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Colloidal Metal-Halide Perovskite Nanoplatelets:
Thickness-Controlled Synthesis, Properties, and Application

in Light-Emitting Diodes

Clara Otero-Martinez, Junzhi Ye, Jooyoung Sung, Isabel Pastoriza-Santos, Jorge Pérez-Juste,
Zhiguo Xia, Akshay Rao, Robert L. Z. Hoye, and Lakshminarayana Polavarapu*

Colloidal metal-halide perovskite nanocrystals (MHP NCs) are gaining sig-
nificant attention for a wide range of optoelectronics applications owing to
their exciting properties, such as defect tolerance, near-unity photolumines-
cence quantum yield, and tunable emission across the entire visible wave-
length range. Although the optical properties of MHP NCs are easily tunable
through their halide composition, they suffer from light-induced halide phase
segregation that limits their use in devices. However, MHPs can be synthe-
sized in the form of colloidal nanoplatelets (NPIs) with monolayer (ML)-level
thickness control, exhibiting strong quantum confinement effects, and thus
enabling tunable emission across the entire visible wavelength range by
controlling the thickness of bromide or iodide-based lead-halide perovskite
NPIs. In addition, the NPIs exhibit narrow emission peaks, have high exciton
binding energies, and a higher fraction of radiative recombination compared
to their bulk counterparts, making them ideal candidates for applications

in light-emitting diodes (LEDs). This review discusses the state-of-the-art

in colloidal MHP NPIs: synthetic routes, thickness-controlled synthesis of
both organic—inorganic hybrid and all-inorganic MHP NPIs, their linear and
nonlinear optical properties (including charge-carrier dynamics), and their
performance in LEDs. Furthermore, the challenges associated with their
thickness-controlled synthesis, environmental and thermal stability, and their

1. Introduction

2D colloidal semiconductor nanocrys-
tals have attracted significant attention
due to their unique optical and optoelec-
tronic properties that are distinct from
their bulk counterparts.'™) These proper-
ties include the ability to tune their emis-
sion wavelength through the thickness of
the nanocrystals, large absorption cross-
sections, narrow emission peaks, higher
exciton binding energies than their bulk
counterparts, high photoluminescence
quantum yields, and giant oscillator
strengths.>>7] Over the past two decades,
classical 2D semiconductor nanocrystals,
such as CdSe, ZnS, and CdSe/CdS core/
shell nanoplatelets or nanobelts, have
attracted significant attention, with many
works aiming to understand their optical
and electronic properties, as well as to
explore their potential applications in bio-
imaging, light-emitting diodes (LEDs) and
lasers, among others.!%-13] Recently, metal-

application in making efficient LEDs are discussed.

halide perovskite nanocrystals (MHP
NCs), especially lead-halide perovskite
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Figure 1. a) Typical cubic crystal structure of ABX; perovskites (A = methylammonium (MA) or formamidinium (FA) or cesium (Cs) cation, B = lead
(Pb) or Tin (Sn) divalent cation, X = chloride, bromide or iodide). b,c) Schematic illustration of a monolayer and a six-layer perovskite NPIs. d) Spectral
illustration of the approximate PL spectra for bulk, weekly confined nanocubes and nanoplatelets of CsPbBr;. All spectra are manually drawn based on
the literature reports. €) Schematic representation of the thickness-dependent emission energy of lead halide perovskite NPIs.

NCs (LHP NCs), have emerged as a new class of semicon-
ductors with many interesting characteristics, such as defect-
tolerance (for bromide and iodide-based perovskites), long
charge-carrier diffusion lengths, and facile synthesis with a
wide range of low-temperature, solution-based methods.[22
Unlike classical core/shell semiconductor NCs, MHP NCs can
achieve extremely high PLQYs (in some cases close to unity)
without requiring a wide-bandgap passivation shell, which
arises in part from their defect tolerant nature, but also from
the ability to passivate surface defects with a wide range of func-
tionalized ligands.*1519.2324 Recently, research into MHP NCs
has been sparked not only for the fundamental understanding
of their nanoscale optical properties but also by their appeal in
various technological applications.™ Bulk MHPs exhibit an
ABXj; perovskite cubic crystal structure, where A is a monova-
lent organic (e.g., methylammonium (MA*) or formamidinium
(FA™)) or inorganic (Cs*) cation, B is a divalent cation (Pb?',
Sn?* or Ge?*), and X is a halide ion (CI-, Br~ or I7). The typical
3D ABXj perovskite crystal structure is illustrated in Figure 1a,
in which the B cation is coordinated to six halide anions in an
octahedral arrangement, while the A-site cation occupies the
cuboctahedral vacancies. The optical properties of MHP NCs
are generally tunable by varying the composition of these con-
stituent ions (A, B, and X).*102520] For instance, the bandgap
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of LHP NCs is finely tunable across the visible range by tuning
the halide composition from pure iodide (near-infrared) to bro-
mide (visible) to chloride (ultraviolet).[2526]

1.1. General Features of Halide Perovskite Nanoplatelets

The optical and electronic properties of halide perovskites are
also tunable by accessing quantum confinement effects in
these materials, which can be achieved by reducing the size
of at least one dimension below the Bohr diameter (=7 nm for
CsPbBr;).*1677] Over the last few years, significant progress
has been made in the colloidal synthesis of MHP NCs with
excellent shape-control, ranging from nanocubes to nanowires,
nanorods, and nanoplatelets.'"!8] Among all, 2D and quasi-2D
nanoplatelets (NPls) have been receiving special attention owing
to their thickness-dependent optical properties caused by the 1D
spatial confinement of charge carriers.?>?%-3% Halide perov-
skite NPIs generally exhibit narrow absorption and emission
(fwhm = 10-15 nm) features with small Stokes shift (<10 meV),
regardless of their lateral dimensions, meaning that the emis-
sion wavelength is mainly dependent on the thickness of
the NPls, while it is less dependent on their lateral dimen-
sions.2>28-32 Thus 2D NPls exhibit blue-shifted emission
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compared to their bulk counterparts, and the extent of the blue-
shift depends on their thickness. As the NPIs get thinner, they
no longer possess an ABX; chemical composition, instead, they
can be represented with the composition L,[ABXj],_;BX,, where
L is a ligand (long-chain alkylammonium cation), and n is the
number of octahedral monolayers (MLs).?’l The monolayer
(ML) refers to the 2D layer of PbXs*octahedra, as illustrated in
Figure 1b. However, for convenience, we still call these perov-
skites as ABX; NPIs in this review.

The thickness of colloidal perovskite NPls is precisely control-
lable from a strongly quantum-confined monolayer (Figure 1b) to
weakly quantum-confined few monolayers (Figure 1c).[?>283032.33]
Figure 1d illustrates the expected photoluminescence (PL) spectra
for bulk, weakly-confined nanocubes, and nanoplatelets of
CsPbBr;3.12629-3133] According to literature survey, bulk single-crys-
tals (millimeter and micron size) and polycrystalline thin films of
CsPbBr; exhibit weak PL in the range of =530-560 nm,?*38 while
the corresponding nanocubes (~8-12 nm) exhibit a strong PL peak
in the range of =510-520 nm."%202% The PL peak of nanocubes
compared to bulk single crystals suggests that the nanocubes are
weakly quantum-confined. On the other hand, the CsPbBr; NPls
exhibit further blue-shifted emission compared to nanocubes and
their PL peak varies between =400 and 500 nm depending on
their thickness (Figure 1d).?*-3! For instance, monolayer CsPbBr;
NPIs exhibit PL =400 nm, which is significantly blue-shifted com-
pared to nanocubes, suggesting strong quantum confinement.*’!
Figure 1le illustrates the thickness-dependent emission energy
trend for lead halide perovskite NPIs. As the thickness of the
NPI decreases, the emission energy nonlinearly increases due to
the strong quantum confinement of thinner NPIs.?% Similarly,
the emission wavelength for CsPbl; NPIs is tunable from =525
to 700 nm by controlling their thickness.*!l Thus, the emission
color is tunable across the visible wavelength range by controlling
the thickness of bromide and iodide-based lead halide perovskite
NPIs.U Table 1 provides a summary of PL peaks for inorganic—
organic hybrid and inorganic colloidal perovskite NPIs of different
thicknesses (in terms of numbers of monolayers (ML)).

Over the last five years, we have witnessed great progress in
the synthesis of MHP NPIs with monolayer-level control over
their thickness.[*12>29-313364 Tt has been found that the syn-
thetic method, reaction temperature, and ligands (surfactants)
play a crucial role in the synthesis of colloidal MHP NPIs. The
early reports on the synthesis of hybrid perovskite NPl were

www.advmat.de

inspired by the fabrication of Ruddlesden—Popper (R.-P.) phase
layered metal halide perovskites reported in the 1980s and
1990s using long alkyl chain ammonium molecules as A-site
cations.[°>%] These layered perovskites are thin films consisting
of alternative metal halide octahedral layers and long alkyl
chain ammonium cations.”] The octahedral layers in between
dielectric organic layers exhibit a strong quantum confinement
effect and thus have distinct optical and electronic properties
compared to bulk thin films, and they have many similarities
with the properties of colloidal NPls well-dispersed in solu-
tions.["*] First, this approach was extended to the synthesis
of atomically thin 2D organic—inorganic hybrid perovskite
nanosheets on a substrate by using a ternary cosolvent.[®l Later,
it was demonstrated that the introduction of long-chain ammo-
nium halides in the precursor solution of perovskites results in
the formation of 2D hybrid colloidal perovskite NPIs instead of
3D perovskites by ligand-assisted reprecipitation approach.[?8¢
In addition, other methods such as temperature control,
ultrasonication approaches, 26707l spontaneous crystallization
in organic medium,’® etc. have been reported for the thick-
ness controlled synthesis of both organic-inorganic hybrid and
all-inorganic perovskite NPls, and are discussed in the general
synthesis methods section.

In this review, we first discuss the general synthesis methods
developed for the thickness-controlled synthesis of MHP NPIs,
followed by the state of the art in the synthesis of organic—inor-
ganic hybrid and all-inorganic perovskite NPls. In addition,
recent developments in the synthesis of lead-free perovskite NPls
are also provided. We then discuss the current understanding
of nonlinear optical properties and charge-carrier dynamics
of perovskite NPIs before presenting the research progress in
perovskite NPl-based LEDs and the efficiencies achieved for dif-
ferent colors. Finally, we present the outstanding challenges that
still remain in the thickness control of perovskite NPlIs, their col-
loidal stability, and achieving high-efficiency LEDs.

2. Synthesis of Nanoplatelets

2.1. General Synthesis Methods

In general, most of the methods reported for the synthesis
of perovskite nanocrystals are also applicable to NPIs under

Table 1. Summary of the range of PL peaks reported for different kinds of halide perovskite NPIs of different thicknesses in terms of the number of

monolayers (ML).

CsPbBr; MAPbB; FAPbBr; CsPbls MAPbI; FAPbI,
1ML 403-40512531 396-406/25:2839-41] 398-403(2539 513129 513-527125:39.42-43] 51312539
2 ML 433-43525.29,31,46,47] 431-44()25.28,40,41,48,49] 434440 559-565[25.50] 574—584[25,32,39,42-45,50] 575-580[25.39,50-52]
3 ML 449-46712529,3146,47,53] A445-4561284041,54] 4701551 6001261 616—625142-45] 620—630151.56]
4 ML 470‘475[29731,46,47,56,57] 456477[28’32’40’41’49] 490[55] 6237633[26’47'56] 6507652[4345'58] 650[56]
5 ML 487-4881223147.57] 482-485028] - 647-655[2647] 6771431 -

[R-PJ?

6 ML 492-495129,57,59] 489-490128:49) - 682-685[26:4760] = -
NCs 512-515016.2931 5200281 530161 680-6850'6:52 740162 74078005263

R.-P.: Ruddlesden-Popper perovskite NPIs.
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Figure 2. a) Hot-injection synthesis in which monovalent cation (A*)-oleic acid complex so-called A-oleate, is usually injected into a mixture of divalent
metal salt (BX;) and ligands in octadecene. Generally, hot-injection synthesis carried out at reaction temperatures <130 °C usually produces NPIs.
b) Ligand-assisted reprecipitation: (i) perovskite precursors and long-chain alkylammonium ligands dissolved in a good solvent are usually injected
into a non-polar solvent to initiate the crystallization of perovskite NPIs; (ii) spontaneous crystallization of perovskite NPIs by the addition of A-oleate
solution into pre-synthesized BX,-ligand dissolved in a non-polar solvent such as toluene. c) Ultrasonication approach in which precursor salts and
ligands are dissolved in a solvent followed by tip-sonication of the resultant mixture. This method generally produces a mixture of NPIs of different
thicknesses which then have to be separated by thickness-selective ultracentrifugation.

optimized conditions. The key parameters to control for NC
synthesis include the reaction temperature, precursor ratio,
ligand concentration, acid-base equilibrium of ligands, and
chain-length of alkylamine ligands.’*187273] The synthesis
methods for perovskite NPIs can be broadly classified into three
main categories, as illustrated in Figure 2. Among these, hot
injection has been extensively explored for the shape-controlled
synthesis of inorganic perovskite NCs.*!8 Although a wide
range of ligands have been explored in the hot-injection syn-
thesis of perovskite NCs, the combination of oleylamine (OLA)
and oleic acid (OA) has been the most successful in achieving
excellent shape control. This approach is based on the injec-
tion of a presynthesized monovalent cation-oleic acid complex
(A-oleate) into a mixture of divalent metal salt and ligands in
octadecene at a specific reaction temperature (Figure 2a). This
method generally yields NPIs at reaction temperatures below
=130 °C, and their thickness is tunable from a monolayer
(1 ML) to a few layers by controlling the temperature.3% The
thickness of NPls decreases by decreasing the reaction tem-
perature. However, a recent study by Otero-Martinez et al.’’l
found that the decrease of reaction temperatures initially leads
to a decrease in the edge length of nanocubes, while only below
100 °C yields monodisperse NPIs. Therefore, further in-depth
studies are needed to explore other reaction conditions required
for achieving precise control over the thickness of NPls by the
reaction temperature. Besides, the concentration of ligands and
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the chain length of ligands along with reaction temperature
plays an important role in the formation of perovskite NPls in
hot-injection synthesis.**747l For instance, Almeida et al. dem-
onstrated the formation of NPIs at high reaction temperature
(=190 °C) by increasing the ratio of alkylammonium ion to
monovalent cation in the reaction medium.?3!

The second strategy that has been widely used for
the synthesis of perovskite NCs, especially for NPIs,
is the ligand-assisted reprecipitation (LARP) approach
(Figure 2b).[2225282932567677] Tny this method, perovskite pre-
cursors dissolved in a good solvent (such as N,N-dimethylfor-
mamide (DMF), dimethylsulfoxide (DMSO), etc.), and a poor
solvent (such as toluene, hexane, etc.) is subsequently added in
the presence of ligands to induce the formation of perovskite
NCs through supersaturation (Figure 2bi). In the case of hybrid
perovskites, this LARP approach often produces NPls, and their
thicknesses are tunable by varying the ratio between long-chain
and short-chain (MA or FA) alkylammonium ligands. The
thickness of NPIs decreases with increasing the concentration
of long-chain ligands with respect to the A-site cations. The
LARP approach has also been extended to inorganic lead halide
perovskite nanocubes®! as well as NPIs of different thicknesses
with slight modifications.??305¢] For example, the addition of
A-oleate to BX,-ligand complex dissolved in non-polar solvent
(such as toluene) leads to the formation of NPls, and their thick-
ness is controllable through the ratio of monovalent to divalent

© 2022 The Authors. Advanced Materials published by Wiley-VCH GmbH
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cation-ligand complexes (Figure 2bii).”® Besides, the addition
of acetone (a polar aprotic solvent) to a nonpolar solvent con-
taining precursors and ligands induces the formation of NPls
at room temperature, with tunable varying the ratio of A-oleate
to BX, precursor in the reaction medium (Figure 2biii).*! This
approach is generally applicable to both hybrid and inorganic
perovskite NPIs. The third synthesis method for perovskite
NPIs is based on ligand-assisted ultrasonication (tip-sonication)
of precursor powders together with ligands in a nonpolar sol-
vent, typically toluene or octadecene.?*”" This strategy is also
applicable to transform bulk perovskite crystals into a mixture
of NPIs of different thicknesses that could be separated into
individual thicknesses by ultracentrifugation.”! In addition
to these three common synthesis methods, solvothermal and
microwave-assisted synthesis have also been reported for the
preparation of NPlIs. 7880

In the following sections, we discuss the synthesis of organic-
inorganic hybrid, all-inorganic, and lead-free perovskite NPls
with controlled thickness using different protocols. Table 2 pro-
vides a summary of the most relevant reports on the thickness-
controlled synthesis of organic-inorganic hybrid and inorganic
halide perovskite NPls by different synthesis methods.

