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ABSTRACT: The large specific surface area of perovskite

nanocrystals (NCs) increases the likelihood of surface defects

compared to that of bulk single crystals and polycrystalline i

thin films. It is thus crucial to comprehend and control their NG

defect population in order to exploit the potential of =

perovskite NCs. This Perspective describes and classifies | ;/KO [+ ;?\ o
L el

recent advances in understanding defect chemistry and _Q_b/ Defect o

avenues toward defect density reduction in perovskite NCs, reduction o

and it does so in the context of the promise perceived in light- 3/-’0\/0\ )
emitting devices. Several pathways for decreasing the defect 5 "_‘-“’"'o A o
density are explored, including advanced NC syntheses, new L A
surface-capping strategies, doping with metal ions and rare APbX, Nanocrystal

earths, engineering elemental compensation, and the trans-
lation of core—shell heterostructures into the perovskite materials family. We close with challenges that remain in perovskite NC
defect research.

olloidal perovskite nanocrystals (NCs) with tunable spatial confinement of electrons and holes within a limited

bandgaps, high photoluminescence quantum yields volume of the NCs and, thereby, increase the Eg and promote
(PLQYs), facile synthesis, and narrow emission line widths are radiative recombination rates, which is a crucial advantage of
emerging as a new light-emitting technology for displays, light- NCs over large-grain-sized polycrystalline films for light-
emitting diodes (LEDs), and scintillators.'~ External quantum emitting applications.”~>° Perovskite NCs are a very mature
efficiencies (EQEs) of both red and green LEDs reached 20%, system, offering tunable NC sizes reaching down to the exciton
while scintillators based on perovskite NCs are also highly bohr radius and abundant ligand-exchanging prototypes."'>*°
sensitive, with a detection limit ~400 fold less than the standard However, the trap state density is higher in NCs than in
dosage in medical imaging.”'°~" Perovskite NCs benefit from polycrystalline films/single-crystals because of the dramatically
an ionic structure and low crystallization temperature, and thus increased surface area and number of dangling bonds, which trap
are readily synthesized via low-cost solution processes. Their PL a fraction of carriers without emitting light, and thus imposes
is also tunable from the ultraviolet (UV) to near-infrared, which severe limitations on device performance.”””® To enhance
bodes well for achieving Rec. 2020 standard by changing halide radiative recombination rates and reduce nonradiative ones
composition or NC size.'*'° The resulting perovskite NC inks induced by defect states, many efforts have been made to defect
allow for multiple thin-film processing methods such as spin- engineering by removing or filling trap states in perovskite NCs.
coating and large-area roll-to-roll printing, which are potentially Despite significant research efforts, many of the finer details of
compatible with the procedures developed by display defect passivation mechanisms for perovskite NCs remain
manufacturers (e.g, Sony, Samsung, and LG) for CdSe- or obscure. It is therefore necessary to summarize the existing
InP-based NCs to achieve fast, scalable and cost-effective panel strategies for passivating defects in perovskite NCs to further
production.'” ™"’ improve perovskite NCs-based light-emitting applications.

Exciton binding energies (Eg) with relatively small values Here, we review the advances concerning defect passivation

varying from 2 to 80 meV at room temperature were observed in rules, summarize the passivation strategies for perovskite NCs
3D perovskites (MAPbI; and MAPbBr;). The small Ej values of
3D perovskites render them essentially nonexcitonic materials, Received: March 11, 2019
which is beneficial for solar cells but detrimental to light- Accepted: April 30, 2019
emitting applications.””~>* By utilizing NCs, one may achieve Published: April 30, 2019
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Despite significant research ef-
forts, many of the finer details of
defect passivation mechanisms
for perovskite NCs remain ob-
scure. It is therefore necessary to
summarize the existing strategies
for passivating defects in perov-
skite NCs to further improve
perovskite NCs-based light-emit-
ting applications.

and provide a perspective on avenues for making further
progress.

