ion migration, and the structural stability of
solar cell devices, as well as summarizing methods to passivate
defects and improve device performance.?***! In this
section, we will focus on passivation methods for 2D/3D
perovskites.

5.1. 2D/3D Perovskite Passivation

Typically, as a result of the polycrystalline structure and
ionic nature of organic-inorganic perovskites, structural
defects in the bulk, at GBs, and at the surface need to be
considered and passivated to suppress the nonradiative
recombination in perovskite films.'"™ For example, the
evaporation or migration of some volatile components such
as methylammonium (MA) or to a lesser extend iodine (I) can
lead to the formation of cation or halide vacancies in three-
dimensional (3D) perovskites.'”!! So far, numerous organicl'’”
and inorganic!'® materials have been used for passivating the
different types of defects. Large organic molecules (LOMs)
with appropriate functional groups can not only passivate the
defect states but also stabilize the 3D perovskite structure by
forming a 2D perovskite at the GBs or the surface of the 3D
films, and this is termed a 2D/3D structure.'® Therefore, in
addition to suppressing the interfacial charge-carrier recom-
bination, the moisture-entry pathways could be suppressed
because of the hydrophobic nature of the LOMs. This results
in improving the efficiency and the stability of perovskite
solar cells (PSCs) simultaneously (Figure 10). However,
various 2D/3D structures can be formed by applying different
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Figure 10. Schematic illustration of a 2D/3D perovskite structure: passivation, stability, and forming the

mixed and bilayer structures.

treatment approaches to the perovskite films. For example,
adding the LOMs to the perovskite precursor solution yields
a 2D/3D mixed structure, while post-treatment of the
perovskite films with the LOMs tends to form a 2D/3D
bilayer structure (Figure 10). The passivation of perovskite
films with LOMs by creating different 2D/3D structures will
be discussed in the following section.

5.2. 2D/3D Mixed Perovskites

LOMs have been used for creating a pure 2D Ruddles-
den-Popper (RP) perovskite L,A,_B,X;,.; structure, where
L is a bulky OM spacer, A is a monovalent cation such as Cs™,
MA*, or formamidinium (FA'), B is a central metal ion (Pb**
or Sn*"), X is a halide (I", C1~, or Br™),and n (1,2, 3,4, .... 0)
is the number of inorganic perovskite layers within each
quantum well.'! Although 2D PSCs have undergone tre-
mendous development in terms of their stability in the last
few years, they still suffer from poor charge transport because
of the insulating nature of the inserted LOM spacers in their
structures, which result in lower efficiencies achieved com-
pared to 3D PSCs.'!l To answer this challenge, combining 2D
and 3D perovskites has been introduced as an efficient
approach to accomplish both high stability (from the 2D
structure) and high efficiency (from the 3D structure)
simultaneously."™ The 2D/3D mixed structure can be
formed by adding the LOMs directly to the perovskite
precursor solution. Nevertheless, various LOMs with differ-
ent functional groups can be used to passivate different types
of defects in perovskite films. The cationic LOMs with
ammonium (NH;") functional groups have been used widely
for defect passivation and to form a 2D/3D mixed struc-
ture.'"”” The butylammonium (BA®)!%1%1%] and phenyl-
ethylammonium (PEA*)!'®! jons are the two most widely
used LOMs in this regard. The Snaith group!'®! demon-
strated that adding BA™ to a perovskite precursor delivers 2D
platelets between highly orientated 3D perovskite grains after
crystallization, thereby leading to defect passivation and an
improvement in moisture stability. They elucidated that the
2D platelets at the GBs of the 2D/3D perovskite provide
a clean electronic interface to reflect the charge carriers into
3D grains (Figure 11a), thereby improving the carrier life-
times through suppressed charge trapping and recombination.
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phenethylammonium
(CHsCH,CH,NH;*, PEA")
to the perovskite precursor
results in the formation of
a quasi-2D structure at the
3D perovskite GBs, thereby
leading to in an improved
carrier lifetime and
increased Ve from 0.99 to
1.10 V for the (FAPbIL;),5s(MAPbBr3;), 5 perovskite. Indeed,
the Huang group!'®! proposed a mechanism for the passiva-
tion of 3D perovskites with PEA™ ions. As shown in Fig-
ure 11b, PEA™ prefers to either occupy the cation vacancies
at the perovskite grains by ionic bonding or interact with
undercoordinated 1" ions through hydrogen bonding. More-
over, the bulky hydrophobic aromatic ring of the attached
PEA™" ion at the perovskite surface or GBs can improve the
moisture tolerance (Figure 11b).