2.2. Synthesis of Organic—Inorganic Perovskite Nanoplatelets

In 2014, Pérez-Prieto and co-workers first reported the highly
green emissive (=80% PLQY) colloidal organic—inorganic
hybrid perovskites (MAPDbBr;) by acetone-induced reprecipita-
tion of precursor salts (MABr and PbBr,) in a mixture of DMF
and octadecene and in the presence of ligands (octylammo-
nium bromide and oleic acid).?*1%% The transmission electron
microscopy (TEM) characterization of the samples revealed the
presence of both spherical nanoparticles (NPs) and NPIs, which
were assigned as perovskites and organic impurities, respec-
tively.'9l However, around 2015, Tyagi et al.l} and Sichert
et al.l?®l simultaneously reported the formation of quantum-
confined colloidal MAPbBr; perovskite NPIs by repeating the
synthesis initially reported by Pérez-Prieto and co-workers. In
particular, Sichert et al.?®! demonstrated that the thickness of
NPIs is tunable from bulk to strongly quantum-confined 2D
monolayers by tuning the ratio of octylammonium bromide to
MABr (Figure 3a—d). They showed that the thickness of NPIs
decreases with increasing the octylammonium bromide con-
tent in the precursor solution, and they were the first to assign
the PL peaks for NPIs of thicknesses n = 1-5. The decrease
in the thickness of NP1 clearly reflects in the PL spectra with
a significant blue-shift due to quantum size effect (Figure 3b;
see Table 1 for the thickness-dependent PL peak position for
MAPDBr; perovskite NPIs). Importantly, Sichert et al.?! found
that the spherical NPs observed by TEM are lead (Pb?) parti-
cles which were evolved by the electron beam-induced degra-
dation of perovskite NPls (We recommend reading ref ' for
more details on electron microscopy characterization of perov-
skite NCs). Meanwhile, Dou et al. reported the fabrication of
atomically thin (monolayer) single-crystalline 2D NPIs of hybrid
perovskites on a substrate by controlled solvent evaporation
of a drop of a dilute solution of precursor salts dissolved in a
ternary co-solvent system (acetonitrile, DMF, chlorobenzene)
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and butylammonium bromide.®® The 2D NPIs exhibited a
well-defined square shape with a lateral size of few microns,
which enabled to study of their optical properties at single-par-
ticle level. However, unlike the colloidal solutions, the NPIs on
the substrate are made of stacks of ML perovskites separated
by organic cations, in which the 2D MLs are held by weak van
der Waals interactions.!% Since there is a significant separa-
tion in between MLs, they still exhibit monolayer-like optical
properties regardless of the thickness of the NPl on the sub-
strate. The optical properties of these monolayer perovskites on
the substrate are tunable across the visible range by the halide
composition.®® Such monolayer hybrid perovskites can also
be prepared in colloidal suspensions. Tisdale’s group has done
excellent work on the synthesis and study of the optical prop-
erties of hybrid perovskite NPIs of different compositions.!’!
They demonstrate the preparation of mono- and bilayer (n =1
and 2) hybrid perovskite NPls of different compositions (A: Cs,
MA and FA, B: Pb and Sn, X: Cl, Br and I) by LARP using octy-
lammonium or butylammonium ligands (Figure 4). The NPIs
prepared exhibited a broad distribution of lateral sizes ranging
from 100 nm to 1 um, which had the tendency to self-assemble
into stacked superlattices. The thickness of the NPIs was deter-
mined by XRD through periodic reflections from NPI stacks.
Figure 4c presents the absorption and PL spectra of FA-based
mono- and bilayer perovskite NPls with different B-site cations
(Pb and Sn) and halides (Cl, Br, and I). A summary of their PL
peak positions is included in Table 1. Despite the polydispersity
in their lateral dimensions, the NPIs exhibit narrow emission
because of the fact that the lateral size has less influence on
their emission energy. The emission properties of perovskite
NPIs are tunable from visible to NIR range by the halide compo-
sition and B-site cation, while the A-site cation has subtle influ-
ence on their properties. However, the A-site cation selected has
significant influence on the colloidal stability and PLQY of the
NPIs. It was found that the FA-based NPIs exhibit significantly
higher PLQY compared to MA and Cs-based NPIs.*’l Never-
theless, FA perovskite NPls suffer from colloidal instability.
Replacing FA with MA, and the addition of excess alkylammo-
nium bromide ligands leads to a drastic enhancement in the
stability of perovskite NPls in both colloidal solution as well as
in thin films."%l Furthermore, it was found that the freshness
of the precursor solution is important for obtaining stable col-
loidal hybrid perovskite NPIs with high PLQY.'%! Very recently,
Biesold et al. integrated the LARP approach with microfluidic
synthesis for the continuous production of R.-P. perovskite
NPIs.'%%l Using this approach, they demonstrated the fabrica-
tion of monolayer stacked perovskite NPls, with synthesis rates
8 times higher than conventional batch methods. Interestingly,
it has been demonstrated that the use of chiral ammonium
halide ligands in the LARP approach results in the formation of
chiral MAPbBr; NPIs.]

Besides using alkylammonium halide ligands, long-chain
alkylamines (such as OLA) in combination with alkyl acids
(such as OA) has been used to prepare hybrid perovskite NPIs
of different thicknesses by the LARP approach.[3263919] [n this
case, it is most likely that the acid reacts with the amine to form
an ammonium cation that stabilizes the colloidal perovskite
NCs. Zhang et al. initially reported this approach, in which
they claimed the formation of spherical NCs."®l However,
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Table 2. Summary of synthesis methods and thickness-selective strategies reported for lead halide and lead-free perovskite NPIs with different A-site
cations (Cs, MA, FA).

Thickness-controlled synthetic strategies

Composition Year Synthesis method Tunability strategy Range (PL) Range (ML)  Refs.

CsPbX; perovskite CsPbBr; 2015 Hot injection Reaction temperature 403-478 nm 1-5 [37]
nanoplatelets

CsPbBr; 2016 LARP HBr concentration 438-459 nm 3-5 [30]

CsPbBr; 2016 Hot injection Short and long chain ligands ratio 452-491 nm 34 [81]

CsPbBr; 2016 LARP Precursors ratio (LX:BX;:AX) 403-433 nm 1-2 [25]

CsPbBr; 2016 Hot injection Reaction temperature 462—501 nm - [82]

CsPbBr; 2016 Hot injection - 449 nm - [74]

CsPbBr; 2016 Hot injection Reaction temperature and ligands length 460-495 nm 3-7 [75]

CsPbBr; 2018 LARP 462 nm 3 53]

CsPbBr; 2018 LARP Precursors ratio (Cs*:PbBr,) 432-497 nm 2-6 [29]

CsPbBr; 2018 LARP Ligand concentration 481-510 nm 4-12 [57]

CsPbBr; 2018 Hot injection [CsY] 403-464 nm -4 [33]

CsPbBr; 2018 LARP H,0 concentration 505-518 nm - [83]

CsPbBr; 2019 Hot injection - 492 nm 6 [59]

CsPbBr; 2020 LARP + heating-up - 450 nm 3 [84]

CsPbBr; 2020 Hot injection - 510 nm 8 [85]

CsPbBr; 2021 LARP Precursors ratio (Cs*' PbBr,) 430-501 nm - [86]

CsPbBr; 2021 Hot injection - 446 nm - [87]

CsPbBr; 2021 LARP - 460 nm 3 [88]

CsPbls 2016 LARP Precursors ratio (LX:BX;:AX) 512-561 nm 1-2 [25]

CsPbl; 2016 Tip -ultrasonication Precursors ratio (Cs*:Pbl,) 600-685 nm 3-6 [26]

CsPbl; 2020 LARP - 560 nm[RP]?) 2 [50]

MAPbBr; 2015 LARP Thickness-selective centrifugation -504 nm 2-7 -

MAPbBr; 2015 LARP Ligand:precursor ratio (L:MA¥) 427-508 nm 2-6 [28]

MAPbX; perovskite MAPbBr; 2016 LARP Ligand length and precursors ratio 403-530 nm 1-5 [89]
nanoplatelets

MAPbBr; 2016 LARP Precursor ratio (LX:BX;:AX) 398-437 nm 1-2 [25]

MAPbBr; 2016 LARP Ligand length and ratio 433-506 2-7 [90]

MAPbBr; 2016 LARP Ligand and precursor ratio 440-490 nm 1-n>3 [40]

MAPbBr; 2016 LARP Ligands ratio 436-489 nm 2-6 [49]

MAPbBr; 2017 LARP Ligands ratio 447-514 nm 3-8 [91]

MAPbBr3 2017 LARP Temperature 445-508 nm 3-9 [48]

MAPbBr; 2018 LARP Precursors ratio 396490 nm 1-5 [41]

MAPbBr3 2018 LARP Ligands ratio 452-501 nm - [92]

MAPbBr3 2019 LARP Precursors ratio (LX:BX,:AX) and ligands ~ 405-440 nm (aprox) 1-2 [39]

composition

MAPbDI; 2016 Exfoliation Thickness-selective centrifugation 539-610 nm 1-3 71

MAPbDI; 2016 LARP Precursors ratio (LX:BX;:AX) 512-573 nm 1-2 [25]

MAPbI; 2016 LARP Precursors ratio 527-652 nm [RP]? 1-4 [43]

MAPbI; 2017 LARP Ligands ratio 549-722 nm - [97]

MAPbI; 2017 LARP Precursors ratio 516-677 nm [RP]?) 1-5 [45]

MAPbDI; 2019 LARP Precursors ratio (LX:BX,:AX) and ligands 510-575 nm 1-2 [39]

composition

MAPbI; 2020 LARP Ligands composition and ratio 510-650 nm -4 [44]

MAPbI; 2020 LARP - 579 nm [RP]? 2 [50]

FAPbX; perovskite FAPbBr3 2016 LARP Precursors ratio (LX:BX;:AX) 398-439 nm 1-2 [25]

nanoplatelets
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Thickness-controlled synthetic strategies

Composition Year Synthesis method Tunability strategy Range (PL) Range (ML)  Refs.
FAPbBr; 2017 LARP Ligands ratio 438-530 nm 2-NCs [63]
FAPbBr; 2017 LARP Ligands ratio 438-533 nm 2-NCs [93]
FAPbBr; 2018  Microfluidic synthesis - 432 nm 2 [94]
FAPbBr; 2018 LARP lon-exchange-mediated self-assembly 398-490 nm 1-4 [55]
FAPbBr; 2019 LARP Ligands ratio 440-532 nm 2-8 [95]
FAPbBr; 2019 LARP Precursors ratio (LX:BX,:AX) and ligands ~ 405- 440 nm (aprox) 1-2 [39]

composition
FAPbBr; 2020 LARP - 440 nm 2 [96]
FAPbBr; 2021 Hot Injection 440 nm 2 [97]
FAPbI; 2016 LARP Precursors ratio (LX:BX;:AX) 512-575 nm 1-2 [25]
FAPbI; 2017 LARP Ligands ratio 668-737 nm - [63]
FAPbI, 2017 Hot injection 580 nm 2 [52]
FAPbI, 2019 LARP Precursors ratio (LX:BX,:AX) and ligands 510-575 nm 1-2 [39]

composition
FAPbI; 2020 LARP - 582 nm [RP]?) 2 [50]
Lead-free perovskite Cs,AgBiBrg 2018 Hot injection - 426-465 nm - [98]

nanoplatelets
Cs,AgBiBrg 2021 Hot injection - 630 nm - [99]
Cs,AgBiBrg 2021 Low-temperature Heating-up temperature 475-650 nm 1,34 [100]
injection + heating-up

Cs,AgBilg 2018 Hot injection - 610-680 nm - [98]
CsSnls 2018 Hot injection - 780 nm - [107]
Cs3Sb,lg 2017 Hot injection - 575 nm - [102]
FASnl; 2016 LARP Precursors ratio (LX:BX,:AX) 628-689 nm 1-2 [25]

Levchuk et al. demonstrated the preparation of highly lumi-
nescent MAPbX; (X = Br and I) NPIs by the LARP approach
using OLA and OA ligands.’ It is important to use the proper
ratio of acetonitrile and toluene mixture for washing MAPDbBr;
NPIs without degradation. They found that the thickness of
NPIs decreases with increasing the ratio of OLA/OA. Moreover,
it was found that the PLQY of NPls decreases with decreasing
their thickness. The lateral size of the NPIs prepared in this
approach is generally much smaller compared to the NPls
obtained using alkylammonium cation ligands, and therefore
they exhibited higher PLQY.?#9U The NPIs tend to form book-
shelf-like side-by-side stacks on the TEM grid, which enables
accurate thickness determination.

In general, because of their ionic nature, lead-halide perov-
skites crystallize easily into NCs in the presence of alkylam-
monium or alkylamine ligands, however, this could also be a
problem for their stability. Tong et al. found that the bulk-like
hybrid perovskite NPIs transform into quantum-confined NPls
upon the dilution of their colloidal solution in the presence of
excess ligands.[3?l They observed a gradual blue-shift in the PL
of the solution with an increase in the dilution factor, indicating
the decrease in the thickness of NPIs with increasing dilution.
Besides, the extent of the blue-shift strongly depended on the
excess ligands present in the colloidal NP1 solution. The authors
proposed that the fragmentation of NPIs into thinner NPIs was
due to osmotic swelling induced upon dilution. The addition
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of solvent leads to the desorption of surface ligands and frag-
mentation of thicker NPIs, while the excess organic ligands in
the solvent quickly passivate the newly formed surfaces, sta-
bilizing the thinner NPls in the process.3 Interestingly, the
newly formed colloidal NPIs and their thin films were found
to be stable under continuous UV light illumination. Time-
resolved PL measurements show that the PL decay becomes
faster with decreasing NP1 thickness due to an increase in the
radiative decay rate for thinner NPIs, which is likely due to an
increase in the exciton binding energy with decreasing NP1
thickness.? The transformation of bulk perovskites into thin
NPIs can also be achieved by ligand-assisted ultrasonication, as
demonstrated by Hintermayr et al. (Figure 2c).”" Tip-sonication
of bulk perovskite crystals in the presence of oleylamine gives
a mixture of NPIs of different thicknesses, which can be sepa-
rated into NPIs of individual thicknesses by ultracentrifugation
at different speeds. Figure 5a presents the UV light illuminated
colloidal dispersions of MAPDI; NPIs of different thicknesses
(n =1, 2, 3, >3 and o) prepared by ultrasonication of bulk
MAPDI;. As it is shown, the emission color is tunable from
green to near IR by their thickness. The TEM images show that
the NPIs obtained by this approach are rather polydisperse in
their dimensions (Figure 5b). The PL spectra of NPIs obtained
by ultracentrifugation at different speeds exhibit narrow emis-
sion for n = 1-3, while it is difficult to separate the thicknesses
(n) > 3 MLs (Figure 5c). The time-resolved PL studies revealed

© 2022 The Authors. Advanced Materials published by Wiley-VCH GmbH
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Figure 3. a) Schematic illustration of the synthesis of the MAPbBr; perovskite NPIs by antisolvent-induced reprecipitation. The thickness of the NPIs
is tunable by varying the content of ratio octylammonium bromide (OABr) with respect to methylammonium bromide (MABr). b) Absorption (black
line) and PL (green line) spectra of perovskite nanocrystal films prepared from colloidal suspensions obtained by varying the ratio of OABr/MABr (right
panel) and photographs of the corresponding colloidal solutions under UV light (left panel) (in the figure OA refers to OABr). c) TEM and SEM images
of MAPbBr; perovskite NPIs obtained with 80% OABr. d) TEM image of NPIs showing the electron beam-induced evolution of spherical Pb particles.
Reproduced with permission.?8l Copyright 2015, American Chemical Society.

that the decay becomes faster with decreasing the NP thickness
(Figure 5d). Interestingly, the decay profile changes from bimo-
lecular to monomolecular with decreasing NP1 thickness, likely
due to the excitonic nature of 2D perovskites. In 3D MAPbI,
perovskites, the decay is bimolecular due to the formation of
free carriers at room temperature owing to their low exciton
binding energy. However, for thinner NPlIs, it is less likely to
form free carriers due to higher exciton binding energy than
thermal energy, thus leading to exciton recombination, which is
a monomolecular process.

Although the synthesis and optical properties of MAPDX;
perovskite NPIs have been thoroughly explored, FAPbX; NPls, an
important hybrid perovskite system, have been less investigated.
To the best of our knowledge, thickness-dependent PL peaks for
FAPDX; NPls are not well documented in the literature. In prin-
ciple, the synthesis methodologies developed for MA perovskite
NPIs could also be extended to FA perovskite NPls. For instance,
Levchuk et al. reported the synthesis of thickness-tunable FAPbBr;
NPIs by the LARP approach initially used for MAPbX; NPIs
(Figure 6a).%1 The thickness of NPIs is controllable by varying the
ratio of OLA/OA ligands in the precursor solution. The gradual
increase in the OLA content leads to a decrease in the NPI thick-
ness and thus a gradual blue-shift of the PL peak (Figure 6a-i).
In addition, it was found that the PLQY of NPIs decreases with
decreasing thickness (Figure 6a-ii),[%3 which is likely due to an
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increase in the density of deep traps as the bandgap increases
(refer to the surface passivation section for more details). The lat-
eral dimensions of the NPIs are in the same range as the MAPbX;
NPIs prepared by the same LARP approach.®*?! Figure 6a-iii
presents the theoretical and experimental PL peak positions for
FAPDBr; NPIs of different thicknesses and they match quite well.
The peaks at 438, 486, 533 nm were assigned to n =2, 3, and 4,
respectively. However, this needs further in-depth investigation
because the PL peak for n = 4 is already very near to its bulk,
and this is very different from MAPDBr; system (see Table 1).
The LARP approach, but using octylamine instead of OLA, also
give rise NPIs of different thicknesses with tunable from green
to blue range.>) However, in contrast to the OLA-case, the thick-
ness of NPls increases with increasing octylamine content in the
precursor solution. Furthermore, Zhang et al. demonstrated that
the use of short alkylamines during synthesis results in micron-
sized n = 2 R.-P. FAPbBr; NPIs.'8l Despite great successes in
the synthesis of hybrid perovskite NPls by the conventional
LARP approach, the DMF used for precursors can affect the sta-
bility of the NPIs. To overcome this, Huang et al. modified the
LARP approach in which no DMF is required for the dissolution
of precursor salts (Figure 6b-i).°°l The introduction of Cs-oleate
complex into toluene containing PbX,-ligand complex leads to
the formation of perovskite NPls. The FAPbI; NPIs prepared
using this approach exhibit near-monodispersity, and they tend

© 2022 The Authors. Advanced Materials published by Wiley-VCH GmbH
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Figure 4. a) Schematic of perovskite NPIs structure and their tunable emission color across the visible range by composition (A, B, and X) and thick-
ness (n). b) Schematic of the steps involved in the LARP approach for the synthesis of hybrid perovskite NPIs. c) Absorption (dotted lines) and PL
(solid lines) spectra for n =1 and n = 2 FA perovskite nanoplatelets of different B (Pb and Sn) and X (Cl, Br, and 1) compositions. Reproduced with
permission.? Copyright 2016, American Chemical Society.