In 2018, Protesescu et al. synthesized nearly monodisperse
CsPbX; nanocubes with high photoluminescence quantum
yield.” The hot-injection method with reaction temperature of
140—200 °C yields monodisperse NCs; the size of NCs can be
adjusted by varying both reaction temperature and thermody-
namic equilibrium. Dong et al. demonstrated an effective way to
synthesize uniform sized NCs by operating under thermody-
namic equilibrium (Figure 1a).*

The effect of reaction temperatures between 180 and 250 °C
on CsPbCl; and CsPbBr; NCs was investigated by Dutta et al. At
higher temperature (250 °C), they observed a phase change
quickly occurring, and cubes of CsPbCl; were exclusively
formed and the PLQY was dramatically enhanced. At low
temperatures (<160 °C), it was noted that the competition for
the A sites of the perovskite crystals, between the ammonium
and Cs ions, preferentially led to 2D layered perovskites as well

as 3D perovskites.”" It is believed that an alkylammonium ion
resides on the surface Cs atoms in the NCs. Moreover, the use of
excess halides during the reaction prevented the leach of halides
from the NCs during annealing at high temperatures. The X-ray
diffraction (XRD) data showed that without the addition of
ammonium chloride salts the phase of CsPbBr; NCs
transitioned to tetragonal, whereas with oleylammonium salt
the phase remained orthorhombic. The wide-band gap CsPbCl;
NCs, which were reported to be poorly emissive compared with
CsPbBr;, could achieve an absolute quantum yield of ~51%.**
CuCl, has been applied as an additive for high-temperature
synthetic protocols to yield high-quality CsPbCl; NCs. While no
further enhancement in PL intensity was observed following the
addition of metal chloride postsynthesis, the PL intensity of
pristine CsPbCl; was significantly enhanced after the postsyn-
thesis treatment. That finding indicates that adding CuCl,
minimized the chloride deficiency (i.e., reduced Cl vacancies)
in the NCs.>

NCs containing bare Br or I exhibited PLQYs over 90%.
However, the mixed halide compositions (CsPbBr,Cl,_,) have
shown much lower PLQY’s (only 10—25%) (Figure 1b).>* In
such perovskites, Cl vacancies (V) lead to the formation of
deep trap energy levels, which in turn cause severe nonradiative
recombination.” Moreover, the defect formation energies are
highly sensitive to composition. The defect deformation energy
in FAPbI,;, for example, varies appreciably when partially
substituting Cs/MA and Br for FA and I. The formation energy
of Pbl, vacancy increases by over a factor of 3 from the original
value of ~0.25 eV for a vacancy density of ~3 X 10'” cm™. That
translates to a reduction in the vacancy concentration by a factor
of approximately 10°.*°
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Figure 1. (a) Size control of CsPbX; NCs leading to highly uniform ensembles by thermodynamic equilibrium. Reprinted with permission from ref 30.
Copyright 2018 American Chemical Society. (b) UV—vis and PL spectrum and PLQYs of CsPbX; NCs. Dashed and solid lines represent for PL and
UV—vis spectrum, respectively. Adapted from ref 34. Copyright 2016 Wiley-VCH. (c) Schematics of halide-poor and halide-rich conditions for NCs.
Reprinted with permission from ref 37. Copyright 2017 American Chemical Society.
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Halide-rich conditions were used to prepare CsPbBr; NCs
(Figure 1c). Passivating defects with the lowest formation
energies, like halide vacancies, during NC synthesis under
halide-rich conditions, by replacing PbBr, with PbO and NH,Br,
was found to be beneficial for obtaining NCs with high PLQYs
and stability.”” LED devices prepared with NCs synthesized
under halide-rich conditions showcased better parameters than
devices containing NCs synthesized under halide-poor con-
ditions. An LED containing CsPbBr; NCs in a 1:4 Pb:Br
proportion with a current efficiency of 3.1 cd A~ showed a
distinctly increased maximum luminance of 12090 c¢d m™ and
an EQE of 1.194%.