The length of the alkyl chain in LOMs is critical to
forming a 2D/3D mixed structure. The Seok group compared
the crystallization of the 2D/3D structure with BA" and PEA*
ions, as the most common 2D agent additives, and with
octylammonium (OA™) ions having a larger organic chain.!'"!
In contrast to the case with BA™ and PEA™ ions, no XRD
peak corresponding to the 2D phase was observed for the
OA-incorporated perovskite film (Figure 11c). The authors
proposed that the OA* cations form strong van der Waals
forces with the long alkyl chains, and a hydrogen bond forms
between the ammonium and under-coordinated iodide ions,
that is, cation vacancies are passivated without creating a 2D/
3D structure. Thus, the OA* cations only encapsulated
individual 3D perovskite crystal domains with a highly
preferential orientation, thereby suppressing the nonradiative
charge carrier recombination. As a result, the V¢ and FF
values of the OA-passivated PSC were increased from 1.06 V
and 79.0% to 1.11 V and 81.5 %, respectively, thus achieving
a higher PCE of 20.6% than the control PSC (18.4%).
Similarly, very recently, the Bakr group'* observed that the
2D phase was not formed in the perovskite film with additives
having very long-chain cations, such as OA™ and oleylamine
(OAm™").

On the other hand, passivating the anion vacancies in 3D
perovskites, another defect source that effects nonradiative
recombination, is very important. One interesting strategy is
the use of anionic additives with cationic LOMs. In this
regard, Kim et al.l""*! demonstrated that the coupling of PEA*
cations and SCN™ anions can passivate negatively and
positively charged defects, that is, cation and halide vacancies,
respectively. In addition, the GBs were passivated efficiently
by the quasi-2D perovskite (PEA),Pb(I,_,,SCN,,), with its
larger band gaps compared to 3D perovskites. As a result, the
average PSC performance increases from 16.3 to 18.7% for
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Figure 11. a) The proposed electronic interface in a 2D/3D mixed structure. Reproduced from Ref. [106a] with permission. Copyright 2017,
Springer Nature. b) The proposed mechanism for the passivation of 3D perovskite with PEA" ions. Reproduced from Ref. [109b] with permission.
Copyright 2020, John Wiley and Sons. c) The XRD pattern of perovskite films without and with PEA*, BA*, and OA" additives. Reproduced from
Ref. [110] with permission. Copyright 2018, the Royal Society of Chemistry. d) Schematic chemical structure of a 5-AVA cross-linked perovskite
structure. Reproduced from Ref. [111] with permission. Copyright 2017, John Wiley and Sons. e) Schematic illustration of the formation of a cross-
linked 2D/3D bilayer perovskite. Reproduced from Ref. [112] with permission. Copyright 2019, American Chemical Society. f) The mechanism of
forming the 2D/3D bilayer structure by treatment with BA™ vapor and time-resolved PL spectra of 3D and 2D/3D bilayer perovskites. Reproduced
from Ref. [113] with permission. Copyright 2019, American Chemical Society.