to form stacks upon solvent drying (Figure 6b-ii). In this method,  plexes. Very recently, Patra et al. demonstrated the synthesis of
the thickness of the NPIs is tunable by controlling the ratio of = monodisperse n = 2 stacked NPIs by hot-injection approach using
monovalent (MA* or FA") to divalent (Pb?*) cation-ligand com-  oleylammonium cation ligand (Figure 6c).”
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Figure 5. a) Colloidal solutions of MAPbI; NPIs of different thicknesses under UV light illumination. b) HAAD-STEM image of MAPbI; NPIs obtained
by ligand ultrasonication of bulk perovskites. c,d) Corresponding PL spectra and time-resolved PL lifetime of MAPbI; NPIs of different thicknesses.
Reproduced with permission.!l Copyright 2016, John Wiley & Sons.
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Figure 6. a-i) PL spectra for colloidal FAPbBr; NPIs of different thicknesses prepared by LARP approach using different ratios of OLA/OA ligands. The
thickness of NP|s decreases with an increase in OLA concentration, and thus results in a blue-shift of PL peak. a-ii) PLQY of FAPbBr; NPIs of different
thicknesses. The PLQY decreases with decreasing the NPI thickness. a-iii) Experimental and theoretical bandgaps versus thickness of FAPbBr; NPIs.
Reproduced with permission.l®3 Copyright 2017, American Chemical Society. b) Spontaneous crystallization of ABX; perovskite NPIs upon the addition
of A-ligand complex to BX,-ligand complex in toluene (i) and the TEM image of FAPbl; NPIs prepared by this approach (ii). Reproduced with permis-
sion.’®l Copyright 2019, John Wiley & Sons. c) TEM image of blue-emitting FAPbBr; NPIs prepared using oleylammonium bromide ligands. Reproduced

with permission.””] Copyright 2021, American Chemical Society.
2.3. Synthesis of Inorganic Perovskite Nanoplatelets

There has been tremendous progress in the synthesis of
inorganic halide perovskite NPls, especially CsPbBr; NPlIs,
compared to hybrid perovskites regarding their thickness
control, monodispersity and understanding their proper-
ties.[14:29-31.33:47,53,59.7475,84109-14] Around the beginning of 2016,
the groups of Alivisatos and Manna simultaneously reported
the thickness-controlled synthesis of CsPbX; NPIs.B031 Alivi-
satos’ group first reported the formation of CsPbBr; NPIs by
decreasing the reaction temperature (<140 °C) in the hot injec-
tion method initially developed for CsPbX; nanocubes by Pro-
tesescu et al.,®l and the thickness of NPIs gradually decreased
with decreasing reaction temperature (Figure 7a).?l The change
in morphology is easily noticeable by the emission color of the
resulting colloidal solution. In general, CsPbBr; nanocubes
exhibit green emission (unless they are strongly quantum-con-
fined under specific synthetic conditions), while the NPIs emit
colors ranging from blue to violet depending on their thickness.
It is worth mentioning that NPIs can emit green color if the
thickness is greater than 5-6 nm for CsPbBr;. It is critical to
purify the product using a mixture of ethyl acetate and methyl—
ethyl ketone to obtain highly luminescent CPbBr; NPls, while
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the use of common antisolvent mixtures such as methanol/ace-
tone can significantly quench their PLQY and influence their
chemical stability. By applying suitable purification steps, they
were able to obtain and characterize CsPbBr; NPIs of different
thicknesses (n =1, 2,3,4,5, and oo, n references to the thickness
in terms of number of MLs) (Figure 7b). As shown in Figure 7b,
the NPIs exhibit sharp excitonic features because of greater
confinement of excitons as compared with nanocubes, and the
emission wavelength blue-shifts as the NPIs get thinner. The
emission color of CsPbBr; NPIs is tunable over the range of
400-510 nm by only varying their thickness, without changing
their halide composition. The CsPbBr; NPls can be trans-
formed into CsPbI; NPIs through anion exchange, and thus
their emission properties move to the region of =530-700 nm
wavelength. Overall, the emission color of perovskite NPIs is
tunable across the entire visible range only with pure CsPbBr;
and CsPbI; compositions by controlling their thickness.l3!
Manna’s group reported the LARP approach for the synthesis of
CsPbBr; NPIs at room temperature using acetone as an antisol-
vent.’% They were able to tune the thickness of NPIs from 3to
5 MLs with monolayer precision by controlling the amount of
HBr added to the reaction medium and compared their optical
properties with nanocubes and bulk thin films (Figure 7c-i).3%

© 2022 The Authors. Advanced Materials published by Wiley-VCH GmbH
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Figure 7. a) TEM images of CsPbBr; NCs prepared by hot-injection synthesis at different reaction temperatures (150 °C (i), 130 °C (i), and 90 °C
(iii)). b) Absorption (solid lines) and PL (dotted lines) spectra of nanocubes and NPIs of 5 different thicknesses (1-5 unit cells). a,b) Reproduced with
permission.?Vl Copyright 2015, American Chemical Society. c) Absorption (dotted line) and PL (solid line) spectra for thin film, colloidal cubic NCs
(green) and colloidal NPI of different thickness (n =3, 4, and 5) CsPbBr; perovskite (i), and TEM image of CsPbBr; NPIs prepared by acetone-induced
reprecipitation (ii). Reproduced with permission.?% Copyright 2016, American Chemical Society.

The CsPbBr; NPIs exhibit excellent monodispersity regarding
their thickness and often tend to form vertically aligned side-
by-side stacks on the TEM grid (Figure 7c-ii). Such self-assem-
bled stacked-NPls transform into nanowires under high-power
UV-ight illumination.™ They proposed that the increase of
HBr concentration promotes the protonation of OLA, leading
to the formation of oleylammonium cations that compete with
Cs* for lattice sites and promotes the formation of layered
structures. Therefore, the increase in HBr concentration leads
to a decrease in NPI thickness. This is similar to the growth
mechanism proposed for hybrid perovskite NPls, in which the
increase in the concentration of long-chain ammonium cation
leads to a decrease in their thickness.?] As shown in Figure 7c—i,
the nanocubes exhibit blue-shifted emission compared to bulk
thin films, while the PL emission further shifts toward the
higher energy side as the morphology changes from nanocubes
to NPIs. In addition, one can clearly see the sharp excitonic fea-
tures in the absorption spectra of NPls due to strong quantum
confinement effects.

The LARP approach for CsPbBr; NPIls was further modi-
fied by Tong et al.?’l to make it easier, DMF-free and to achieve
excellent thickness control from n = 2 to 6 with monolayer
precision (Figure 8). In their approach, acetone induces the
precipitation of precursors into perovskites in the presence
of OLA and OA ligands (Figure 8a). It is worth mentioning
washing with acetone induces defects on the surface of NPIs,
which then requires postsynthetic surface passivation to obtain
highly luminescent NPIs. Later, they found that the precursors,
under specific concentrations, spontaneously crystallize into
perovskite NPIs in nonpolar solvents without the addition of
acetone.*® They demonstrated that the thickness of the NPls
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is tunable by varying the ratio between Cs* to Pb?* precur-
sors.?2% As shown in Figure 8c, the decrease in the ratio Cs/Pb
results in blue-emissive colloidal NCs, suggesting the forma-
tion of CsPbBr; NPIs. The TEM images of the corresponding
colloidal solutions revealed that the thickness of NPls decreases
with decreasing the Cs/Pb ratio (Figure 8d—f). The decrease in
Cs" content leads to an obvious increase in the ratio of ligand to
Cs™, and this is somewhat similar to the increase of long-chain
ammonium cation (ligand) to methylammonium (MA®) cation,
which leads to a decrease in the thickness of hybrid perovskite
NPLM6 The NPIs prepared by this approach exhibit narrow and
single PL peaks, suggesting that the colloidal solutions consist
of NPIs with a single thickness (Figure 8g). In addition, it was
found that the exciton binding energy for n =2 NPIs is an order
of magnitude higher than that of nanocubes.*’!

Like the synthesis of hybrid perovskites, the concentration of
the acid-base ligand pair (OLA-OA) plays an important role in
the morphology of the resultant inorganic perovskite NCs.[3374
For example, Almeida et al. found that the increase in the con-
centration of OA during hot injection leads to the formation of
pure CsPbBr; NPIs.?3l They proposed that the increase in the
ratio of oleylammonium to Cs* cations leading to the aniso-
tropic growth by preventing the growth in certain facets. How-
ever, it is still unclear on the symmetry breaking and facet selec-
tive growth of NPIs in the presence of excess oleylammonium
cation, otherwise leading to isotropic nanocubes. Furthermore,
they demonstrated the synthesis of monolayer perovskites by
completing eliminating Cs* ions in the reaction medium.

Apart from reaction temperature and ligand concentration,
the chain length of ligands, type of solvent, and any additional
metal ions in the precursor solution all significantly influence
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Figure 8. a) Schematic illustration for the synthesis of thickness-controllable CsPbBr; NPIs. b) Cubic crystal structure of perovskite NCs. c) Colloidal
solutions of CsPbBr; NPIs of different thicknesses under UV light illumination. The thickness of the NPIs decreases with decreasing the Cs/Pb ratio
in the precursors. d—f) HAAD-STEM images of 2ML, 3MLand 5ML CsPbBr; NPLs. The inset in d is the HAAD-STEM image of vertically stacked NPIs
enabling the thickness determination. g) Absorption (dotted line) and PL (solid line) spectra of CsPbBr; nanocubes and NPLs of different thicknesses
(2-6 ML). Reproduced with permission.?l Copyright 2018, American Chemical Society.

the size and shape of halide perovskite NCs.*#7>83] Pan et al.
found that the use of short-chain amine ligands in hot-injection
synthesis yields NPIs under both high and low reaction tem-
peratures, while the use of short-chain carboxylic acids yields
larger nanocubes.””) The NMR and IR studies on purified
perovskite NCs revealed the presence of both alkylammonium
and carboxylate. It was also proposed that the ammonium
cation binds to the NC surface while the carboxylic acid neutral-
izes the charge.” Recently, a similar growth mechanism was
proposed by Bonato et al. for the formation of CsPbX; NPls
assisted by the presence of Sn*" cations.”} They proposed that
the Sn** (Lewis acid) promotes the protonation rate of OLA by
affecting the acid-base equilibrium of the reaction system and
thus the oleylammonium cations help the anisotropic growth
of NPIs. Despite decent progress in the thickness-controlled
synthesis of CsPbBr; NCs, the exact surface chemistry and
the atomic crystal structure is still unclear and a more in-
depth study is required. In this regard, Bertolotti et al. inves-
tigated the crystal structure and surface chemistry of 6ML-
thick CsPbBr; NPIs by combining atomically resolved electron
microscopy with synchrotron X-ray scattering measurements
(Figure 9).5°1 The 6ML-thick NPIs were synthesized by the
hot-injection method at 130 °C and using two-fold concen-
trated precursors compared to those in nanocube synthesis. As
shown in Figure 9a, the NPIs exhibit excellent monodispersity
with an average thickness of 3.5 nm and cyan emission (A, =
492 nm). High-resolution TEM (HRTEM) characterization of
the NPIs reveals their single-crystalline nature, with a lattice
spacing of 5.8 A. This lattice spacing (or d-spacing) represents
both the cubic cell axial lengths as well as Pb—Pb distances in
the orthorhombic structure, as illustrated in Figure 9¢,d. There-
fore, one cannot determine the exact crystal structure from the
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d-spacing obtained from the HRTEM image, however, it gives
an important input for first-principles calculations. In addition,
the octahedral tilting in the orthorhombic structure (Figure 9d)
is below the general resolution limit of HRTEM, meaning it
is difficult to differentiate the cubic and orthorhombic phases
by HRTEM images. The geometrical relationship between the
cubic (ay) and orthorhombic (agp, orm, and coy,) unit cell axes
and the pseudocubic versus orthorhombic faces are illustrated
in Figure 9e, and this was used for the analysis of X-ray data
obtained from synchrotron measurements (see ref. [59] for
more details). The conventional XRD measurements performed
on NP films and the synchrotron wide-angle total scattering
experiments on colloidal suspensions suggest that they exhibit
an orthorhombic structure, very similar to that of conventional
nanocubes.’?) A recent study by Manna’s group suggests that
2 ML thick NPIs also adapt orthorhombic crystal structure.[194
Furthermore, it was proposed that the NP1 surface terminates
with CsBr with half of the Br and Cs positions vacant.®l These
vacancies can significantly hamper the optical properties of
NPls, however, they can be repaired (or passivated) by different
ways to recover their properties, as discussed in the following
section.[’]

2.4. Synthesis of Doped and Surface Treated Halide

Perovskite Nanoplatelets

2.4.1. Surface Passivated Halide Perovskite Nanoplatelets

Despite significant progress in the thickness-controlled syn-

thesis with monolayer precision, pristine perovskite NPIs usu-
ally suffer from low PLQY and colloidal instability as compared
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Figure 9. a) TEM image of 6 ML-thick CsPbBr; NPIs. The insets are the schematic illustration of the NPI (left) and the colloidal solution emitting cyan-
blue under UV-light irradiation. b) HRTEM image of the 6 ML thick CsPbBr; NPLs with a lattice constant of 5.8 A. Schematic illustration of 3 ML-thick
CsPbBr3 NPLs in the c) orthorhombic and d) cubic arrangements. In both arrangements, the lattice constant is expected to be 5.8 A. e) Schematic
illustration showing the geometrical relationship between the cubic (a,) and orthorhombic (ayn, born, @and copp) unit cell axes and the pseudocubic
and orthorhombic faces. Reproduced with permission. Copyright 2019, American Chemical Society.

with nanocubes.**72105] Although near-unity PLQY is easily
achievable for perovskite nanocubes under optimized condi-
tions, 8120 it has been often observed that the PL efficiency
decreases for NPLs with decreasing thickness and therefore
wide bandgaps.?®?>7!l In principle, 2D NPIs are expected to
exhibit high PLQY due to the enhanced radiative recombina-
tion caused by the confinement of charge carriers. However,
the high density of surface defects caused by the high surface-
to-volume ratio of NPIs results in their low PLQY. The sur-
face defects in lead halide perovskites are generally related to
the X and Pb vacancies, as well as the A-site vacancies caused
by the detachment of ligands during the purification process
(Figure 10a,c,d). In principle, filling these vacancies can sig-
nificantly suppress the nonradiative recombination of charge
carriers and thus enhance the PL efficiency of NCs. The pas-
sivation methods initially developed for perovskite nano-
cubes to achieve near-unity PLQY has been extended to NPls
to increase their PLQY.>29331191211 These methods include
in situ passivation during synthesis or post-synthetic passiva-
tion of surface vacancies (Figure 10a,c,d).[>2953117122123] oy
instance, Bohn et al. demonstrated a drastic improvement in
the PL of CsPbBr; NPIs by post-synthetic treatment with a solu-
tion consisting of metal halides complexed with OLA and OA
ligands (Figure 10a,b).?] After comparing several metal halides,
they found that the maximum PL enhancement was obtained
with PbBr,-ligand, suggesting that both the Pb and Br vacan-
cies are responsible for the lower PLQY of CsPbBr; NPIs. In
addition, the post-synthetic treatment of NPI of different thick-
ness with PbBr, shows that the PLQY enhancement factor
increases as the thickness of the NPIs decrease (Figure 10b).2
This suggests that the density of halide vacancies increases
with decreasing NPI thickness because of the increased surface
are-to-volume ratio. The refilling of vacancies and recovery of
PLQY lead to an increase in the PL lifetime due to the removal
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of the trap-mediated nonradiative channel. Thus the PL decay
of the passivated NPIs became monoexponential, whereas the
nonpassivated NPIs had a nonmonoexponential decay.?” In a
similar work, Wu et al. reported an in situ passivation method
for PbBrg* octahedra at the nucleation stage introducing excess
Br™ in the reaction medium to obtain trap-free CsPbBr; NPIs
with near-unity PLQY (Figure 10c).%! Additionally, they demon-
strated the fabrication of CsPbBr; NPIl-based blue LEDs with an
external quantum efficiency (EQE) of 0.124% and an emission
line width of =12 nm.>3 Very recently, Lin et al.™! reported a
similar in situ passivation strategy by introducing potassium
oleate and excess PbBr, in the reaction medium to obtain
CsPDbBr; NPIs with a PLQY of 87% (Figure 10d). They proposed
that potassium bromide (KBr) passivates the Br vacancies on
the NP1 surface and thus improves photo and thermal stabili-
ties by suppressing halide ion migration. Besides metal halides,
ligand molecules could also be used for in situ passivation of
perovskite NPIs. For instance, Huang et al. reported the prepa-
ration of CsPbBr; NPls with near-unity PLQY by in situ pas-
sivation using (3-aminopropyl)triethoxysilane (APTES) ligand,
which also acts as a cross-linker.l?2l The resulting NPIs exhib-
ited greater stability in polar solvents, such as water and DMF.
This study suggests that APTES could be a potential ligand for
solving the stability problems associated with perovskite NCs.
However, it is important to study the effect of the ligand on
the inter-particle charge transfer properties before using these
materials in optoelectronic devices.

2.4.2. Metal lon-Doped Halide Perovskite Nanoplatelets
Besides passivation, metal cation doping into perovskite NC lat-

tices has been greatly exploited to induce new optical features
and properties, as well as to improve their stability.l'*124126]
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Figure 10. a) Schematic illustration showing the passivation of Br and Pb vacancies on perovskite NC surface by treatment with PbBr,-ligand solu-
tion. b) PL spectra of pristine and PbBr, treated CsPbBr; NPIs of different thicknesses. The spectra are normalized to compare the magnitude of the
enhancement in the three samples. Reproduced with permission.?’l Copyright 2018, American Chemical Society. c) Schematic illustration showing the
in situ passivation of Br vacancies by addition of excess Br™ in the reaction medium to form intact PbBrg*~ octahedra of CsPbBr; NPIs. Reproduced with
permission.l3l Copyright 2018, American Chemical Society. d) Schematic representation of the KBr-enriched passivation of CsPbBr; NPIs by K-oleate
and excess PbBr, to the perovskite precursor solution. Reproduced with permission."7 Copyright 2021, John Wiley & Sons. e) Schematic illustration of
the synthesis of Mn?*-doped CsPbCl; NPIs by acetone induced reprecipitation (left), and the corresponding PL spectra showing yellow-orange emission
(right). Reproduced with permission.["% Copyright 2017, American Chemical Society.