The synthesis of CsPbX; NCs by the hot-injection method
requires a compromise regarding the choice of surrounding
ligands. On the one hand, these long-chain, insulating ligands
create an unfavorable electronic energy barrier and impede
electronic coupling between particles, which normally exhibit
exceptionally tunable optical properties and high PLQYs; that
barrier limits charge transport in devices. On the other hand,
such ligands are required for the processing and defect
passivation of the NCs. Striking that balance points to the two

Striking that balance points to
the two most important chal-
lenges facing the fabrication of

efficient LEDs: the replacement of
the long ligands with shorter
ones without influencing the
light-emitting properties and
stability; and the discovery of
efficient defect-passivating li-

gands.

most important challenges facing the fabrication of efficient
LEDs: the replacement of the long ligands with shorter ones
without influencing the light-emitting properties and stability;
and the discovery of efficient defect-passivating ligands.

To overcome these limitations, Pan et al. proposed a
postsynthesis passivation method using bidentate ligands
(2,2'-iminodibenzoic acid (IDA)) (Figure 2a).*® Once
passivated, the CsPbl; NCs demonstrated favorable properties:
narrow red photoluminescence, near-unity quantum yield, and
significantly enhanced stability. Additionally, the NCs prepared
with this passivation strategy allowed the fabrication of red color
LEDs with an EQE of 5.02% and a reasonable luminance of 748
cd/m”. The passivated NCs also exhibited substantially
improved environmental stability. The NCs with IDA treatment
showed better stability and maintained 90% of their PLQY even
after 15 days.

With the strong coordination of the P=0 group, Wu et al.
reported that trioctylphosphine oxide (TOPO) can be a strong
capping ligand for inorganic halide perovskite NCs.”” They
demonstrated that CsPbBr; NC’s exhibited greatly improved
performance after TOPO treatment. Similarly, Liu et al.
achieved a high PLQY of 100% in CsPbI; NCs. Their approach
was to incorporate the trioctylphosphine—Pbl, (TOP—PbL,) as
a precursor; the stability of the ensuing CsPbl; NCs was
dramatically improved. Octylphosphonic acid (OPA) could also
be applied to exchange the capping ligands (OA/OLA)
adsorbed on the perovskite NCs during synthesis. Capping
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CsPbX; NCs with OPA preserved the particles’ high PLQY
(>90%) and showed high stability against the purification
processes. A green LED based on OPA-CsPbX; showed an EQE
and a current efficiency of 6.5% and 18.13 cd A™", respectively.*’

Peptides, with amino and carboxylic functional groups,
represent another effective approach for defect passivation
(Figure 2b).*" The synergy between the two groups allows for
the generation of ammonium moieties, R—NH;".
CH;NH;PbBr; as well as CsPbBr; PNCs have been synthesized
through this strategy, using peptides of varying length.
Moreover, by adjusting the peptide concentration, peptide-
based PNCs with a size variation of ~3.9—8.6 nm can also be
prepared.

Halide ion pair [didodecyldimethylammonium bromide
(DDAB)] passivation was reported by Bakr et al. for CsPbX,
NCs, which promoted carrier transport and enabled efficient
LEDs (Figure 2¢).**" Only a ligand-exchange strategy
involving the desorption of protonated oleyamine (OAm) as
an intermediate step afforded such films; a direct, more
conventional ligand-exchange approach would cause degrada-
tion of all-organic NCs. The novel ligand-exchange strategy
yielded green LEDs with a luminance and a high EQE of 330
cdm™ and 3.0%, respectively. Furthermore, the application of a
similar treatment to fabricate blue LEDs resulted in a EQE of
1.9% and luminance of 35 cdm™2.

As reported by Imran et al., the use of secondary amines can
also yield uniform CsPbBr; nanocubes.” The authors’ novel
colloidal synthesis method afforded only cube-shaped NCs
independently of alkyl chain length, oleic acid concentration, or
reaction temperature. The authors attribute the uniform and
phase pure NCs to interference caused by the secondary
amines—specifically, their inability to settle into a favorable
configuration on NC surfaces.

Vickers et al. reported short conductive aromatic ligands such
as benzylamine (BZA) and benzoic acid (BA). In turn, it
facilitated charge transport between quantum dots (QDs).*”
The BZA-BA-MAPDbBr; QDs were significantly stable, showed a
maximum PLQY of 86%, and—according to electrochemical
and photovoltage spectroscopy and transient photocurrent—
outperformed PQDs with insulating ligands with respect to
carrier lifetime and charge extraction efliciency.