the passivated wide-band-gap (1.68 eV) PSCs with <4%
degradation after storage for over 4000 h under N,. Never-
theless, the passivated perovskite/CIGS 4-terminal tandem
solar cell showed a high PCE of 25.9%. Another strategy
would be to use zwitterion LOMs, which have both cationic
and anionic functional groups in their molecular structures. 5-
Aminovaleric acid cations (HOOC(CH,),NH;", 5-AVA*
hereafter) is one of the most frequently used zwitterions for
the passivation of perovskite films through the formation of
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2D/3D mixed perovskite structures. Zhang et al.l''!! proposed
that in the 5-AVA(MAPDbBTr;), perovskite structure, the NH;*
end groups of the 5-AVA™" occupy the MA ™" positions and the
COO~ group occupies the Br~ sites, thus passivating the
cation and anion vacancies and forming cross-linked 2D/3D
perovskites (Figure 11d). Moreover, the Nazeeruddin
group!'”®! demonstrated that adding 5-AVA* cations to the
perovskite precursor can form an ultrastable 2D/3D perov-
skite film, thereby resulting in PSCs that are stable for one
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year under one sun AM 1.5G conditions at a temperature of
55°C.

5.3. 2D/3D Bilayer Perovskites

Apart from the 2D/3D mixed perovskites, depositing
a solution of LOMs on the top of 3D perovskite films can
passivate the defects on the surface and form a 2D overlayer,
that is, a 2D/3D bilayer. Nevertheless, in contrast to 2D/3D
mixed structures, this structure could create a flat or ordered
band alignment distribution between the 3D and 2D per-
ovskite phases, which is more favorable for charge transfer
and for suppressing unfavorable charge recombination.
Similar to the 2D/3D mixed structures, many ammonium-
based cationic LOMs have so far been used for the
passivation of cation vacancies on the surface of perovskite
films. Docampo and co-workers!"'®! developed a facile solu-
tion-based infiltration of BA" and PEA" cations to create
a layered 2D/3D perovskite film. They demonstrated that, in
this bilayer structure, the 2D layer acts as a selective hole
extraction layer between the 3D perovskite and spiro-
OMEeTAD, thereby leading to reduced recombination losses
and an enhanced Vg value from 0.99 to 1.08 V for both the
BA*- and PEA"-passivated MAPbI; PSCs and with enhanced
moisture stability. Many research groups tried subsequently
to improve the photovoltaic parameters of PSCs by the
surface passivation of perovskite films with these two
LOMS'[IUSa,lﬂ]

Modification of LOM structures has been introduced as
an efficient approach to improve their passivation effects. For
example, the Sargent group' designed 4-vinylbenzylammo-
nium (VBA) molecules, with an additional vinyl group
compared to the PEA™ cations, which are capable of forming
a cross-linked 2D structure by a photochemical reaction
under ultraviolet light (Figure 11e). The cross-linked 2D/3D
perovskite structure showed lower nonradiative recombina-
tion compared to the pure 3D structure, with a significant
improvement in the V. value up to 1.20 Vand a PCE of up to
20.4% with negligible J-V  hysteresis when using
(MAPDBT3),5(FAPDL;) 55 (containing 5% Cs). Moreover,
the cross-linked 2D/3D PSC retained a PCE of 90% of its
initial efficiency after long-term stability measurements for
2300 h in air.

Zwitterions with their ability to react with both cation and
anion vacancies can be used for the surface passivation of
perovskite films and formation of a 2D/3D bilayer structure.
For example, the Park group!'® deposited 5-AVA™* cations on
the perovskite surface to form an ultrathin 2D (5-AVA),Pbl,
passivation layer at the interface of the 3D perovskite and
hole transporter layer. The PCE of the passivated PSC was
improved substantially from 13.72 to 16.75 %, mainly due to
enhanced Voo and FF values, which was attributed to
enhanced carrier lifetimes by effective passivation of the
defect and trap states on the surface of the 3D perovskite.