Among various metal ion dopants, Mn?* has received special
attention due to its interesting interactions with excitons of
semiconductor hosts."1?-12] Tt is well known that the semi-
conductor host efficiently transfers its excitonic energy to
Mn?* dopants, thus leading to an intense orange emission
from a spin-forbidden *T;—°A; Mn d-d transition.!*128 Mn?*
doping was first investigated in perovskite nanocubes!!3%13!
and later extended to NPls as well."%132-17] Egpecially, Mn?*-
doped strongly quantum-confined NPIs are expected to exhibit
interesting magneto-optical properties due to enhanced inter-
actions between charge carriers with Mn?* dopants caused by
the confinement of charge carriers.®® The reported studies
on Mn?"-doped perovskite NCs with different halide composi-
tions suggest that the high bandgap chloride-based perovskites
are most suitable for efficient transfer of excitonic energy to
Mn?* dopants.3%13Y [nspired by these early studies, Mir et al.
first reported the synthesis of Mn?*-doped CsPbCl; quasi-2D
NPIs at room temperature by the acetone-induced reprecipi-
tation approach (Figure 10e).M"1 The EPR spectra of doped
NPIs strongly suggest that the Mn?* dopants substitutionally
occupy the Pb?" sites in the perovskite crystal lattice. The pre-
pared Mn2*-doped CsPbCl; NPIs exhibit orange emission with
20% PLQY at 0.8% dopant concentration. However, the orange
emission significantly decreased for Mn?*-doped CsPbBr; NPls
obtained from Mn?*-doped CsPbCl; NPIs by postsynthetic
anion exchange reaction.
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The PLQY of doped NPIs strongly depends on the concentra-
tion of the dopant in the host lattice. Several studies suggest
that the PLQY increases with increasing Mn** dopant concen-
tration up to some extent, while excess dopant concentration
quenches the PL due to dopant annihilation. In theory, all the
Pb?* of perovskite lattice can be replaced with Mn?* to obtain
an AMnX; lattice. For example, Li et al. showed that the lat-
eral size of the Mn?*-doped CsPbCl; NPIs and the concentra-
tion of dopants increases by solvothermal treatment of pre-
synthesized Mn?**-doped small CsPbCl; NPIs.*% In their work,
the Mn?**-doped CsPbCl; NPIs were prepared by hot-injection
synthesis, and the excitonic emission at 400 nm suggested
that the NPIs were quite thick and exhibited bulk-like optical
properties.3*l They observed the formation of the CsMnCl;
phase by X-ray diffraction and an increase of PLQY from 2%
to 21% after the solvothermal treatment. Very recently, a PLQY
of over 50% has been reported for Mn?*-doped CsPbCl; NPIs
prepared with an Mn-to-Pb feed ratio of 7:3, and their use as
color converters in the fabrication of warm while LEDs was
demonstrated.*¥ Tt might be difficult to have accurate control
over the dopant concentration in the direct synthesis of doped
NCs. Moreover, it is still unclear about the dopant sites in the
perovskite lattice. Electron paramagnetic resonance studies on
Mn?*-doped CsPbCl; NPls suggest the incorporation of dopants
in the lattice. However, the amount of dopant in the semicon-
ductor crystal lattice is relatively easily controllable through
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post-synthesis cation exchange using the corresponding metal
salt precursors. This approach has been used to dope Mn?*
ions into CsPbBr; NPIs by treating them with MnBr, precur-
sors.'32 Interestingly, although CsPbBr; nanocubes (size =
10-12 nm) do not give orange emission after doping with Mn?",
strongly quantum-confined Mn?*-doped CsPbBr; NPIs pro-
duce intense orange emission. This suggests that the higher
bandgap of 2D or quasi-2D CsPbBr; NPIs favors the transfer
of exciton energy to the Mn?* dopants. In fact, Son and co-
workers initially observed this in CsPbBr; NPls prepared by
direct hot-injection synthesis.'””l Recently, a study by Babu
et al. suggested that both energy and charge transfer from the
CsPbBr; NPIs to Mn?" dopants results in the orange emission.
Furthermore, an interesting feature of Mn?**-doped CsPbBr;
NPIs is their PL peaks centered simultaneously in both the
blue (excitonic emission) and orange (dopant emission) regions
and could produce white light upon mixing them with green
emissive CsPbBr; nanocubes. It is worth mentioning that it is
not possible to achieve white emission by mixing Mn?*-doped
CsPbCl; NPIs with CsPbBr; nanocubes due to spontaneous
halide exchange. This emphasizes the advantages of using
quantum confinement to tune the emission wavelength, by
allowing blue (CsPbBr; NPIs), green (CsPbBr; nanocubes), and
orange (Mn?"-doped CsPbBr; NPIs) emission to all be simul-
taneously achieved with the same perovskite composition that
avoids halide exchange. Curiously, Zhao et al. were even able to
observe white emission from Mn?*-doped CsPbBr; NPIs with a
PLQY over 60% without the addition of green emissive CsPbBr;
nanocubes.3? Surprisingly, they observed an additional PL
peak at 500 nm upon treating NPls with a higher amount of
MnBr, precursor solution. In this case, the doped NPIs were

www.advmat.de

prepared by cation ion exchange using MnBr, precursor and
this could produce some CsPbBr; nanocubes as a side product.
We believe that this interesting system needs further in-depth
investigation for a better understanding of the origin of white
emission from the Mn?*-doped CsPbBr; NPIs.

2.5. Synthesis of Lead-Free Perovskite Nanoplatelets

Lead-free colloidal halide perovskite NCs have drawn wide
attention as alternatives to lead-based counterparts.!'*139-141] Sig.
nificant efforts are being devoted to replacing Pb with other less
toxic metal ions. Among all, Sn, Bi, and Sb are potential alter-
natives to Pb. Most reported studies on Pb-free perovskites have
been focused on either the bulk material or nanocubes, while
the synthesis of colloidal NPls has been rarely reported because
of the challenges associated with their poor stability. Tisdale’s
group initially extended the LARP approach to the synthesis
of n =1 and 2 tin-based (L,[FASnl;],_;Snl,) hybrid perovskite
NPIs (see Figure 11 for synthesis method).l?’! The uniform NPls
were prepared by dissolving precursors (Li, SnX,, and FAIL) in
DMF with a molar ratio of 2:1:0 or 10:2:1 for n =1 or n = 2
NPIs, respectively. The NPls were crystallized immediately after
the addition of precursor solution into 10 mL toluene at room
temperature. The peak absorption onset and emission ener-
gies for n =1 and n = 2 NPIs are 2.05/1.97 and 1.83/1.80 eV,
respectively (see Figure 4c). It is important to prepare all the
precursors under inert conditions to obtain relatively stable
Sn-based perovskite NPIs, otherwise, they immediately turn
into non-emissive materials. Yang's group demonstrated the
synthesis of stable CsSnl; NPIs (4-5 ML think) under Sn-rich
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Figure 11. a) Orthorhombic crystal structure (i), TEM image (ii), and corresponding PL spectra of CsSnl; NPIs (black line) with respect to its bulk PL
(red line) (iii). The colors green, gray, and purple in (i) correspond to Cs, Sn, and | atoms, respectively. Reproduced with permission.l'l Copyright 2018,
American Chemical Society. b) Schematic illustration of the shape-controlled synthesis for Cs;Sb,lg NPIs. Reproduced with permission.l%? Copyright
2017, John Wiley & Sons. c) Schematic representation of the synthetic procedure (i), corresponding TEM image (ii), and UV-vis absorption and PL
spectra (iii) of Pb-free Cs,AgBiBrg double perovskite NPIs. Reproduced with permission.l'%% Copyright 2021, American Chemical Society.
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conditions (Figure 11a).1%1 The theoretical studies revealed that
the Sn-rich conditions can help to minimize defect density due
to higher formation energies of defects under these conditions.
The CsSnl; NPls exhibit a significant blue shift compared to
their bulk counterpart, suggesting that these NPls are strongly
quantum-confined (Figure 1la-iii). Besides, Pb-free NPls of
perovskite derivatives have also been reported. For example,
Nag's group demonstrated the synthesis of 2D Cs3Sb,ly NPIs
by the hot-injection synthesis method (Figure 11b).1% The as-
synthesized nanoplatelets exhibit an average length of =27 nm,
a breadth of =14 nm, and a thickness of =1.5 nm. The thickness
of Cs;Sb,ly NPIs is small enough to bring about the quantum
confinement effect, leading to a blue shift in the optical gap.%%
In addition, Cs;Sb,Iy NPIs are sensitive to the electron beam
and could be degraded into hollow structures under the irra-
diation of the electron beam within a few seconds. Later, Lian
et al.’® extended the hot-injection synthesis to Cs;Bi,Bry NPIs
with a length of =60-250 nm and a thickness of =<9 nm. The
layered feature of Cs;Bi,Brg crystalline structure promoted
the formation of the NPIs. Compared with Cs;Bi,Bry NCs, the
large blue-shift and the extremely sharp first exciton peak in
the absorption spectrum of Cs;Bi,Brg NPIs are attributed to
the large exciton binding energy and quantum confinement in
the 2D nanoplatelets. Additionally, the Cs3Bi,Brg NPIs showed
narrow PL (FWHM = 39 nm) compared to that of Cs;Bi,Brg
NCs (FWHM = 48 nm). Anion exchange could also be applied
to effectively adjust the composition of the Cs3;Bi,Brg NPls. Ben-
efiting from the passivation with BiOBr and ligands, Cs3Bi,Bryg
NPls exhibit excellent stability under air and light illumination,
facilitating further investigation on their photovoltaic and opto-
electronic applications.

Very recently, Liu et al.1% and Huang et al.”! simultane-
ously reported the synthesis of Cs,AgBiX; double perovskite
NPIs using the hot-injection synthesis approach. The sche-
matic illustration of the synthesis of Cs,AgBiX; (X = Cl, Br, I)
NPIs reported by Liu et al.ll%l is shown in Figure 11c-i. The
precursors were first dissolved at 200 °C and then Cs-oleate
was injected at room-temperature to obtain monolayer NPlIs,
followed by annealing at 230 °C to obtain thick NPIs. The
prepared Cs,AgBiBrg NPls showed a rectangular morphology
with an average edge length of 180 + 130 nm and a thickness
of 3.6-6.0 nm (Figure 1lc-ii). In addition, the lateral dimen-
sion of the NPIs could be adjusted from =330 + 230 to 630 £
380 nm by adding different amounts of octylamine in addi-
tion to OLA. As shown in Figure 1lc-iii, the Cs,AgBiBrs NPls
exhibit two peaks (355 nm (3.5 eV) and 438 nm (2.84 eV))
in the absorption spectrum and a broad weak PL emission
centered at =640 nm (=1.94 eV) with the FWHM of 143 nm
(427 meV), which are consistent with those of the Cs,AgBiBrg
NCs (Figure 1lc-iii). This suggests that these NPls exhibit
bulk-like optical properties. However, they found that the
monolayer double perovskite NPls exhibit a significant blue-
shift in the PL emission. Therefore, thorough experimental
and theoretical studies are needed for a better understanding
of quantum-confinement effects in double perovskite NPlIs.
Furthermore, it was found that the as-prepared Cs,AgBiBrg
NPIs exhibit better performance for CO, photoreduction com-
pared to their nanocube counterpart, demonstrating its poten-
tial for photocatalytic applications.!!
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3. Optoelectronic Properties

3.1. Optical Properties
3.1.1. Linear Optical Properties

The development of 2D layered perovskites for thin-film
applications has been limited by the challenges over con-
trolling the phase purity and microstructure.*! On the
other hand, it has been shown that these challenges can be
addressed through the colloidal synthesis of NPls.’11#+1%] Thig
makes colloidal perovskite NPIs more appealing as a control-
lable platform for examining their intrinsic optical properties.
The transition from thicker nanocrystals to thin NPIs leads
to a dramatic change in the optical properties, as shown in
Figures 1e and 12d,e.”*! Despite the lateral dimensions being
comparable to those of conventional bulk perovskite flakes,
their reduced thickness causes the quantum confinement
effects.”210 W] Under a simple effective mass approximation,
the confined gap is inversely proportional to the square of
the dimensions.81%] Therefore, the reduction in the vertical
dimension of perovskite NPIs increases the confined energy
and hence the width of band gap.>*" Moreover, the exciton
binding energy, Ej, is influenced by the dimensions of the
system, as shown by Equation 1.

L

2 _Lw
E, =(L1) E.witha=3-ye * (1

where o is the dimensional parameter of the system, g, is
the Bohr radius of the exciton, L, is the width of quantum
well, yis the empirical correction factor, and E, is the effec-
tive Rydberg constant.'>2"54 This classical model predicts
that the reduced dimension effect enhances the exciton
binding energy of perovskite NPIs.2%*] The compara-
tive study on a model system with no dielectric mismatch
between organic and inorganic layers reveals that the exciton
binding energy would be enhanced by four times from
29 meV (3D system) to 116 meV (2D system).15515¢] In addi-
tion to quantum confinement, the perovskite NPls exhibit
strong dielectric confinement. With a significant dielectric
mismatch between the perovskite layer and surrounding
medium, the perovskite NPls are treated as 2D quantum
wells with dielectric confinement effect.*L151156.157] In bulk
perovskites, the Coulomb interaction between electron
and hole is effectively screened due to the high dielectric
nature of perovskite. This is commonly called the dielectric
screening effect. On the other hand, the Coulomb interac-
tion between electron and hole in perovskite NPIs experi-
ences a low dielectric constant environment as the electric
field of Coulomb force is extended into the space outside of
perovskite. As the perovskite NPls become thinner, the elec-
tric fields from Coulomb interaction become more exposed
to the surrounding low dielectric constant environment.
Therefore, dielectric screening becomes less effective in
perovskite NPIs, resulting in stronger interactions between
electrons and holes, thus increasing the exciton binding
energy (=200-500 meV for NPIs versus 5-60 meV for bulk
2D layered perovskites and unconfined NCs),[!® as well as
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Figure 12. Excitonic fine structure of the CsPbBr3 nanoplatelets. PL spectra of the single nanoplatelets with a) one peak, b) two peaks, and c) three
peaks as well as the corresponding linear polarization properties (d—f). In (b,c), the splittings are labeled AE, AE;, and AE, and are deduced from the
fittings to be 0.71, 0.57, and 1.84 meV, respectively. Reproduced with permission.["®l Copyright 2020, American Chemical Society.

the excitonic absorption coefficient.[0370158159] The enhance-
ment in exciton binding energy (AE,) can be quantified by

the following relation (Equation 2):[160:161]

2
AE, = z(i)(‘i_) I @
& +8& )\ g&d
where g, is the vacuum permittivity, q is the fundamental
charge, I is an ideality factor close to unity and d is the thick-
ness of the inorganic framework, and ¢, are ¢, the dielectric
constants of the inorganic and the organic sublattices, respec-
tively. As a consequence of both quantum and dielectric con-
finement effects, the absorption spectrum of colloidal NPls
exhibit sharp and strong excitonic peaks, along with blue-
shifted bandgaps compared to their bulk counterparts./0151
Accompanying these changes in optical absorption proper-
ties, an increase in the photoluminescence quantum yield and
radiative decay rate in perovskite NPls are also theoretically
predicted. Radiative decay rate and the oscillator strength are
linearly proportional to one another according to both Einstein
relations and Fermfi's Golden rule.'02-1¢4 Thusg, the increase in
oscillator strength of NPls stemming from quantum and die-
lectric confinement effects result in induced radiative decay
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rate for perovskite NPls. The increased radiative decay rate
further enhances the photoluminescence quantum yield (®)
via the relation K;/(k+K;,).1%)

Linear optical properties at the single-particle level
have been extensively studied for colloidal cubic nanocrys-
tals,[1427166-168] hyt less attention has been received for NPIs.
Huo et al. demonstrated that a single CsPbBr; nanoplatelet
shows no blinking effect and exhibits highly pure single-
photon emission with g(0) = 0.1 at a temperature of 5 K.I¢
Furthermore, by measuring PL spectra from multiple single
nanoplatelets with PL peak above 2.4 eV, they showed that
the CsPbBr; NPIs have multiple PL peaks as illustrated in
Figure 12a-c. Some showed one peak, while some show
two or three peaks. The energy differences are labeled as
AE, AE; and AE,, with numerical values of 0.71, 0.57, and
1.84 meV, respectively. Figure 12d—f illustrates the polar
plots of the polarization dependence of the intensity of each
peak present in the corresponding spectra in Figure 12a—c.
The lateral anisotropic morphology induced an almost 80%
polarization of the single peak emission in Figure 12a. This
angle-dependent polarization is also reported in perovskite
nanostructures including NPIs.' In the cases of nanoplate-
lets exhibiting multiple emission peaks (Figure 12b,c), the
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polarizations of the two lower energy peaks (shaded in red
and blue in Figure 12b,c) are almost orthogonal to each other
(Figure 12f), whereas the higher energy peak is almost co-
polarized as the lower energy peak. The observed polarization
dependence of the emission peaks strongly indicates that they
arise from the exciton fine structure.® These findings pro-
vide an extra degree of freedom to manipulate the electronic
and optical properties of perovskite NPl-based materials and
devices.