Krieg et al. developed a novel ligand-capping method
involving commercially available zwitterionic molecule, 3-
(N,N-dimethyloctadecylammonio)propanesulfonate, which al-
lowed for much strongger adhesion to NC surfaces via the chelate
effect (Figure 2d).** The authors designed the strategy to
improve the processing and colloidal stability and structural
integrity. In addition to affording appreciably higher yields of
NCs, ligands of this type enabled high stability against washing.

The use of amine-based passivating materials (APMs)
provides notable benefits, such as defect passivation by bonding
between the undercoordinated Pb and nitrogen (Figure 2e).
The authors indicated that APMs allowed for enhanced PL
intensity, suppressed PL blinking, and a long PL lifetime,
thereby enhancing device performance with an EQE of 6.2%.
Confocal microscopy revealed the suppressing of PL quenching
in perovskite semiconductors due to the passivation effect from
ethylenediamine (EDA) treatment."’

Anionic X-type ligands also impart favorable properties. Such
ligands enable trap-free band gaps through replacing surface
halide vacancy sites; the result is the promotion of Pb 6p levels to
those where they no longer manifest between band gap. X-type
ligands passivate undercoordinated lead atoms, raising the
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Figure 2. (a) Redistributions of surface charge for optimized Pbl,-rich CsPbl, surfaces with oleic acid (OA) and IDA bidentate ligand modification.
Reprinted with permission from ref 38. Copyright 2018 American Chemical Society. (b) Schematic diagram illustrating the surface passivation
mechanism using peptides. Adapted from ref 41. Copyright 2017 Wiley-VCH. (c) Absorption and PL spectrum of purified QDs (P-QDs), OA-QDs,
and DDAB-OA-QDs. Adapted from ref 42. Copyright 2016 Wiley-VCH. (d) Schematic diagram illustrating zwitterionic capping ligands. Adapted
from ref 46. Copyright 2018 American Chemical Society. (e) Confocal PL images for MAPbBr; films with and without amine-based passivating
materials. Reprinted with permission from ref 47. Copyright 2017 American Chemical Society.

absolute QYs to near unity, which indicates full trap
passivation.48

A summary of the ligands applied for surface passivation of
perovskite NCs is shown in Figure 3.

Doping is widely applied to tune the emission peaks of
perovskite NCs because of energy transfer between hosts and
dopants**™>° Both isovalent (divalent) and heterovalent
(monovalent and trivalent) metal ions have been reported for
doping of perovskite NCs.>*™® In addition to tuning the

In addition to tuning the emis-
sion peak, doping is also an
effective strategy for reducing
defects in perovskite NCs without
influencing their size or crystal
structure.

emission peak, doping is also an effective strategy for reducing
defects in perovskite NCs without influencing their size or
crystal structure. Here, we focus only on cases related to the
defect chemistry relevant to metal or rare-earth doping. Doping
can be realized either by growth doping, in which metal ions are
directly introduced into the precursor, or by diffusion doping,
usually via post-treatment because of fast ion exchange with
perovskite NCs.”' The doped metal ions are distributed either in
the lattice, which could induce changes in the lattice constant, or
on the surfaces of NCs. Numerous studies have reported
positive roles of metal-ion or rare-earth doping in suppressing
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crystallographic defects, including point defects (vacancies) or
structure disorder (distortion of the [PbX4] octahedra), in
perovskite NCs.