In solution-processed 2D/3D bilayer passivation, how-
ever, protic polar solvents (e.g. isopropyl alcohol, IPA) are
frequently used to prepare the solution of LOMs. Recently,
Bawendi and co-workers!"® demonstrated that the solvent of
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the LOM solution, that is, IPA, can dissolve some of the
perovskite components, such as FA™ ions, thereby degrading
the underlying perovskite film. On the other hand, it must be
considered that controlling the thicknesses and uniformity of
the 2D overlayer formed through solution-processed
approaches is very challenging. To answer this, the Chen
group!¥ recently exposed the 3D perovskite film to BA*
vapor (BAV) to form a uniform 2D overlayer with a tuneable
thickness (Figure 11f). The average PCEs of BAV-treated
PSCs were increased by 10 %, which was ascribed mainly to
the higher Vyc and FF values compared to control devices.
Characterization by photoluminescence spectroscopy showed
that the lifetime of the charge carriers was increased from
129.0 ns for the 3D film to 165.5 ns for the 2D/3D film, thus
confirming the defect-passivation effect and suppression of
nonradiative charge recombination.

The most frequently used LOMs for passivating perov-
skite films by creating 2D/3D mixed and bilayer perovskites
are summarized in Table 1. It should be noted that besides
perovskite solar cells, the 2D/3D structures have shown great
potential to improve the efficiency and stability of perovskite
LEDs by tuning the radiative recombination coefficient
without significant charge-carrier losses.""?! For example,
Zhang et al. introduced a facile self-organized and control-
lable 2D/3D mixed perovskite to improve the performance of
blue perovskite LEDs.["?!l They demonstrated that the 2D/3D
structure increases the electron and hole densities by
suppressing nonradiative recombination, thereby resulting
in an enhanced external quantum efficiency of 8.2 %, from
1.5% for the initial device, as well as a 2.6-fold improved
operational stability of the device under ambient conditions.
Moreover, very recently, Han et al. strategically designed 2D/
3D hetero-phased structures on the surface of 3D bulk
perovskite films that reduced the trap density and improved
the long-term stability of perovskite LEDs."??! The fabricated
LEDs with 2D/3D hetero-phased perovskite structures
showed a higher electroluminescence efficiency of 7.70 ph
per el% and an operational lifetime of 200 h compared to
a pure 3D device with 0.46 ph per el% and 0.2 h, respectively.

6. Summary and Outlook

This Review provides an in-depth discussion to under-
stand the types of defects in lead-halide perovskite thin films
and NCs and their influence on defect tolerance and device
performance. Importantly, the halide ion dependent defect
tolerance/intolerance nature of LHPs is discussed in detail. In
addition, the current understanding of the surface chemistry
of LHP NCs, the origin of surface defects, and passivation
ligands that can be used to improve their photoluminescence
efficiency and stability are highlighted. Furthermore, emerg-
ing defect passivation strategies are summarized for improv-
ing the performance of light-emitting diodes and solar cells.
Despite significant progress in understanding the surface
chemistry and the development of passivation strategies for
improving the optical properties of LHP NCs and thin films,
there are still a number of questions that remain to be
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addressed to further improve the stability and efficiency of
LHP optoelectronic devices.

Although the role of alkylamines in the stabilization of
perovskite NCs is somewhat clear, the binding sites and the
role of the alkyl acid are under debate. A few studies suggest
that they bind to the halide vacancies to complete the
octahedral coordination of Pb, while a few studies proposed
that they form an equilibrium with the ammonium cation
bound to the surface of NCs but do not directly interact with
the surface of the NCs. Therefore, in-depth studies focusing
on the role of surface ligands are needed for a better
understanding of their role in the surface passivation and
stabilization of LHP NCs.

Cationic and anionic ligands have been used most often
for the passivation; however, it is still unclear as to whether
neutral ligands can bind and passivate LHP NC surfaces.
Surface passivation is important for high PLQYs of NCs,
while on the other hand, the surface ligands hinder the
charge-carrier transport in NC films. Therefore, it is impor-
tant to find a balance between surface passivation and charge
transport to improve the efficiency of the resulting optoelec-
tronic devices.'*”) One alternative could be the use of small
molecules or conductive organic ligand shells that could
electronically couple the adjacent NCs of LHP NC films. In
addition, it is important to develop ligand-exchange strategies
in both colloidal solutions and NC thin films to replace the
long-chain ligands by small molecules.