3.1.2. Nonlinear Optical Properties

Nonlinear optical devices include high-speed optical switches,
modulators, lasers, and other nonlinear photonic devices. The
first step to successfully developing perovskite NPIs for these
devices is to achieve an in-depth understanding of the non-
linear optical property of perovskite NPIs.'®>772 The general
relationship between light and materials can be described
through Equation 3.173774

p(1)=eo (xE(®)+ 2E (1) + "B’ (1) +-- 2 "E" (1)) (3)

where p(t) is the macroscopic polarizability, & is the vacuum
permittivity, " is the nth order nonlinear susceptibility, and
E(t) is the electric field strength of the incident light. Whereas
the first term (i.e., ¥VE(t)) describes the linear optical effect,
the remaining high-order terms account for the nonlinear
optical response of the materials. In general, the properties of
the material are determined by the linear term and the higher
order terms become negligible. On the other hand, when the
electric field is strong enough (i.e., under strong illumination),
the higher order terms are no longer negligible. The strong
electric field alters the propagation of light in the material and
various nonlinear optical processes take place. Furthermore,
it is expected that the strong dielectric and quantum confine-
ment of NPIs along the thickness axis facilitates not only linear
but also nonlinear optical properties.’? Despite their potential
importance, there have only been a handful of reports on the
nonlinear optical properties of colloidal NPIs. It is therefore
worth discussing these recent reports in this review.
Multiphoton ~ Absorption  Properties:  One-photon  absorp-
tion generally has a small penetration depth due to the high
absorption coefficient of the perovskite.'*>7>176] On the other
hand, multiphoton absorption possesses have much deeper
penetration owing to the longer incident wavelength (e.g.,
infrared excitation).”778] Therefore, the materials with high
multiphoton absorption cross sections have advantages over
linear optics and find applications in various nonlinear optical
detection techniques such as single molecule detections and
multi photon high contrast bio imaging. Very recently, a few
interesting studies on the multiphoton absorption process of
perovskite NPls were reported. In 2019, Zhao et al. compared
the one-photon and two-photon absorption cross sections of
CsPbBr, ;15 3 and CsPbl; nanocrystals (i.e., both nanocubes and
nanoplatelets).[””] Two-photon absorption cross section is usu-
ally quoted in the units of Goeppert-Mayer, GM, where 1 GM
is 107°° cm* s photon™. Interestingly, CsPbBr, 1,3 NPIs exhibit
much higher two-photon cross section (346 GM nm~) than
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their nanocube counterparts (86 GM nm~2 for CsPbBr, 1, ; and
127 GM nm™ for CsPbls), revealing the influence of dimen-
sionality on the multiphoton absorption processes. On the
other hand, Roy et al. later reported the opposite trend in the
nonlinear refraction coefficients of CsPbBr; and CsPbBrsl;;
perovskite nanocrystals (i.e., nanocube and NP1 colloids).8!
By carrying out time-resolved beam-deflection measurements,
they found giant thermo-optical nonlinear refraction coeffi-
cients that were significantly higher for the nanocube than for
NPls (Figure 13a). They further revealed the influence of com-
position on the nonlinear optical properties, thus the mixed
halide perovskite, CsPbBr;sl; 5, has lower nonlinear refraction
coefficients than the single halide perovskite, CsPbBr;. The
nonlinear refraction properties are attributed to the thermal
lensing effect upon above-bandgap excitation by continuous-
wave (cw) lasers. Briefly summarizing, the main findings of
these two studies discussed: changing from nanocubes to NPls
lead to enhanced nonlinear absorption cross sections, whereas
the same dimensional changes lead to reduced nonlinear
refraction coefficients. Likewise, structural characteristics, such
as dimension, size, and shape dictate various nonlinear optical
properties of NPls differently. As we expect that many different
parameters, such as sample composition, fabrication condi-
tions and sample quality, might dictate the nonlinear optical
properties of NPIs, further studies are necessary to shed further
light on these effects to achieve excellent nonlinear responses.

Plasmon-Exciton Polariton: One of the most intriguing non-
linear phenomena to occur in the strong light-matter coupling
regime is plasmon-exciton polariton formation. Briefly speaking,
a plasmon is a bosonic quasiparticle resulting from the quantiza-
tion of plasma oscillations, i.e., collective oscillations of free elec-
trons.18-183] Another quasiparticle formed as a consequence of
strong light-matter interaction is the polariton. When light, ie.,
electromagnetic field, propagates in a medium and its frequency is
close to the resonance frequency of the medium, the electromag-
netic field polarizes the medium near the resonant frequency.!34
The polarization of the propagation medium can influence the
propagating electromagnetic field. When this light-matter inter-
action between “bare” photon and “bare” medium excitation is
strong enough, a new quasiparticle, called a polariton, is formed.
The formation of polariton can be explained by using the disper-
sion relation which describes the allowed frequency, , within the
material in dependence on the wave vector x; in the form of a(x).
Using Maxwell equations, the dispersion relation of polariton can
be expressed as follows (Equation 4),[184185]

kK’ =—¢(w) 4

where c is the velocity of photon in vacuum, € (®) is the dielec-
tric function of the material. In the absence of the coupling,
the dispersion relations of a bare photon (i.e., @ = cx) and bare
medium excitation (e.g., @ = @y for exciton) are dictated by the
wave equation and their dispersion curves cross one another.
On the other hand, in the presence of strong light-matter cou-
pling, the mixing of photon and medium excitation occurs at
the crossing point resulting in the formation of new normal
modes, the upper and lower polaritons. As those polariton
branches are split by the Rabi energy, hQ, near the resonance
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Figure 13. a) Comparison of nonlinear refraction coefficient, n, and absorbance upon pump excitation of 403 nm. Reproduced with permission.
Copyright 2020, American Chemical Society. b) Schematic dispersion curves for plasmon-exciton mixed states formed with the exciton of perovskite
nanoplatelets and surface plasmon polaritons in the strong coupling regime. Reproduced with permission.*®l Copyright 2020, Royal Society of Chemistry.
c) Schematic diagram of carrier cooling process in thick (quasi-3D) and thin (2D) NPIs. After photoexcitation, the carriers cool down via the emission
of LO phonons. Both screening effects and larger surface-to-volume ratios explain why carrier cooling is faster in 2D NPIs and it has no carrier density
dependence. Reproduced under CC-BY license.’” Copyright 2018, American Chemical Society. d) Schematic for biexciton formation. The bandgap is renor-
malized due to the biexcitonic induced stark effect. €) The extracted lifetime is plotted as a function of NPI thickness, showing a power-law dependence
of 7, «<d®. Reproduced with permission.’®l Copyright 2020, American Chemical Society. f) Schematic illustration of time-resolved photoluminescence
microscopy and the representative photoluminescence snapshots at several time positions showing diffusion motion of exciton. g) Diffusivity D as a
function of average atomic displacement U, for different organic spacers: 4-fluoro-phenethylammonium (4FPEA), phenethylammonium (PEA), hexylam-
monium (HA), octylammonium (OA), decylammonium (DA), butylammonium (BA). Reproduced under CC-BY license.?*l Copyright 2020, The Author (s).
Published by Springer Nature. h) A set of photoluminescence intensity images at different delay times after excitation (White dashed circle), showing the
evolution of bandgap (BG, green) and low energy (LE, red) photoluminescence signals. The scale bar is 5 um. Reproduced with permission.[?34 Copyright
2020, American Chemical Society. i) Energy alignment in (C,,H,,,,1NH3),Pbl, perovskites with different ligand alkyl lengths and the proposed Auger pro-
cess in the quantum wells. £, is the bandgap energy of the quantum well and Ey, is the electron energy barrier formed by the ligand. An electron transfer
between the neighboring quantum wells over the LUMO level of ligands is energetically allowed through a many-body Auger recombination in m =12
and 18 (E, ~ E,) perovskites but not in m = 8 and 10 (E, > E,) perovskites. Reproduced with permission.”3 Copyright 2018, American Chemical Society.

surfaces, i.e., surface plasmon, to form surface plasmon polari-
tons, which are also known as localized surface plasmons. The
surface plasmon polariton then generates an evanescent field

frequency, the avoided crossing or anticrossing feature of the
dispersion curve is a strong indication of polariton forma-
tion.[184186187] Therefore, the formation of a polariton is experi-

mentally confirmed with momentum resolved spectroscopy
techniques such as angle-resolved reflection, photolumines-
cence, and photoemission measurements.['¥8-191 When the Rabi
energy exceeds the dissipation rates of both photons and plas-
mons, the system is said to enter the so-called strong coupling
regime.l92193] At this condition, the incident light can couple
with the coherent delocalized electron oscillations on metal
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on the metal surface. When semiconducting materials with
excitons are placed in the vicinity of the evanescent field, strong
coupling between plasmons and excitons can occur, and new
quasiparticles called plasmon-exciton polaritons (or plexcitons)
are formed.l78194195] Again, the formation of this new quasipar-
ticle can be experimentally confirmed with the appearance of
an anti-crossing dispersion, since the coherent and reversible
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energy exchange between plasmons and excitons leads to the
splitting of the excited state, i.e., Rabi splitting, and produce the
new hybrid modes (Figure 13b).[19617]

Guvenc et al. studied the strong plasmon-exciton cou-
pling in colloidal halide perovskite nanocrystals with various
morphologies and compositions.'” The colloidal halide
perovskite nanocrystals (i.e., CsPbBr,I;., NPIs, CsPbl; NPlIs,
CsPbl; nanowires) were placed on a flat silver metal film
functionalized with 16-mercaptohexadecanoic acid. Angle-
resolved reflectivity measurements exhibit polariton dis-
persion curves with a clear anti-crossing feature indicative
of the mixed plasmon-exciton states. The maximum Rabi
splitting energy of 90 meV was observed for CsPbI; NPIs
while Rabi splitting energy was decreased with reducing
dimensionality or mixing halide composition (ca. 70 meV
for CsPbl; nanowires or 55 meV for CsPbBr,I;, NPIs). Su
et al. explored the possibility of achieving room tempera-
ture polariton lasing by examining a microcavity consisting
of CsPbCl; NP1 embedded in the bottom and top distributed
Bragg reflector (DBR) mirrors.'”] The lower polariton disper-
sion features observed in both angle-resolved reflectivity and
photoluminescence spectra unambiguously indicate the pres-
ence of strong exciton-photon coupling. Interestingly, power-
dependent angle-resolved photoluminescence spectra further
provide clear experimental evidence for polariton condensa-
tion and polariton lasing at room temperature. These studies
showed that perovskite nanocrystals, particularly NPIs, not
only are very promising candidates for studying plasmon-
exciton interaction but also can find various applications in
polariton lasers, light-emitting diodes and surface-enhanced
spectroscopies.

3.2. Carrier/Exciton Dynamics
3.2.1. Carrier Dynamics

Relaxation Dynamics and Exciton Behavior: Since car-
rier dynamics play a central role in a wide range of optoelec-
tronic devices, it is important to understand the charge-carrier
dynamics in perovskite NPIs, particularly compared to their
bulk 3D counterparts. A comparison between 3ML MAPDI;
NPIs (d = 2 nm) and quasi-3D perovskites (d > 15 nm)
reveal significantly different photoinduced carrier dynamics
(Figure 13¢).7% In this study carried out by Hintermayr et al.,
thicker NPls are referred to as quasi-3D NPlIs due to their bulk-
like optical properties. In quasi-3D perovskite, nonthermal
electron-hole distributions are instantaneously generated upon
above-band gap excitation. This initial nonthermal distribu-
tion then becomes thermalized via carrier-carrier and carrier-
phonon scattering to the Fermi-Dirac distribution of carriers
within several sub-picoseconds.®®1%8] The carrier temperature
at this stage is higher than the lattice temperature, and the car-
riers are therefore commonly referred to as hot carriers. While
subsequent carrier cooling takes place via phonon emission,
mainly through Frohlich interactions with longitudinal optical
(LO) phonons, this process slows down for high carrier den-
sities due to the reabsorption of phonons, and this is referred
to as the phonon bottleneck effect.’3] In 2D perovskite
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NPIs, the initial nonthermal distribution of carriers and the
subsequent thermalization process are very similar to their
3D counterparts. However, the carrier cooling process in 2D
NPIs has been found to be much faster and independent of
the excitation density. Owing to the thin nature of perovskite
NPls, the emitted optical phonon and subsequently the created
acoustic phonons are more likely to transfer their energy into
the colder surroundings, resulting in rapid heat dissipation
and a lower chance of hot phonon reabsorption (Figure 13c).
Furthermore, the Frohlich interactions (coupling between car-
riers and longitudinal optical phonons)?%21 in 2D systems
have been found to be independent of the carrier density. In 3D
systems, although dielectric screening over all 3 principal axes
weaken Frohlich interactions, the scattering of carriers by lon-
gitudinal optical phonons is still responsible for the early-time
(sub-picosecond) cooling process at low excitation densities. At
high excitation densities, the screening of Fréhlich interactions
becomes stronger, resulting in less efficient cooling processes.
In 2D systems, the Frohlich interaction is reduced by a factor

€11+ & with respect to vacuum, where & and &, are the dielec-

2
tric constants of the environment (e.g., ligands) on each side of

the 2D layer.?l Despite this, Frohlich interactions in 2D NPls
are still stronger than those in their 3D counterparts due to the
reduced dielectric screening from the out-of-plane direction. In
addition, the increase in excited carrier density only screens the
long-range coupling between carriers and phonons along the
in-plane and the Frohlich interaction in out-of-plan direction
through low-dielectric surrounding remains unaffected. Con-
sequently, perovskite NPls exhibit carrier density-independent
behavior and an efficient carrier cooling process. Besides, 2D
NPIs and quasi-3D perovskites also have different excitonic
behaviors. By directly exciting into the excitonic state, a cold
exciton in the 1s excitonic state is created for both 2D NPIs and
quasi-3D perovskites. As the thermal energy at room tempera-
ture (25 meV) is sufficient to overcome Coulombic interactions
between electrons and holes in 3D perovskite (since the exciton
binding energy is only 5 to 29 meV at room temperature), the
cold exciton in the 3D perovskite scatters off to the continuum
state and dissociates into free electrons and holes.192021 On the
other hand, the cold exciton in 2D NPIs hardly dissociates due
to large exciton binding energy (i.e., 200-500 meV) and stays in
the 1s excitonic state until it decays via monomolecular recom-
bination.[0870.18159] We note here that it is a unique feature of
semiconductor quantum wells. The semiconductor quantum
dots exhibit 3D quantum confinement which leads to atomic-
like discrete energy levels. The increased interlevel spacing
stemming from 3D quantum confinement in QDs prevents
effective carrier-LO phonon coupling.?%*2%4 On the other hand,
semiconductor nanoplatelets represent a class of quantum
wells, having quantum confinement only along one dimension,
and with a large lateral size (nonconfined dimension). Accord-
ingly, the energy levels of nanoplatelets are not completely dis-
crete and the interlevel spacing is not as large as in quantum
dots. As the interlevel spacing in bulk, 2D perovskites are not
large enough to suppress carrier-LO phonon coupling, dielec-
tric quantum confinement plays a dominant role in those low-
dimensional semiconductors and enhances carrier-LO phonon
coupling 2%l
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Biexciton and Exciton—Exciton Annihilation: An interesting
multiparticle phenomenon in perovskite nanocrystals is biex-
citon formation.l1°0206-208] \Whether it is hot or cold excitons,
the attractive interaction between pairs of excitons and the con-
comitant biexciton-induced Stark effect induces a red shift in
the bleaching peak (Figure 13d).[298209 Generally, the excitonic
Stark effect describes the energy shift of the lowest exciton
band caused by the built-in electric field between the electron
and hole through Coulombic interactions.?%2!l Consequently,
the red-side shoulder of the ground state bleach peak and the
PL spectra become spectral signatures for biexciton formation.
Vale et al. showed that biexcitons form in CsPbBr; NPIs when
an average exciton occupancy per particle (N,) is greater than
1112 More interestingly, Shukla et al. observed the spectral
signature of the biexciton in CsPbBr; NPIs even under weak
illumination with a low associated carrier density where (N,)
was smaller than 1.2%8] This is an interesting optical behavior
that comes from the enhanced exciton absorption coefficient in
2D NPIs. The probe beam can create the band-edge exciton in
perovskite NPls while the pump beam generates either hot or
cold excitons. As a result, probe-induced biexcitons are formed
in perovskite NPIs.

Other interesting optical phenomena of perovskite NPls that
originate from the high exciton absorption coefficient are mul-
tiexciton processes, such as exciton-exciton annihilation (EEA)
or Auger recombination (AR).[206:208212213] Briefly speaking,
EEA is a two-particle process, where an exciton recombines
non-radiatively to the ground state and transfers its energy to
a second exciton.?l On the other hand, AR is the three-body
interaction where an electron and hole recombine together,
accompanied by energy and momentum transfer to a third
particle, which could be either an electron or hole.'*® We note
here that while strictly speaking AR is different from EEA, it is
difficult to experimentally differentiate whether excitons or free
carriers are involved in this many-body process.