Despite fine optimization of synthesis conditions, the
imperfect assembly of constituents during a reaction still exists
and it is the main reason for lower PLQY of CsPbCl; NCs.
These imperfections in crystals, likely due to vacancies and/or
surface excess Pb and/or distorted [PbX,] octahedra. Yong et al.
reported the effects of incorporating a small amount of divalent
foreign ions, Ni** in their case, into the CsPbX; matrix. In
particular, the improved order of the lattice arises from the
increased defect formation energy after introducing the dopant.
The reduction of nonradiative recombination rate from 378.29
to 1.90 pus™' (optimized condition) was observed, which
indicates the decreased population of nonradiative recombina-
tion centers (Figure 4a,b). A maximum PLQY of 96.5% was
achieved by Ni** doping strategy. From the density functional
theory (DFT) calculations, it is proved that the Cl vacancy
creates a gap state in pristine CsPbCl; and no defect states for
doped CsPbCly (Figure 4¢,d)."

Bi et al. reported the favorable effects of doping smaller Cu®*
ions into CsPb(Br/Cl);: lattice contraction and elimination of
halide vacancies. The authors reported that Cu®" also led to
improvements of light emitting and stability of NCs.®”

Divalent metal ion Zn*" was also proven effective both in
CsPbBr; and CsPbl; NCs for defect passivation. ZnBr,-doped
CsPbBr; NCs showed a PLQY of 78%, which was dramatically
higher than pristine CsPbBr; NCs with PLQY of 54% without a
shift in the emission peak. Two possible mechanisms were
proposed to explain the defect passivation effect induced by Zn**
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Figure 3. Brief summary of the ligands applied for surface passivation of perovskite NCs.

doping: (1) the favorable formation energies attained by the
introduction of ZnBr, into reaction solutions lead to the
coverage of CsPbBr; NC surfaces with PbBr, adlayer, and (2)
introducing ZnBr, into the reaction may give rise to lead
bromide-rich conditions. Various other metal bromides (CuBr,
and InBr;) have also shown efficacy.”’

Defect passivation enabled by alloying Zn** into CsPbl; NCs
has likewise been demonstrated. Defect densities of 1.26 X 107
and 1.75 X 10" cm™ were estimated for pristine CsPbl, and for
Zn and Pb alloyed films (CsPb, ¢,Zng ;4l;), respectively, by the
space-charge-limited current (SCLC) method. Those figures
represent a substantial decrease of nearly 1 order of magnitude
upon incorporating Zn*". The larger value of the atomic ratio of
I/(Zn + Pb) led to the transition of the surface elemental
environment from one rich in lead to one rich in iodine upon
introducing Zn**. Moreover, the alloying also improved the
stability by lattice contraction, and the a-phase of the NCs could
remain stable in air for 70 days. A large luminance (2202 cd
m™?), low turn-on voltage (2 V), and a high EQE (15.1%) were
achieved (Figure 4e).**

Navendu et al. reported doping of Cd** into CsPbCly NCs by
CdCl, post-treatment. The PLQY of CsPbCl; NCs was
increased to near unity (96 + 2%) with the CdCl, post-
treatment. The decreasing of defect state density after CdCl,
post-treatment was proved by time-resolved photoluminescence
lifetime (TRPL) and ultrafast transient absorption (TAS).5>%°
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Digging deeper, an excellent example illustrating the
mechanism of small iso-valent metal-ion (Zn**, Cd*', etc.)
doping is the reduction of the defect population of the
polycrystalline thin films by such doping (Figure 4f). The size
mismatch results in the lattice strain. This mismatch of ionic size
between the sizes of the lead halide cage and A cation results in
strains (cage distortions and BXy octahedron tilting in the ABX;
perovskite structure). To release the strain in FAPbI,, point
defect formation is favorable. The incorporation of small
isovalent metal ions creates an alternative pathway for relaxing
lattice strain (other than vacancy formation) in perovskites,
thereby preventing defect formation. Saidaminov et al. used
Cd**, which is isovalent to Pb*" but has a smaller ionic radius, for
further relaxation of lattice strain without introducing traps.*®

Defects in crystalline semiconductors can be classified into
two categories: lattice interruptions (crystallographic defects) or
foreign atoms (impurities).”* Thus, heterovalent dopants—as
foreign atoms—could create impurity levels, either deep or
shallow traps.””*® However, this approach could be beneficial
for promoting light emission when the doping of heterovalent
metal ions only induces shallow states. Doping with heterovalent
Ce* ions has been reported to not introduce trap states,
resulting from the similar ionic radii and the formation of a
higher conduction band energy level with bromine relative to
that formed with the Pb** cation.”” When doping 2.88% Ce**
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into CsPbBr; NCs, PLQY of CsPbBr; NCs achieved 89%,
compared with 41% for undoped NCs.