It is now broadly understood that the halide vacancies on
the surfaces are the main nonradiative recombination centers
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in LHPs. These halide vacancies are often filled with either
the corresponding halide ions after the addition of metal
halides or with softer Lewis bases. The addition of metal
halides could lead to the refilling of halide vacancies as well as
the doping of the metal into the LHP lattice. A few studies
have shown that doping metal ions into a LHP lattice can
significantly improve the PLQY of CsPbCl; NCs by eliminat-
ing nonradiative defects. However, it is still under debate as to
whether the doping, the halide passivation, or both results in
the improved PLQY of CsPbCl; NCs. Moreover, the position
of dopants in the LHP lattice is still unexplored. Therefore,
more studies are required to decouple the roles of metal
doping and halide passivation in the improvement of the
optical performance and stability of LHP NCs.

To date, most studies have focused on how to eliminate
identified defects in thin films and nanocrystals. There is still
a lack of understanding about how defects are induced during
the different synthesis methods, including precursor prepara-
tion, thin-film crystallization, and nanocrystal purification
processes. More studies are required to understand the
collective mechanism of surface defect and grain boundary
defect passivation. Lastly, both perovskite LEDs and solar
cells suffer from operation instability because of defect
evolution over time because of degradation (such as phase-
transformation or moisture-induced degradation). Therefore,
despite the need for preparing highly efficient LEDs, such as
spectra-stable blue and pure-red LEDs, as well as high PCE
solar cell devices, overcoming the limitations arising from the
soft ionic nature of the material and improving the opera-

Table 1: Summary of various large organic molecules for the passivation of perovskite films and their photovoltaic parameters.

Structure Large organic molecules (LOMs) Molecular structure Voo FF Jsc PCE Ref.
V) (mAcm™?) (%)
=+ -
NHs | 114 080 22.7 20.6 [106a]
BAI /_/7 111 078 224 19.5 [108a]
NH3 I
EDAI, " Hy N N 058 072 213 8.9 [108b]
.
*HyN
PEAI @ 096 074 199 143 [1093]
H
g e 0
PEACI H 1.18 7'9 23.6 22.0 [109b]
2D/3D mixed perov-
skite
NHz
4-(aminomethyl) piperidinium (4AMP) 0.69 0.74 21.1 10.8 [123]
N
H
H
) ) B < 0
2-thiophenemethylammonium (ThMA) \ |\H 1.16 81 22.8 21.4 [124]
S H
OAl NN N 1 os 226 20.6 [110]
. . NH3 1~
ethane-1,2-diammonium I“H3+N/\/ 1.09 0.74 19.1 15.3 [125]
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Structure Large organic molecules (LOMs) Molecular structure Voo FF Jsc PCE Ref.
V) (mAcm™) (%)
+ -
NHs | 1.09 077 225 18.8 [108a]
BAI /_/7 116 0.80 2038 19.4 [113]
117 078 21.8 19.8 [126]
. 0.813 0.79 303 19.4 [127]
j 125 079 194 19.0 [117b]
PEA “HoN 1.08 073 186 149 [116]
@ 107 073 213 17.0 [128]
111073 2238 18.5 [129]
1.14 076 22.7 20.0 [117d]
1.04 068 21.1 14.9 [130]
OAl NN NHzt | 1.2 082 240 220 1174
NH2
FPEA /©/\, 1.14 076 24.2 21.1 [117¢]
F
ol
4-vinylbenzylammonium (VBA) bromide N=CHs Br 115 078 225 202 [112]
CHs
HZC‘-\
CHs
n-hexyltrimethylammonium bromide HSC(HEC}:iHEC"}P'CHa 1.14 0.80 24.92 22.8 [137]
CHs pgr
+
azetidinium iodide NI H2 1.14 0.79 24.7 22.3 [132]
VN
L o L
tetraammonium zinc phthalocyanine iodide 0.
2D/3D bilayer perov- (ZnPcl) 1.1 77 235 20.2 [133]
skite
I'H N O Q
ZnPe N'Hsl'
NH,1
NH; ! (CH,)sNH, | 111079 193 17.0 [134]
NH3I
CE CF4
CF;);CO(CH,);NH;l = @ B8 111 079 228 20.1 [135
(CF:):CO(CH,);NH, il WECWECE Y [135]
H@
thiazole ammonium
N
N [ ) 108 077 22.8 18.9 [136]
S
. . /\/\\/\NHz
n-hexylammonium bromide (C¢Br) i 1.16 0.80 23.9 22.3 [13]
RF
tafluorophenylethyl ium (FEA N
.pen.a uorophenylethylammonium (FEA) E 109 078 257 221 [137]
iodide
FF
CHaCHzNHz
2-(4-fluorophenyl)ethylammonium iodide
(FPEA) HI 112 080 228 20.5 [138]
F
CHQ_NHQ
benzylammonium
iodide (BnAl) “HI 1.07 0.78 244 20.7 [139]
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tional stability would be a key focus in the future. It should be
noted that no individual strategy can passivate all defects and
prohibit device instability, it is crucial to understand and
utilize multiple strategies including, but not limited to,
compositional engineering, device engineering, and defect
passivation treatment to further improve perovskite-based
devices.