A recent study on a series of perovskite NPls with different
compositions (i.e., MAPbI;, FAPbI; and CsPbl;) showed
there to be fluence-dependent AR processes.?%l Under mod-
erate fluences, the AR process is diffusion-limited and has a
typical lifetime of several tens to hundreds of picoseconds. On
the other hand, intense excitation creates multiple excitons in
perovskite NPIs within an area only a few times larger than
the exciton Bohr radius.?®?l Accordingly, the AR process is no
longer diffusion-limited but shows an intrinsic AR lifetime of
less than 10 ps. The thickness dependence of AR in a series of
CsPbBr; NPIs was studied by Gramlich et al.?"®l By observing
AR lifetimes in perovskite NPIs with different thicknesses, they
found that thicker NPIs have longer AR lifetimes from 7 to
60 ps for 2 to 6 monolayers (Figure 13e). This size-dependent
AR behavior was further observed in perovskite NPIs with
different lateral sizes. Perovskite NPls with an edge length of
14 nm were found to have shorter AR lifetimes than NPIs with
35 nm edge lengths. Based on this observation, they established
the thickness-dependent power law for NPIs to have an expo-
nent of 5.3 (i.e., 7, < d°>3). This thickness-dependent power law
for perovskite NPIs significantly deviates from the universal
volume scale law for nanocrystals (i.e., 7, =<V, V is the volume
of the nanocrystal).?'>2"] This volume scale law for nanocrys-
tals is attributed to three major effects: 1) confinement-induced
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state mixing, 2) carrier-carrier Coulomb coupling and 3) surface
effects, and each of these three effects follows a 1/d depend-
ence. The use of the volume scale law has been reasonably suc-
cessful for estimating Auger lifetime in 0D nanocrystals, i.e.,
quantum dots. In 0D nanocrystals, the generated excitons are
3D-confined and interact with each other without diffusion
or collision processes. On the other hand, quantum confine-
ment in 1D and 2D nanocrystals, such as nanowires or NPIs,
is not uniform along all principal axes. For example, in NPlIs,
quantum confinement occurs along the thickness axis, while
the lateral area is nonconfined. Excitons in 2D systems diffuse
over the unconfined lateral area and recombine via binary colli-
sion. Consequently, the Auger lifetime in NPIs depends on the
binary collision frequency for forming biexciton complex and
hence become area (d?) dependent.?'® Quantum confinement
still occurs along the thickness axis in 2D NPls. The abrupt
confinement potential breaks strict momentum conservation
and enhances the AR process.*’-2% In other words, the degree
of quantum confinement dictates the probability of Auger
recombination occurring. Therefore, the AR process in 2D
NPIs can be induced by quantum confinement along the thick-
ness axis. A recent work by Gramlich et al. reveals that weakly
confined (lateral) and strongly confined (vertical) dimensions
play different roles in AR processes and need to be considered
independently.?®l We note that perovskite NPIs can be ideal
systems to test how structural parameters, such as lateral size
and dimensionality, affect AR and EEA processes, since these
parameters can be tuned independently.

3.2.2. Transport Dynamics

Beyond nonradiative recombination, charge-carrier mobility
plays a critical role on device performance, and it is important
to understand the factors influencing mobility.??-223] The past
decade of intensive studies has shown that both intrinsic and
extrinsic factors limit charge-carrier mobilities in 3D perov-
skites.[224-2261 While intrinsic electron-phonon coupling, namely
Frohlich interactions, limit the charge-carrier mobilities to
below that which would be expected from the electronic band
curvature, extrinsic factors, such as charge carrier scattering by
grain boundaries, dopants, defects, and energetic disorder, fur-
ther lower charge-carrier mobilities. In fact, the charge carrier
mobility values in thin films are typically found to be tens of
cm? (V71 s7Y). While this is below the values achievable in single
crystals, and substantially below the values expected from the
band curvature, it is still sufficient to give rise to charge-carrier
diffusion lengths in the micrometer range in 3D perovskites
(Table 3).227l On the other hand, the in-plane carrier mobili-
ties in reduced-dimensionality perovskite lie in the range of
1072 to 1 cm? (V7! s7Y). Strictly speaking, not all 2D perovskites
are perovskite NPls. However, we can still learn from 2D and
quasi-2D perovskites, particularly single-phase 2D homologous
perovskites, to understand carrier diffusion dynamics in perov-
skite NPlIs.

Milot et al. scrutinized carrier transport in a series of 2D
perovskites and suggested that both excitons and traps play a
decisive role.??8l The effective charge-carrier diffusion mobility
(u) is determined by the mobility (1) and the photon-to-charge
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Table 3. Charge carrier and exciton diffusivities, determined experimentally at room temperature.

Materials Architecture Electron, hole, exciton Mobility [cm?(V's)™']  Diffusivity [cm? s7] Method Refs.
Composition N
(MA)PbI; Bulk Film Electron, hole 35 THzC
Single crystal Electron, hole 60
(BA)2(MA),.1Pb,l3,,41 1 Single crystal Exciton 0.058 +0.005 Tr-PLM [230]
2 0.067 £ 0.007
3 0.121£0.02
(BA)2(MA),.1Pb, 13,41 1 Single crystal Exciton 0.06 £0.03 TAM [225]
2 0.07 £0.03
3 0.15£0.04
4 0.25+0.06
5 0.34+0.03
(BA),Pbl, 1 Single crystal Exciton 0.013 Tr-PLM [237]
(BA),(MA),Pbslyo 3 Single crystal Hole 0.0000322) SCLC [239]
0.0096")
(BA),(MA),Pbsliq 3 Single crystal Hole 0.00015% scLed [240]
Electron 1.2%
(PEA)2(MA),_1Pb,l3,. 1 Single crystal Exciton 0.648 +0.05 Tr-PLM [230]
2 0.157 £0.005
3 0.189 £ 0.008
(PEA),(MA),,1Pb, 3,1 2 Single crystal Electron, hole 0.081+0.031 Tr-PLM [234]
3 0.115+£0.03
4 0.405+0.2
(PEA),(MA),Pbsl1o 3 Single crystal Hole 0.000012 scLed [239]
0.044%)
PEA,Pbl, 1 Single crystal Exciton 0.192 Tr-PLM [237]
(PEA),Pbl, 1 Single crystal Exciton 250 219 Tr-PLM [232]
1 Single crystal 40 1+£04
(mF-PEA),Pbl, 1 Single crystal Exciton 1.91 Tr-PLM [230]
(ALA),(MA),Pbslyg 3 Single crystal Hole 0.000024?) SCLCY [239]
0.013%

AQut-of-plane motion; ®)in-plane motion; 9Space charge limited current method; 100 K.

branching ratio (¢). Unlike 3D perovskites, where the photon-
to-charge branching ratio is generally assumed to be unity,
the enhanced quantum confinement and the corresponding
high exciton binding energy in 2D perovskites increase the
probability of exciton formation.’”’ In accordance with the
reduced value of ¢, the effective diffusion mobility decreases
significantly. In contrast, the replacement of the A-site cation
with organic spacers or surface functionalization with organic
ligands can passivate the traps at the surface of the perovskite
layer, reducing Shockley-Read-Hall recombination and there-
fore increase in charge carrier mobility. Interestingly, Weidman
et al. highlighted another factor that can dictate the effectiveness
of trap states in thin NPIs.’l The formation of large polarons,
facilitated by the rotational freedom and permanent dipole
moment of the A-site cation, screens the interaction of charges
with defects and phonons.??%! This polaronic effect is attributed
to low defect/phonon scattering rates in 3D perovskites despite
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the high defect density. On the other hand, charges in the thin
nanoplatelets are less effectively screened due to incomplete
polaron formation. The effect of incomplete polaron formation
outweighs the benefits from the passivation effect of the spacer
and ligand in 2D perovskites. Instead, the interaction with traps
is effective in quantum confined 2D perovskites and concomi-
tantly decreases charge carrier mobility.

In-Plane Transport: Under a simple effective mass approxi-
mation, the confined gap is inversely proportional to the square
of the dimensions of the 3D region (L, I, and L,).1!%] Since
perovskite NPls have [, «1,, I, the energy gap is controlled by the
lowest dimension and charges/excitons become quantum con-
fined in only one direction, z. In addition, due to the significant
difference in dielectric constant between perovskite and organic
spacer, perovskite nanoplatelets exhibit a 2D quantum well
structure. Therefore, charge carriers and excitons in perovskite
NPls are free to propagate in the x and y-directions, but not in
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the z-direction. In other words, the transport of charge carriers
and excitons in 2D NPIs are generally in-plane.?3% Over the last
couple of years, several groups have carried out time-resolved
microscopy studies on the 2D perovskite flakes. Both transient
absorption microscopy (TAM) and transient photolumines-
cence microscopy (tr-PLM) are sensitive more to the lateral
motion of carriers than vertical motion (Figure 13f).[225:230-234
These studies successfully imaged the in-plane motion of
charge carriers/excitons and reported the diffusivities for a
series of 2D perovskite, including NPls.

A systematic study to unravel the dependence of exciton dif-
fusion on quantum well thickness was carried out by Deng et
al. using TAM on (BA),(MA),1Pb,I5,,;, with n ranging from
1 to 5.2%1 As evidenced by blue shifts in the absorption and
photoluminescence spectra, the quantum confinement along
the out-of-plane direction becomes enhanced as the value of n
was decreased. The exciton diffusivities were found to decrease
from 0.34 to 0.06 cm? s7! as the quantum well thickness was
decreased (Table 3). The reduced diffusion constants originate
from the high defect density, more frequent scattering events,
and concomitantly increased scattering rates for 2D perovskite
with smaller n, since the diffusion constant in the band trans-
port picture is proportional to the momentum relaxation time
(7,).2%] Later, Seitz et al. studied the role of the organic spacer
on exciton diffusion dynamics in a series of single-crystal-
line perovskite flakes (n = 1) by performing tr-PLM measure-
ments.23!l They showed the positive correlation between the
diffusivity and the lattice softness for 2D perovskite nanoplate-
lets with a wide range of organic spacers (4-fluoro-phenethly-
ammonium (4FPEA), PEA, hexylammonium (HA), octylammo-
nium (OA), decylammonium (DA), BA) (Figure 13g). Aromatic
spacers such as 4FPEA and PEA form extensive networks due
to rich pi-electrons and their space-filling nature whereas ali-
phatic spacers like HA, OA, DA, and BA are conformationally
flexible. The strong network of aromatic spacers contributes to
the enhanced lattice rigidity. The stiffening of the lattice reduces
exciton-phonon coupling, leading to an increase in the diffu-
sivity of 2D nanoplatelets. Xiao et al. further revealed another
role of organic spacers on the diffusion dynamics of excitons
in layered perovskites.[?*] Mitigation of the out-of-plane distor-
tion of octahedra that arises by introducing organic spacer with
strong interaction strength between the cation results in dras-
tically induced the diffusivity of excitons, providing a record
exciton diffusivity in layered perovskite of 1.91 cm? s7.

While the above-mentioned studies were focused on exciton
dynamics, Zhao et al. showed long-range charge-carrier trans-
port of over 2 to 5 um in exfoliated (PEA);(MA), Pb,l3,1
perovskite (n = 2, 3, and 4) single crystals.?* Upon local
excitation at the center of the crystal, bandgap emission (BE)
appears within the excitation spot at early times but disappears
after a few nanoseconds. In sharp contrast, local emission (LE)
was observed only at the edge of the perovskite crystal, a few
micrometers away from the excitation spot over several hun-
dreds of nanoseconds (Figure 13h). Based on this intriguing
observation, they proposed a trap-mediated long-range charge
carrier transport mechanism. That is, excitons generated fol-
lowing photoexcitation dissociate into long-lived and nonlu-
minescent charges, e.g., free carriers. As time evolves, a trap-
mediated long-distance carrier propagates over several micro-
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meters. Once the carriers reach the edge site, the electrons and
holes undergo radiative recombination. Luminescence occurs
at the edge sites because these sites exhibit photophysical prop-
erties similar to those of 3D perovskites, owing to the loss of
the spacer ligands.[*¢?¥] This interesting observation implies
that although charge carriers in perovskite nanoplatelets prop-
agate with similar diffusivities as excitons, they are the long-
lived species and consequently exhibit long diffusion lengths
exceeding several micrometers, which are comparable to the
diffusion length of charge carriers in 3D perovskites.

Out-of-Plane Transport: The out-of-plane carrier transport in
the layered perovskites is significantly less efficient than the in-
plane carrier transport as carriers are confined along the out-
of-plane direction and the organic spacer is less conductive.
In fact, the charge mobility along the out-of-plane direction of
2D perovskite single crystals is on the order of 107 cm? V! 57,
which is nearly four orders of magnitude smaller than the in-
plane mobility.23-240]

Owing to the anisotropic transport properties in perovskite
NPIs, fine control over the preferred orientation and mor-
phology are required for their applications in devices, i.e.,
gap-type (electrodes are horizontally separated by space) or
sandwich-type (electrodes are vertically separated by perovskite
layers).[?3% Details about how to control the preferred orienta-
tion can be found in early literature.?*»?*l In the meantime,
there have been efforts to extract carriers from 2D perovskite
quantum wells.[#624-25] One promising strategy to achieve
efficient charge extraction out of 2D plane is adsorbing or
attaching molecular acceptor/donor to perovskite surface. Li
et al. studied the interfacial charge transfer dynamics of col-
loidal CsPbBr; NPIs at the presence of benzoquinone (BQ) or
phenothiazine (PTZ).**3] Due to the strong electronic coupling
between perovskite and the adsorbed moiety, the excitons in the
perovskite undergo efficient charge separation at the interface
and the electron (hole) transfers to the adsorbed BQ (PTZ).
The electron (hole) transfer time (i.e., 248 ps for electron and
670 ps for hole)) to BQ (PTZ) is found to be similar to that in
CsPbBr; quantum dots. On the contrary, the charge-separated
state of NPIs is much longer-lived than those of quantum dots.
Although what the cause is such a long-lived state is rather
unclear, it is an important observation because suggests that the
colloidal NPIs are promising materials for photocatalysis and
solar cell applications due to the long-lived states. Similarly, to
overcome the high exciton binding energy and extract the elec-
trons from NPIs, Gélvez-Rueda and co-workers have attached
conjugated organic chromophores (perylene diimide, PDI) to
CsPbBr; NPIs, as shown in Figure 14.2*1 Figure 14a,b demon-
strated the time-resolved PL spectrum for the NPIs without and
with PDI respectively. The PL decay in the NPLs lives beyond
1800 ps with pristine NPIs (Figure 14a). After attaching the
PDI chromophores, the shape of the fluorescence spectrum
remains the same but the lifetime is strongly reduced to =16 ps
(Figure 14b). This suggests that the excitons in the NPLs decay
rapidly by electron transfer to the electron-accepting PDIs.
Furthermore, they demonstrated that when pumping with a
400 nm laser, the charge transfer (Electron transfer, ET) from
NPIs to PDI proceeds with a time constant (zgy) of 12.6 ps,
followed by a decay from this charge separation state (CS) to
ground state (GS) with a charge recombination time constant
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Figure 14. Picosecond photoluminescence measurements on photoexcitation at 400 nm. a) Photoluminescence (PL) of CsPbBr; NPIs as a function of
time and wavelength. b) PL of CsPbBr; NPIs + perylene diimide chromophores (PDI) hybrid as a function of time and wavelength. c) Electron transfer
(ET) from CsPbBr; nanoplatelets to PDI chromophores upon exciting at 400 nm. Kinetic model used for the target global analysis for electron transfer
(ET) from NPLs to the PDI molecules in CsPbBr; NPIs + PDI hybrid, fitting is performed based on 400 nm pump transient absorption measurement.
d) Hole transfer (HT) from PDI chromophores to CsPbBr; nanoplatelets upon exciting at 510 nm. The kinetic model used for the target global analysis
for hole transfer (HT) from PDI chromophores to NPLs in CsPbBr; NPLs + PDI hybrid. The ratio of attached PDI versus PDI in solution was fitted to
be 4:6. Reproduced under CC BY license.[?*!l Copyright 2020, The Author(s). Published by Springer Nature.

(tcr) of 1800 ps (electron transfer and charge decay model is
shown in Figure 14c). In contrast, when exciting with a 510 nm
laser, hole transfer (HT) from PDI to NPlIs is observed. The cor-
responding time constant for the hole transfer () is 1.54 ps
and charge recombination (7cg) is 1800 ps respectively. This
demonstrated that by selectively exciting the NPls-chromo-
phores composites, strongly binding electrons or holes can also
be selectively extracted or injected into the NPIs, which could
then influence the photoconductive of the films. [

While the mechanism of out-of-plane motion has been rarely
reported, Yin et al. recently reported an interesting observation
on charge transfer between quantum wells that overcome the
energetic barrier formed by the insulating ligands.**! Inspired
by the previous work of Traore et al., which showed the relation-
ship between the energy barrier for electrons (i.e., the energy
difference between the LUMO of organic ligands and conduc-
tion band edge of the perovskite well) and bandgap energy upon
the variation of ligand lengths, they scrutinized the series of
(C,uH2m1NH3),Pbl, 2D layered perovskite single crystals with
m =38, 10, 12, and 18.1238 In the case of m = 12 and 18, the energy
barrier becomes close to the bandgap energy. The AR of exci-
tons can pump the electron into another exciton and the elec-
tron energetically jumps to the lowest unoccupied molecular
orbital (LUMO) level of the ligands and subsequently transfer
to the adjacent quantum wells (Figure 13i). On the other hand,
in the case of m = 8 and 10, the Auger process cannot pro-
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vide enough energy to overcome the energy barrier with the
ligands, resulting in no transfer between quantum wells. This
intriguing observation on the Auger-assisted electron transfer
mechanism will provide a new way to design layered 2D perov-
skites including colloidal nanoplatelets with improved inter-
layer charge mobility and optically tunable QCSE, which are
essential to advance their further application in photoelectronic
and optical modulation devices.

4. Colloidal Perovskite Nanoplatelet
Light-Emitting Diodes

4.1. Compositional and Dimensional Engineering

Perovskite-based light-emitting diodes (PeLEDs) have gained
tremendous attention since they were first reported by Tan
et al.22%l PeLEDs could lead to the next generation of low-cost
and high-performance LEDs for display, lighting, and optical
communication applications.*-2#] Although green and near-
infrared PeLEDs have achieved external quantum efficiencies
(EQEs) higher than 20%,24-2°1 there are still challenges with
fabricating spectrally stable and highly efficient pure red and
blue PeLEDs, particularly for devices that emit with Commis-
sion Internationale de I'éclairage (CIE) coordinates approaching
the Rec. 2020 specified red (0.708, 0.292) and blue (0.131, 0.046)
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colors that are required for ultrahigh-definition displays (in
addition to the green emitters that are easier to achieve).?>2 In
this section, different methods of preparing pure red and blue
perovskite emitters will be discussed, with particular emphasis
on utilizing perovskite NPIs as a route to achieving high PLQY
and spectrally stable LEDs. These are compared to bulk 3D
perovskite thin films and perovskite nanocubes.