Recently, Jun et al. further uncovered the mechanism of
heterovalent doping in CsPbBrs, namely, by high-level DET.”
The results showed that PL quenching was induced by the deep
trap states when Bi** was used as dopant. However, when
applying Ce®* as dopant, the disorder of host NC was reduced,
and the edge states were enriched by Cepy, antisite, and thereafter
higher PL was achieved.

Unlike doping strategy, which mainly aims to reduce structure
([PbX¢] octahedra) disorder and increase the defect formation
energy, the elemental compensation strategy aims to annihilate
surface vacancies by donating the elements required to fill these
vacancy sites. Metal halides could provide both metal ions and
halides for the surface elemental compensation of perovskite
NCs. The post-treatment strategy involving the direct addition
of PbBr, to a pristine solution of CsPbBr; NCs induces excess
bromide and stronger binding of ligand, both of which can
enhance the PL.' The post-treatment by ZnX, was also
reported. After post-treatment, halogen vacancies, which are
abundant on QDs of this type were completely removed, as
verified by high-resolution transmission electron microscopy
(HRTEM), resulting in enhanced stability and PL (Figure Sa,b).
The ZnX,/hexane solution post-treatment is universal to several
compositions, including CsPbCls, CsPbBr, and CsPbl;.”
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The small monovalent cation potassium (K*) has proven to
be a highly effective passivator in polycrystalline perovskite films.
K" is effective in passivating the surface of perovskite grains.
Abdi-Jalebi et al. introduced excess iodide by incorporating
potassium iodide into perovskite precursor and thereby
compensated for halide vacancies. The optimized perovskite
films with K* reached a very high PLQE of 66% (Figure 5c).”” As
illustrated in Figure 5d, the filling of these vacancies with excess
halides passivates the nonradiative recombination centers. The
migration of halide was also inhibited by excess halides.
However, K" passivation has not yet been demonstrated in NCs.

YCl;, a trivalent metal chloride salt, was used for the dual-
surface passivation of CsPbCl; NCs. The dual-surface
passivation was enabled by that Y>* bonded to uncoordinated
Pb atoms, and the Cl reach surface, which was proved by X-ray
photoelectron spectroscopy (XPS) and substituting Y-acetate
salt for YCl, (Figure Se,f). DFT results indicate that Y>* and CI~
ions cannot create the mip-gap states but enrich conduction
band (CB) states. This dual-passivation strategy markedly
increased the PLQY from 1 to 60%.”* Defect passivation in
CsPbl; NCs is also realized by the CI™ anions carried by SrCl,.
Surface Cl™ ion passivation was shown to enhance the PLQY (by
up to 84%) of CsPbl; NCs.”

The thiocyanate (SCN™) anion can be incorporated into the
perovskite lattice. Mixed-anion perovskites (CH;NH;Pb-
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Figure 5. (a) HRTEM images of pristine and CsPbX; NCs with ZnX,, treatment. (b) PL of pristine and CsPbX; NCs with ZnX, treatment. Reprinted
with permission from ref 72. Copyright 2018 American Chemical Society. (c) PLQE of passivated films by changing of potassium ratio. (d) Schematic
of K passivation of halide vacancy when there is excess halide. Reprinted with permission from ref 73. Copyright 2018 Nature Publishing Group. (e) PL
and absorption spectrum for pristine and treated CsPbCl; NCs. (f) PL and absorption spectra for pristine and Y (CH;CO,);-treated NCs. Reprinted
with permission from ref 74. Copyright 2018 American Chemical Society. (g) TRPLs of pristine CsPbBr; NCs and treated-CsPbBr; by ammonium
thiocyanate and schematic of interaction between thiocyanate and CsPbBr; NC surface defect sites. Adapted with permission from ref 82. Copyright
2017 American Chemical Society. (h) Schematic of PbBrg*~ octahedra with and without Vi, and corresponding influence on PLQY. Reprinted with

permission from ref 85. Copyright 2018 American Chemical Society.