In PSCs, it is now well-established that the structural and
point defects in the polycrystalline perovskite films must be
passivated to suppress nonradiative recombination and result
in the simultaneous improvement of the efficiency and
stability. Similar to perovskite LEDs, it has been shown that
large organic molecules (LOMs) with appropriate functional
groups can passivate the defect states by forming a 2D
perovskite at the GBs or the surface of the 3D perovskite
films, that is, a 2D/3D structure, thereby stabilizing the
perovskite structure and preventing more defect formation.
Different methods for obtaining the 2D/3D structures are
summarized in this Review. The 2D/3D mixed and 2D/3D
bilayer structures have been investigated as important
passivation approaches. Whereas the 2D/3D mixed structure
can be formed by adding the LOMs directly to the perovskite
precursor solution, the 2D/3D bilayer structures can be
formed by depositing a solution of LOMs on the top of 3D
perovskite films. The state-of-the-art of various 2D/3D mixed
and bilayer structures have been investigated. However, we
emphasize that both types of 2D/3D structures are equally
important to achieve a defect-free perovskite film. Besides
the methodology, we emphasize the need to develop more
efficient LOMs such as zwitterions to passivate the defect
states more efficiently. Although there have been several
studies of the passivation mechanism in thin films, the binding
of passivating agents to the LHP thin film surface is still not
well-understood at the molecular level. More experimental
and theoretical studies need to focus on the characterization
of the thin-film surfaces before and after passivation to gain
insight into and to rationalize the passivation mechanism. The
field of PSCs is now more mature than that of perovskite
LEDs. In fact, a large variety of passivation strategies and
a huge library of molecules have been reported for PSCs and
it would be interesting to adapt such strategies to improve the
EQE:s of perovskite LEDs. We think there is a lot of synergy
between perovskite LEDs and solar cells and a lot can be
learnt from each other for improving their efficiencies.
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Defect Passivation in Lead-Halide

Perovskite Nanocrystals and Thin Films:

Toward Efficient LEDs and Solar cells Despite the defect-tolerance of lead- luminescence quantum yields, device
halide perovskites, defects at the surface  efficiency, and stability. This Review
of colloidal nanocrystals and grain boun- ~ summarizes the defects, their influence

daries in thin films play a critical role in on the optical and charge-carrier trans-
charge-carrier transport and nonradiative  port properties, and passivation strat-
recombination, which lowers the photo- egies to mitigate the effects of defects.
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