4.1.1. Compositional Engineering with Bulk 3D and Weakly
Confined Nanocrystals

One method to fabricate pure-red and blue perovskite emit-
ters is through compositional engineering, by mixing bromide
and iodide together for red emitters,?*253254 or bromide and
chloride for blue emitters.2>261 Bulk 3D perovskite blue emit-
ters with a mix of Br and Cl were first achieved by Kumawat
et al. in 2015.2%°1 They successfully fabricated MAPbBr;.Cl,
based blue PeLEDs with an emission peak center at 482 nm,
a brightness of 2 cd m™ and a low EQE of 0.0001% when the
Cl to Br atomic ratio was 1.92:1.08. One of the challenges of
producing high-performance bulk Br-Cl mixed perovskite blue
emitters is the high levels of nonradiative recombination. The
reported efficiencies in other early works on blue PeLEDs based
on bulk 3D perovskite were also low. For example, Yuan et al.
reported 2.01% EQE for sky-blue emitters in 2017 and Wang
et al. reported 0.062% for pure-blue emitters in 2019.25-25%
Many efforts have been made to improve bulk blue PeLEDs,
such as through doping or defect passivation.[2>6-260.261262] Often
defect passivation, particularly of surfaces, is achieved using
long-chain organic ligands. Similarly, in LHP NCs, the surfaces
are effectively passivated with coordinating ligands, as well as
through many other strategies, as discussed in the synthesis
section. As a result, LHP NCs have achieved near-unity PLQY,
making them highly promising for PeLED applications.['>263-264]
For example, Chiba et al. illustrated that by mixing bromide and
iodide anions, a red PeLED emitting at 649 nm can be achieved
with an EQE of 21.3% and CIE coordinates of (0.72, 0.28).12%]
However, the almost unavoidable drawback of blue-shifting
the emission of perovskites by mixing halides is the spectral
instability associated with halide migration under the appli-
cation of an electric field. A redshift in the position of PL or
electroluminescence (EL) peak and a broadening of the peak
FWHM are commonly observed under illumination or bias.?¢]
For instance, Li et al. observed a redshift in the EL spectrum
of red CsPbBrgsl,,5 and blue CsPbBr;5Cl; s NC PeLEDs over
time at a constant operating voltage of 3.5 V.?*/ The origin of
the spectral instability is attributed to anion segregation in the
mixed halide perovskite emitters.[?532%¢] The halide segregation
is highly dependent on factors such as chemical potential gra-
dient, thermal gradient, applied electric field, and the photon
flux and frequency of the incident light. Three well-established
models have been put forward in the literature to account for
phase-separation: 1) a thermodynamic model that is related
to surface halide defect density; 2) a model in which polaron-
induced lattice strain provides the driving force for halide anion
migration; 3) a model in which charge-carrier gradients and
localized electric fields trigger the movement of halides.**’]
Knight and Herz%% reviewed methods to mediate the anion
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segregation effect in halide perovskite films, such as stochio-
metric A-site and B-site engineering, halide defects and dis-
tribution management and crystallinity control.2% Although
compositional engineering was the initial strategy to blue-shift
the bandgap and emission wavelength of perovskite emitters, it
also led to higher densities of deep defect states, which compro-
mise the PLQY of the film, and ultimately device performance
and stability. While many groups have worked on addressing
these limitations by controlling defect density, an alternative
approach is starting to use dimensional engineering for con-
trolling the bandgap.

4.1.2. Dimensional Engineering: Quasi-2D versus
Colloidal Nanoplatelets

In contrast to compositional engineering, low dimensional
perovskites provide an alternative route to achieve spectrally
stable devices with desirable color emission coordinates. As
discussed in earlier sections, low-dimensional perovskites
include quasi-2D perovskites,2%-22 strongly quantum con-
fined quantum dots,””3! and colloidal perovskite NPIs. The
key difference between quasi-2D and colloidal perovskite NPls
is the types of insulating layers used, i.e., spacers or ligands.
While spacers separate inorganic layers or lead-halide octa-
hedra (thus determining the n-values of quasi-2D perovskites),
ligands passivate surfaces and determine the size of NPIs, i.e.,
thickness and lateral dimensions. Therefore, the adequate use
of different organic compounds during synthesis will give the
desired optical properties for colloidal perovskite NPls. The pro-
gress of quasi-2D perovskites in PeLEDs can be found in other
reviews.[”’+27] Despite the advantages of using large organic
molecules, such as improving PLQY and stability, quasi-2D
perovskites have several disadvantages. For example, as dis-
cussed in Section 3, charge transport in quasi-2D perovskite
films becomes anisotropic and highly restricted in the out-of-
plane direction, due to the insulating nature of the large organic
cation spacers. Changes in the spacer would lead to changes in
the optical properties, such as bandgaps and exciton binding
energies. Also, the spacer cations tend to decompose under
high applied biases or long operation times in PeLEDs, which
is detrimental to the device stability.l””°l On the other hand, col-
loidal perovskite NPIs contain well-defined ligands on the sur-
face, in which charge transport properties can be controlled by
tuning the length of the ligands without compromising on the
size of the NPls.[24277-27]

Since NPIs can achieve blue or red emission with a single
halide composition, they do not suffer from the phase separa-
tion issue faced by mixed halide perovskites, this is condu-
cive toward achieving spectrally stable emission that does not
broaden or red-shift over time, several challenges need to be
overcome first.[B4105112115280] For example, Wang et al. observed
that CsPbBr; NPIs aggregate to form a bulk phase underexpo-
sure from low UV irradiation (20 mW cm™2)."2 The merging
of NPIs under UV-irradiation leads to a red-shift in the emis-
sion spectrum, from 436 nm (3 monolayers) to, 466 nm
(6 monolayers), 484 nm (9 monolayers) and 521 nm (bulk)
gradually. The trigger of the merging is attributed to the
desorption of liable surface ligands and hence leading to
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self-assembly of the NPIs like a lamellar stacking.'™2 Apart
from photon-induced phase transformation, NPIs can undergo
rapid aggregation when excess thermal energy is supplied.?8%
Dang et al.?8% reported that colloidal CsPbBr; NPIs would first
undergo surface ligand detachment and merge to form nano-
belts, then the nanobelts would join with the neighboring
nanobelts to form extended nanosheets, resulting in the PL
red-shifting over time (22 d) from 460 to 515 nm. This merging
process can accelerate if external thermal energy is supplied. For
example, the time taken for the PL to red-shift to 515 nm is only
40 min at 110 °C.[%% Joule heating would be present during LED
device operation, and this can therefore accelerate NP1 agglomer-
ation. To mitigate photon-induced and thermally-induced aggre-
gation, ligands that can be tightly bound to the surface of the
NPIs can be used. For example, Shamsi et al. replaced the OLA
ligands with short hexylphosphonate ligands (C¢H;503P) which
are more tightly bound to the surface.®!l As a result, the NPIs can
be preserved for months with the same PL peak position. There-
fore, exploring alternative ligands would be a possible method to
further improve the PL/EL stability for NPls based LEDs.

Table 4. Performance list colloidal nanoplatelets PeLEDs.

www.advmat.de

4.2. Strategies to Improve Colloidal Perovskite Nanoplatelets
LED Performance

The progress of colloidal perovskite NPl LEDs is illustrated
in Table 4 and Figure 15a. The EQE of pure-green-emitting
bromide-based perovskite NPIs (with >7 monolayers) has
increased from 0.48% in 2016(2%% to 23.6% in 2020.2%4 For
blue PeLEDs (465-485 nm emission wavelength), the effi-
ciency has improved from <0.1%%°! to 1.42%.182 So far, the
most commonly used structure for perovskite NP1 LEDs is
ITO/PEDOT:PSS/NP]/TPBi/electrodes. Figure 16 provides
insights into the strategies for improving NPl PeLED perfor-
mance. The EQE of LED devices is influenced by four main
factors: 1) the percentage of radiative recombination among all
recombination processes in the emitter layer (PLQY); 2) the
probability of balanced charge injection (fyance); 3) the chance
of effective electron-hole coupling (f._,); and 4) the frac-
tion of photons generated that are emitted out of the device
(foutcoupling)-**> The influence of each factor on the perfor-
mance of NP1 PeLEDs is discussed below.

Year Key advance EL peak [nm] EQE [%] FWHM [nm] Turn-on voltage [V]? Refs.
2016 MAPbBr; NPIs; first report of hybrid organic— 529 0.48 20 3.8 [283]
inorganic halide perovskite NPIs LEDs
2016 MAPbBr; NPIs (CBP)?-perovskite 456 0.23 20 3.5 [316]
NPIs (n = 3) composite film
2016 MAPbBr; NPIs (CBP)-perovskite 530 2.31 20 35 [316]
NPIs (n=7) composite film

2017 CsPbBr; NPIs controlled thickness n=12-16 514 10.4 17 2.8 [317]

2017 CsPb,Brs NPIs perovskite inspired Material 520 NA 20 3 [318]

2017 FAPbBr; NPIs PMMA-perovskite 530 3.04 22.6 275 [2871]
thin film composite

2018 CsPbBr; NPIs large scale production 480 0.1 35 3 [319]

2018 CsPbBr; NPIs PbBr, passivation 464 0.057 20 3.8 [29]

2018 CsPbBr; NPIs in situ passivation with HBr 463 0.124 12 3.5 [53]

2019 CsPbBr; NPIs Poly-TPD band alignment (blue) 464 0.3 16 4 [123]

2019 CsPbBr; NPIs Poly TPD band 489 0.55 26 4 [123]
alignment (sky-blue)

2019 CsPbBr; NPIs DDAB-ligand treatment 469 1.42 40 3.6 [282]

2019 FAPbBr; NPIs FA-based NPIss 532 3.53 NA NA [95]

2020 FAPbBr; NPIs TOPO-NPIs for 439 0.14 14 3.6 [96]
deep-blue emission

2020 CsPbBr; NPIs transition dipole moment 518 23.6 16 3 [284]
orientation control

2021 CsPbBr; NPIs PEI modified 465 0.8 19.5 2.6 [320]

(increasing luminescence(cd m~2))
2021 K-Br passivated CsPbBr; NPIs white LED White - - NA m7

with CsPbBr; and CsPbBrysly 5 as green
and red phosphor

ACBP is 4,4'-bis[9-dicarbazolyl]-2,2"-biphenyl; P Turn-on voltage is obtained from the current-voltage curve.
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Figure 15. Perovskite nanoplatelet (NPI) light-emitting diodes (LEDs). a) Development of perovskite NPI LEDs over time. b) Valence and conduction
band extrema (or LUMO and HOMO levels for organic materials) of the reported hole and electron transport layer in perovskite nanoplatelet LEDs.
Band positions of transport layers?%l and perovskite NPIs (-3.4 to -6.5 eV)[®®l obtained from the literature. The NPIs band position depends on the
number of monolayers, the graphic value is based on the monolayer of Br-based NPIs.

4.2.1. Internal Quantum Efficiency Kewion + N -k,

kexciton + ktrap + N . kz + I\I2 . k3

)

PLQY=
One of the most important parameters for LEDs is the internal
quantum efficiency or PLQY of the emitter film. It is well
accepted that in a strongly quantum-confined nanoplatelet
system, the PLQY depends on the competition between first-
order exciton radiative recombination (keion) and the first-
order exciton trap-assisted recombination (ki) at low fluence
(when carrier density, N, is small enough, usually below
10'® cm™3 or low current density, for example below 10 mA cm?)
(Equation 5).[15.247.286.287)

Therefore, under the normal LED operating regime (carrier
density 10°-10'® cm=3),1288] the trap-assisted exciton recombi-
nation rate, k., is the factor that needs to be minimized to
improve PLQY. Earlier in synthesis Section 2, it was discussed
how perovskite NPIs can achieve near-unity PLQY through
effective defect passivation.’®l Previous works have high-
lighted the influence of defect passivation on PeLED device
performance.>>317:263.289  Primary and quaternary amine,
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Figure 16. Factors limiting PeLED performance and strategies for over-
coming these factors in NPIs PeLEDs. a) Defect passivation method:
Reproduced with permission.’®l Copyright 2018, American Chemical
Society. b) Film morphology modification: Improve film morphology
by making 2D FAPbBr; perovskite-PMMA composite film. Repro-
duced with permission.[?®Tl Copyright 2017, American Chemical Society.
c) Ligand exchange method: Insert schematic illustration of the post-
synthetic surface ligand exchange treatment of CsPbBr; NPlIss. Repro-
duced with permission.[?#2 Copyright 2019, American Chemical Society.
d) Band-alignment and interfacial engineering method: Band structure
of perovskite LED devices with blue or sky-blue emitters (left) without
or (right) with a polymer interlayer. Reproduced under CC-BY license.l?l
Copyright 2019, American Chemical Society. €) Maximizing light outcou-
pling efficiency.

phosphonic and sulfonic acid, zwitterions, and inorganic salts
have been found to be effective for passivating surface defects
in perovskite nanocrystals.[15:290-292]

For nanoplatelets, it is useful to identify the dominant type
of surface traps and passivate them with appropriate ligands.
To identify the surface traps present, Bertolotti et al. investi-
gated the surface termination of CsPbBr; NPls using X-ray total
scattering techniques, based on the Debye scattering equation
(DSE) approach.’” The DSE model is considered as one of the
most accurate expressions to model the diffraction pattern from
nanoparticle systems. The method illustrates a comprehensive
characterization of the nanosized materials and full XRD pat-
tern reconstruction, both in terms of Bragg peaks and diffuse
scattering, which intrinsically arise from the detailed atom-
istic model definition of NPIs, developed in the real spacel?*?!
(Equation 6).

i=1j=1 sin(Qr;
f(Q)s; () ne) €
o

where Q = 47sin(0)/4, the wavevector transfer modulus (O is
half the scattering angle and A the radiation wavelength), f the
atomic scattering factor and r; the magnitude of the distance
between any two of the N atoms composing an atomistic aggre-

1(Q)=

=M
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gate.” Based on DSE analysis of 6 monolayer CsPbBr; NPls
(one monolayer being =0.59 nm thick), Bertolotti et al. claimed
that the NPIs exhibit an orthorhombic structure with (100)
pseudocubic facets, which correspond to two (010) and four
(101) planes of the orthorhombic CsPbBr; lattice (Pnma space
group). The basal facets of the N are of the (101) family, whereas
two remaining (101) planes and both (010) planes make for side
NPIs facets. Hence, it is suggested that CsBr-terminated sur-
faces are preferentially exposed, with almost half Cs sites and
a half Br sites vacant.’>! It indicates that vacancy defects would
be one of the dominant non-radiative recombination pathways
which reduce the PLQY.

Previous theoretical calculations have shown that the forma-
tion energy required to create vacancies CsPbBr; nanocrystal
system is in the range of 1.4-2.3 eV, depending on the posi-
tion of the vacancy in the lattice for the perovskite nanocrystal
system.?®] Brinck et al. found from computations that the
defect formation energy for a charged or neutral Br vacancy
tends to be lower than the defect formation energy for a Cs
vacancy or a Pb vacancy (calculated defect formation energies
in CsPbBr; NCs can be found in Figure 17).12°] Br vacancies are
therefore more common. Hence, the passivation of Br-based
NPIs has focused on eliminating or minimizing halide vacan-
cies to improve their performance in PeLEDs.1?>>% For example,
Wu et al. proposed an in situ passivation method by adding
excess Br~ (HBr) to form an interconnected Pb-Br octahedral
framework before nucleation which could significantly reduce
the density of bromide vacancies in the NPIs (Figure 16a).53
As a result, the PLQY of the NPIs increased from 18% (pristine
NPIs) to 96% (passivated NPIs), and the average carrier lifetime
measured by transient absorption increased from 3.96 ns to
6.46 ns with a pump intensity of 1.25 pJ cm™ (2s.f.).

Apart from passivating the bulk material, passivating defects
at interfaces between the perovskite layers and charge-injecting
layers is also important. For example, Hoye et al. reported
by adding an extra poly-TPD layer between the conventional
PEDOT:PSS hole-injection layer and CsPbBr; NPIs emitter,
the EQE of the blue PeLED could be improved from 0.007% to
0.3% (shown in Figure 16d).1%3 Poly-TPD was shown through
PLQY and time-resolved photoluminescence measurements to
reduce nonradiative recombination at the hole-injecting inter-
face. Other organic passivating layers and strategies that have
been effective in perovskite solar cells (e.g., PTAA) could also
be applied to NP1 LEDs.[2%¢2% For instance, an emerging idea
in the perovskite photovoltaics scene that could also be trans-
lated to the PeLED field is to use self-assembled monolayers
(SAMs) to passivate the bottom interface beneath the solution-
processed emitter.[2%8]

Apart from suppressing trap-assisted recombination through
defect passivation, reducing Auger recombination during device
operation is another important factor that needs to be consid-
ered. When the injected current density is large (typically larger
than 1-10 mA cm™ or carrier density is larger than 10! cm™3),
LEDs will suffer from significant efficiency roll-off when the
injected charge carrier density is high (Figure 18). The origin
of the efficiency roll-off in colloidal NPIs systems has not yet
been studied. For quantum-confined systems, such as quasi-2D
perovskite thin films (Figure 18a,b) and 2D NPIs (Figure 17c), an
explanation that has been put forward is Auger recombination,
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Figure 17. Defect formation energies (DFEs) associated with interstitial, charged, neutral vacancies, and antisite substitutions listed in electronvolts.
The DFEs are computed following geometry optimizations carried out at the DFT/PBEQ level of theory. Backflip means that the antisite displacement
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2019, American Chemical Society.

which is also a three-body non-radiative recombination pathway
that lowers the PLQY (refer to Section 3).1287:2993001 Another
cause would be exciton-exciton annihilation, as discussed
earlier in the carrier dynamics section. When increasing the
excitation carrier density, radiative bimolecular recombina-
tion gradually dominates over the monomolecular process, so
the PLQY would increase initially with the current density as
shown in Figure 18b for a quasi-2D system. At higher carrier
densities, three-body Auger recombination becomes dominant,
resulting in decreases in PLQY (Figure 18a). It is also noticed
that in a quasi-2D or colloidal 2D system, the keyiion iS propor-
tional to the exciton binding energy F, in quantum wells.?*’]
For instance, Philbin et al. illustrated that Auger recombination
lifetimes depend nearly linearly on the lateral area and some-
what more strongly on the thickness of the nanoplatelets.[30!
Therefore, developing a facile approach to manage Auger
recombination would be critical to reducing efficiency roll-off
in 2D perovskite LEDs.