(SCN),I;_,) has been shown to benefit structure stability
against moisture.””’® Moreover, a CH;NH;Pb(SCN),I;_,
polycrystalline thin film was reported to exhibit large crystal
sizes with decreased trap states.”” ' The SCN™ ion also plays
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positive roles in suppressing defects in perovskite NCs. Koscher
etal. applied SCN™ from either NH,SCN or NaSCN to enhance
PLQY of CsPbBry NCs (Figure Sg). This treatment effectively
removes excess Pb from the surface, thereby removing trap
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states induced by excess lead on the surface of NCs and
transforming the NCs into near-unity green emitters.””

Blue-emitting perovskite NCs have lower PLQYs than do
green- and red-emitting NCs because of different defect
chemistry and undeveloped passivation stratey.””** Blue
emitting CsPbBr; nanoplatelets (NPLs) with 96% PLQY was
realized by PbBrs*™ octahedron passivation.”> HBr aqueous
solution was introduced into the reaction and an excess of Br~
environment was induced, thereby driving ionic equilibrium to
construct perfect PbBrs*~ octahedra (Figure Sh). The reduction
of bromide vacancies was indicated by a smaller Urbach energy
and a longer transient absorption delay. NPLs based blue LEDs
attained a high EQE of 0.124%. Cl passivation induced by metal
chlorides and ammonium chloride salts was applied to enhance
the PLQY of blue-emitting CsPbCl; NCs.** Blue emitting lead-
free MA;Bi,Br, QDs with PLQY of 54.1% was achieved by also
Cl passivation. Cl™ anions, as passivation agents, are constrained
to the NCs’ surface and dramatically reduce the trap states and
boost the PLQY.*

In a core—shell NC, the shell provides a physical barrier that
moderates the sensitivity of the optical properties of the core to
environmental variation near the NC surface when exposed to
oxygen or water molecules. Moreover, the shell effectively
passivates surface trap states, resulting in a strongly enhanced
PLQY.*® Therefore, construction of a core—shell structure is
highly attractive for improving both the PLQY and stability of
perovskite NCs.

Construction of a core—shell
structure is highly attractive for
improving both the PLQY and

stability of perovskite NCs.

The most efficient perovskite green LED reported to date,
with a EQE over 20%, is based on a CsPbBr;/MABr quasi-core—
shell structure, which represents a good example that can be
transferred to NCs (Figure 6a,b).'” The CsPbBr;/MABr quasi-
core—shell was constructed by covering a presynthesized
CsPbBr; film with a MABr layer. A shell of MABr is formed
between the grain boundaries of CsPbBr;, and surface of
CsPbBr;, forming the quasi-core—shell structure. Results
showed that the MABr shell reduced the number of defects in
CsPbBr;/MABr perovskite films.

NC/silica composites were also synthesized and showed high
PLQY and extremely high stability in air (Figure 6c). (3-
Aminopropyl)triethoxysilane (APTES) could undergo hydrol-
ysis induced by trace water vapor in air, and a silica matrix
subsequently formed slowly on perovskite NCs. The amino
group in APTES could effectively passivate the NC surface to
maintain the original high PLQY.¥

A Mn**-doped CsPbCl; NC/undoped CsPbCly core—shell
structure was adopted to protect the surface dopant ions (Mn**)
and enhance the dopant light emission (Figure 6d).% To grow a
CsPbCly-shell layer, the Mn**-doped CsPbCl; NCs were
redispersed in toluene. Luminescent ions near the surface are
well-known to experience faster decay than those farther away
due to energy transfer to surface defects. The lifetime of Mn?*
emission can be appreciably prolonged, as confirmed by a
reduced quenching effect from surface defect sites.

Despite the remarkable success and progress achieved, many
challenges remain to be addressed concerning passivation
strategies and the understanding of defect chemistry for further
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improving perovskite NC light-emitting devices. We conclude
by listing several crucial challenges for further research.

(1) Ligand detachment and self-assembly. The ligands of NCs
suspended in solution are in a dynamic equilibrium
between the crystal NCs surface and the solution. Over
time, ligands can detach from the surface of the NCs and
scavenge lead or halide ions on the surface of QDs, which
creates more vacancies. After ligand detachment, the NCs
are easily aggregated and regrow due to the reduced
barrier from the surface ligands and easily moving ions of
perovskite NCs.*’

Defect species in NCs and full passivation of different
types of defects. The types of defects that actually exist in
NC’s of various composition and the corresponding
population should be elucidated for targeted passivation.

)

(3) Composition-dependent defect chemistry. Changing
composition can dramatically vary the defect chemistry
of perovskite NCs and represents a primary reason for the
inferior performance of blue-emitting perovskites com-
pared with the performance of green- and red-emitting
perovskites. For blue-emitting mixed-halide perovskites
(CsPbBr,Cl,_,), Clvacancies (V) are deep traps and are
highly energetically favorable. An effective defect
passivation strategy for blue-emitting mixed-halide per-
ovskites remains to be established.

(4) Insightful understanding of passivation mechanism. A
series of strategies have been proposed to realize high-
efficiency PL from halide perovskite NCs. However, in
many cases the detailed investigations of NCs structures
remain missing. Systematic structural and photophysical
characterizations coupled with first-principles calculations
could deepen the understanding of underlying mecha-
nisms for the passivation methods used. For instance,
doping engineering can be used for optimization of the
performance of perovskite NCs, but the critical factors
governing the doping efficiency and the exact distribution
of dopants in NCs remain elusive in most doped NCs.”
Similarly, for postsynthetic treatment, it requires a deeper
understanding of the role of metal cations that play in the
removal of defects.

(5) Core—shell perovskite NCs. At present, construction of
perovskite core—shell NCs remains a significant chal-
lenge. There are numerous perovskite compositions, the
band gaps of which can be easily tuned. Thus, numerous
perovskite—perovskite core—shell structures can be
constructed, and new interfacial chemistry and physics
could be further explored. Many successfully fabricated
heterojunction core—shell structures, such as CdSe/CdS,
CdSe/CdZnS, and InP/ZnS core—shell NCs, have been
well studied. Other semiconductors with a small lattice
mismatch with perovskites should be explored to
passivate surface trap states and encapsulate the environ-
mentally sensitive perovskite NCs inside.

In summary, tremendous progress has been made in
eliminating defects in perovskite NCs for fabricating efficient
light-emitting devices. This Perspective discussed the strategies
established for defect reduction and examined the potential
mechanisms that underlie these strategies. Numerous methods
for reducing the defect states of NCs have been developed,
including advanced NC syntheses, new surface-capping
strategies, doping with metal ions and rare earths, engineering
elemental compensation, and the translation of core—shell
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Figure 6. (a) Cross-sectional TEM image of a quasi-core—shell CsPbBr;/MABr structure. Reprinted with permission from ref 10. Copyright 2018
Nature Publishing Group. (b) EQE characteristics of quasi-core—shell CsPbBr;/MABr LEDs. Inset: photographs of single-layer CsPbBr;, bilayer
CsPbBr;/MABr, and quasi-core—shell CsPbBr;/MABr perovskite films under UV light. Reprinted with permission from ref 10. Copyright 2018
Nature Publishing Group. (c) Schematic of synthesis of QD/silica composites. Adapted from ref 87. Copyright 2016 Wiley-VCH. (d) Effect of
isocrystalline core—shell on PLQY and integrated area under the Mn”* luminescence decay curves. Samples C1 to C7 are Mn>*/CsPbCl; without a
CsPbCl shell to Mn?*/CsPbCl; with the thickest CsPbCl, shell from left to right. Reprinted with permission from ref 88. Copyright 2017 American

Chemical Society.

This Perspective discussed the
strategies established for defect
reduction and examined the
potential mechanisms that
underlie these strategies.

heterostructures. Nevertheless, various challenges await to be
addressed, and further research efforts are needed to solve these
problems.
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