4.2.2. Charge Injection and Charge Balance

Charge injection and charge balance are also critical fac-
tors for device performance. It strongly depends on the film
quality of the NPl emissive layer. Incomplete film coverage
(pinholes) would lead to current leakage, charge imbalance,
and carrier quenching at interfaces.?°2 Kumar et al. mixed
FAPDBr; NPIs with PMMA solution to improve the film quality
(Figure 16b).281 By adding PMMA, the emitting film became
more uniform, and the root-mean-square roughness decreased
from 791 to 0.63 nm. Furthermore, the presence of PMMA
molecules around the FAPbBr; NPIs altered the surrounding
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dielectric constant, leading to an increase in the exciton binding
energy (increased from 149.3 to 161.3 meV) through dielectric
confinement.}%! The increase in exciton binding energy led
to an increase in the PLQY (from 88% (solution) to 92% (com-
posite film)) because the more tightly bonded excitons could
undergo monomolecular radiative recombination rather than
dissociating into free carriers which are more easily trapped
by defects. As the result of improved film coverage and PLQY,
the device EQE increased from 1.14% (0 wt% PMMA) to 3.04%
(8 wt% PMMA) 1281

Another challenge for effective and balanced charge injec-
tion in NPI PeLEDs arises from the long-chain ligands (usu-
ally oleylamine and oleic acid) that are present at the surface
of NPIs. These long-chain ligands are needed in order to con-
trol the growth of the nanoplatelets, prevent agglomeration
and passivate surfaces. On the other hand, these ligands limit
charge injection. An appropriate ligand management method
is needed to balance the need for high PLQY versus efficient
charge injection.?3% Kumar et al. demonstrated that by
replacing long-chain ligands (16 carbons, hexadecylamine) with
shorter ligands (6 carbons, hexylamine) during the synthesis,
the current density under the same injection voltage and carrier
lifetime increased.[*””! This indicated that a shorter chain ligand
can improve charge injection, the turn-on voltage at an oper-
ating current density of 1 mA cm? decreased from 4.32 V with
hexadecylamine to 3 V with hexylamine. As a result, the lumi-
nance (in cd m™?) of the PeLED increased when using shorter
chain ligands, for instance, the luminance increased from
2.46 cd m? for hexadecylamine (16 carbons), to 3322 c¢d m~2 for
decylamine (10 carbons) and 9555 cd m™ for hexylamine (6 car-
bons). Zhang et al. performed postsynthesis ligand engineering
by exchanging long-chain OLA and OA ligands with shorter
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Figure 18. Demonstration of efficiency roll-off in blue PeLEDs. a) Film’s
PLQYs as a function of carrier density for CF3KO3S-PEA and CF3KO3S-
p-FPEA quasi-2D films. b) Current density-dependent EQE curve for dif-
ferent quasi-2D PeLEDs. Reproduced under CC BY license.?¥”] Copyright
2021, The Author(s). Published by Springer Nature. c) External quantum
efficiency—current density curve of the treated CsPbBr; NPI-based LED.
Reproduced with permission.?82 Copyright 2019, American Chemical
Society.

dimethylammonium bromide (DDAB) ligands (Figure 16c).[282
After ligand treatment, the CsPbBr; NP1 PLQY increased from
45.1% to 69.4%, as the DDAB ligands not only partially replaced
the original ligands but also passivated surface defects. The
shorter DDA* ligands also decreased NPIs spacing and led to
a more delocalized wave function, contributing to decreased
turn-on voltages from 6.4 to 3.6V, since the better balanced
charges can be more easily injected into the NPIs, leading to
the EQE increasing from 0.02% to 0.56%.2821 Developing suit-
able and exchangeable ligands is still quite challenging for
perovskite NPIs.l"24 Chen et al. reviewed feasible ligands that
can exchange with the liable ligands for perovskite nanocrys-
tals, including short-chain acid and amine ligands, and com-
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plex ligands such as perylene diimide.? However, no studies
yet have been done on how the ligand exchange process would
affect the size, shape, and optical properties of the NPIs.

Interfacial engineering is another important area to
improve charge injection and balance, as well as reducing
interfacial PL quenching.l233%! For a commonly used PeLED
structure (ITO/PEDOT:PSS/NPIs/TPBi/LiF/Al), the energy
discrepancy between the work function of the anode (usually
LiF/Al, -2.9 eV) and the LUMO of the electron injecting layer
(TPBi, -2.7 eV) (Figure 15b) is negligible. There is almost no
energy barrier for electron injection from the cathode into
the conduction band minimum (CBM) of the perovskite NPls
(around -3 eV). However, on the anode side, there is a sig-
nificant energy barrier between the transparent ITO (work
function -4.7eV) and the perovskite valence band maximum
(VBM) (around -6 to -7 eV). The large energy difference
makes it more difficult for hole injection, resulting in higher
electron current densities, with electrons accumulating at the
hole injection interface with the emitter. One solution would
be to introduce a multilayer HTL with cascade-type energy
levels. For blue PeLEDs, researchers now tend to use the
first hole transport layer that has high hole mobility and can
form a quasi-Ohmic contact with the ITOs, such as NiO, and
PEDOT:PSS. Then a second hole transport layer with deeper
HOMO is used to form cascade-type energy levels to improve
hole injection and charge balance, for example, poly-TPDs
(Poly[N,N"-bis(4-butylphenyl)  -N,N’-bis(phenyl)-benzidine]),
TFB (Poly(9,9-dioctylfluorene-alt-N-(4-sec-butylphenyl)-diphe-
nylamine)) and PVK (poly(9-vinylcarbazole).3%¢31 However,
the role of these layers is still unclear, whether they form an
energy cascade to facilitate charge injection or passivating
interfacial defects to reduce PL quenching, or that they
improve the surface roughness and uniformity of the top
perovskite layers.

4.2.3. Formation of Electron—Hole Pairs (Excitons)

Electroluminescence is generated when injected electrons and
holes are effectively correlated to each other and radiatively
recombine, such as through the formation of excitons.[>308l
The exciton binding energy (E},) then becomes an important
parameter to determine the equilibrium population of exci-
tons (n,) and unbounded carriers (holes (ny,) and electrons
(ne)).2% The formation of excitons from free electrons and
holes, and the reverse process (i.e., dissociation into free
charges), can be seen as a chemical reaction between these
three species. The equilibrium populations of these species
depend on their overall concentration. With increased optical
(or electrical) excitation, the pairing of electrons and holes to
form bound neutral states becomes more favored and excitons
thus become the dominant species. Conversely, at low injec-
tion levels, unbound electrons and holes are unlikely to meet
and to give rise to excitons, which therefore are the minority
species. The Saha equation (Equation 7) is normally used to
describe the equilibrium between free electrons/holes and
excitons:

Ne Ny =Ny nequilibrium (7)
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In Equations 7 and 8, n,, n, and n, are the exciton, hole,
and electron populations, respectively, Mequiliprium 1S the equi-
librium constant, which is determined by temperature (T) and
the exciton binding energy (E), t is the reduced exciton mass.
Requilibrium 15 typically on the order of 107, 10', and 10" cm™
for bulk MAPbI;, MAPbBr; and MAPDLCL;, respectively.3%!
Typically, for a 2D exciton-dominant system, the emitted light
intensity should have a linear relationship with moderate car-
rier injection intensity (injected carrier density 101°-10" cm™)
since the exciton is the dominant species for light emission in
NPIs.2% However, there is still a lack of fundamental studies
about how excitons and free carriers are generated during the
operation of NPl-based LED devices.

4.2.4. Outcoupling

Typically, the perovskite layers have a much larger refractive
index (n, typically 2.1-2.6) than the surrounding materials, for
example, the glass substrate (n = 1.5), ITO (n = 1.8), commonly
used organic transport layers (e.g., TPBi) (n = 1.73) and air
(n = 1).1286310 Light will only propagate from a higher-refractive-
index material (i.e., perovskites) to a lower-refractive-index mate-
rial (i.e., air) when the incident angle is larger than the critical
angle. As a result, the majority of electroluminescence from
PeLEDs would undergo Fresnel reflection and waveguiding
within the glass substrate. The light loss mechanisms include
parasitic absorption by adjacent layers, longitudinal oscillation
of electrons at metal interfaces (surface plasmon polariton),
waveguide mode which traps the light between ETL, HTL layers,
and ITO glasses.1%! Zhang et al. conducted a detailed review on
light outcoupling management in PeLEDs,?1% here we would
like to discuss the intrinsic light outcoupling in perovskite NPls.

The large discrepancy between the intrinsic perovskite light
outcoupling efficiency and the organic counterparts is due

(a)

7
%
e,

Polarizer

www.advmat.de

to the random orientation of the transition dipole moments
(TDMs) in perovskite NPIs.B" Currently, there is a lack of
methods to align the TDMs in perovskites, in contrast to
organic emitters. In organic emitters, the alignment of TDMs
can be tailored by designing the molecular structure, which
can influence the intermolecular interactions, including van
der Waals (vdW) and electrostatic forces, and thermodynami-
cally determine the molecular configuration and conformation
of the emitters. The orientation of the molecules can be also be
tuned through the processing.’”l However, these methods are
far more difficult to apply with perovskite emitters. It is worth
noting that the TDMs that are horizontally aligned with respect
to the electrode interface are favored for light outcoupling
while the vertically aligned TDMs largely contribute to energy
losses due to waveguiding.?"®l Therefore, to increase outcou-
pling, maximizing the horizontally oriented TDMs is preferred.
Jurow et al. reported a method to change the orientation of the
average TDMs by reducing the dimensions of the nanocrys-
tals and depositing them face down onto a substrate by spin
coating at 1500 rpm in toluene on glass substrates to a create
monolayer of NPIs.?™ The percentage of horizontal TDMs can
be measured in the setup shown in Figure 19a. Recently, Cui
et al.’™ and Kumar et al.3® illustrated that self-assembled 2D
perovskite NPIs could exhibit a higher outcoupling efficiency
as the orientation of TDMs are well aligned in the spin-coated
NPIs films. For example, Cui et al. estimated the ratio of hori-
zontal TDMs, Oy, in their anisotropic NPls films is 84% based
on the angle-dependent PL measurement, which provides an
ensemble measurement of the intensity of p-polarized emis-
sion against the detection angle.?* The ©y value in NPIs film
(84%) is larger than the Oy value in isotropic emitters (67%),
and it leads to an increase in simulated device outcoupling effi-
ciency from 23.4% (isotropic emitters) to 31.1% (anisotropic
emitters). As a result, they achieved a green PeLED with an
EQE of 23.6%. Similar results were also achieved by Kumar’s
group, with a Oy value of 72% (Figure 19b) in the optimized
mixed cation NPIs, and a device efficiency of 24.2%.5"! These
pioneering works provide excellent guidance for measuring
and orienting the TDMs in low dimensional halide perovskites.

b
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Figure 19. Quantify horizontal TDMs in perovskite films. a) Schematic of a film of perovskite nanoplates on a spherical prism to analyze the emitted
light and calculate the average orientation factor (OH) of the material at each wavelength. Reproduced with permission.B™ Copyright 2019, American
Chemical Society. b) Experimental and calculated thin-film p-polarized PL intensity as a function of viewing angle ®@, using the thin-film horizontal dipole
ratio ® as the control parameter. Reproduced under CC BY 4.0 license. Copyright 2021, The Author(s). Published by Research Square.
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5. Future Prospects

5.1. Synthesis

Despite great progress in the thickness-controlled synthesis of
halide perovskite NPIs, it is still challenging to achieve mono-
disperse NPIs with a single PL peak for all possible thicknesses.
Generally, the PL spectra of NPls contain one or more small
shoulder peaks arising from different thicknesses, and it is
extremely difficult to separate them into individual thicknesses.
In addition, most of the reported studies are focused on bro-
mide-based lead perovskite NPls with different A-site cations,
while iodide perovskite NPIs have rarely been investigated. It is
a great challenge for researchers to obtain iodide-based perov-
skite NPls with controllable thicknesses. For instance, Huang
et al.’® demonstrated the shape and thickness tunability of
FAPbI; NPIs by varying the ratio of Cs to Pb in the precursor
solution. However, the level of thickness control demonstrated
was still far from what has been achieved with bromide-based
perovskites.[?316381 Tn fact, in Table 2, one can see that the
lead halide perovskite NPIs with different A-site cations and
thicknesses still need to be explored. On the other hand, thick-
ness-controlled Pb-free perovskite NPls and their properties
have been rarely reported due to the difficulties associated with
their synthesis. Therefore, there is great room for researchers
in this direction. For example, the change in the dimensionality
of Cs,AgBiBry double perovskites from 3D (bulk) to 2D (1 ML)
is expected to transform the nature of its bandgap from indirect
to direct,[32! however, colloidal monolayer double perovskites
have not yet been reported. Furthermore, controlling the lateral
dimensions of perovskite NPIs is challenging. Although it has
been shown that the lateral size of CsPbBr; is tunable up to a
few micrometers by varying the ratio of short-chain (octanoic
acid and octylamine) to long-chain ligands (OLA and OA), the
exact mechanism is still unclear and has not been extended
to perovskite NPls of other compositions. A thorough under-
standing of the anisotropic growth of perovskite NPIs is lacking
in the literature. It is unclear how isotropic nucleation leads to
anisotropic growth in the end. It has been shown that a reduc-
tion in the reaction temperature, an increase in the length of
the ligands used in synthesis and an increase of the A-site to
B-site cation ratio in the precursor solution generally favors
NPI formation. For instance, Manna et al. proposed that the
increase of concentration of the alkylammonium cation under
acidic conditions or decrease of Cs* concentration in the reac-
tion medium leads to the formation of NPIs. However, it is
rather unclear how the ammonium cations favor the growth
of some facets over others. It could be most likely related to
the differences in the energy of the facets and this the ligands
bind strongly to certain facets while the other facets grow
freely, leading to anisotropic NPIs. In the case of CdSe NPlIs,
Riedinger et al. showed that the intrinsic instability in growth
kinetics leads to highly anisotropic shapes, and this could also
apply to perovskite NPIs. Recently, Burlakov et al. proposed
that the ligands nucleate faster than the atoms in precursor
molecules on relatively wide crystal facets, thus leading to NP1
formation.1322l However, we strongly believe that more in-depth
theoretical and experimental studies are required to understand
the growth mechanisms of perovskite NPls. Another important
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challenge in perovskite NPI synthesis is to obtain colloidal solu-
tions with long-term stability. The thin NPIs often tend to trans-
form into thick plates or degrade into non-fluorescent phases
over time. In addition, they are very sensitive to external stress
factors, such as light and heat, and often transform into larger
nanosheets or bulk perovskites.">?%0] The stability of NPls
can be improved by proper ligand choice (such as (3-amino-
propyl)trimethoxysilan and bulky ligands) or through the sur-
face coatings (such as SiO, and polymers).*1?2 For example,
Shamsi et al. demonstrated the synthesis of CsPbBr; NPIs
with improved stability using hexylphosphonate ligands. We
believe that the surface coating strategies such as SiO, coating,
polymer or MOF encapsulation applied to nanocubes could also
be extended to NPIs to improve their colloidal stability. How-
ever, the surface coatings can be detrimental for charge carrier
transport between NPls and thus effects the performance of the
corresponding devices. An approach to overcome this problem
is through surface functionalization of NPIs with conjugated
organic chromophores.?*/

5.2. Optical Properties and Carrier Dynamics

Research into perovskite NPls is still at an early stage, and
their linear/nonlinear optoelectronic properties have not
yet been fully explored. From the fundamental point of view,
perovskite NPIs provide a unique and ideal platform for testing
their optoelectronic properties, since both confined and uncon-
fined dimensions coexist. Therefore, despite recent interesting
studies on perovskite NPls, more rigorous and systematic
studies on the role of dimensionality (thickness and lateral size)
on the electronic properties of perovskite NPIs are still required.
For instance, the study on anisotropic exciton or charge diffu-
sion dynamics in perovskite NPIs with different lateral aspect
ratios has not been carried out, although this study can pro-
vide a way to improve light outcoupling and boost efficiencies,
as compared to the isotropic device (e.g., based on perovskite
nanocubes). Furthermore, investigations into the relative ratio
of excitons versus charge generation in thickness-controlled
perovskite NPls will tell us what the optimal thicknesses are for
LED or photovoltaic applications since the radiative recombi-
nation of excitons usually occurs in competition to nonradia-
tive processes (i.e., exciton dissociation and subsequent charge
diffusion). Beyond the study on individual perovskite NPIs,
the investigation on the assembled perovskite NPls (e.g., the
studies into the mechanism for the spontaneous self-assembly
of perovskite NPIs into cuboid crystals, and concomitant
changes in the electronic properties) can open a new avenue
of utilizing perovskite NPIs in advanced lighting and display
applications.’3%3!

5.3. Colloidal Perovskite Nanoplatelet LEDs

Despite the early successful development of NPl PeLEDs
through effective surface passivation methods, there is still
much room for improving their EQEs to over 20%, which
has been achieved with perovskite nanocrystals and quasi-2D
films. With perovskite NPls, it is still difficult to achieve ligand
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exchange postsynthesis, and further efforts in this area are
needed because this will allow carrier injection and balance
to be more effectively tuned, and decouple the liable ligands
needed for synthesis (OAm and OA ligands) with those for
devices (short-chain ligands with higher conductivity). Alter-
natively, forming NPIs with core-shell structures to passivate
surface defects while allowing facile charge injection has been
considered for nanocrystals, but not yet for nanoplatelets.
Appropriate ligand engineering could also lead to improved
control over the thickness of the emissive layer, which is cur-
rently difficult to achieve. Optical simulations are also needed to
determine the optimal thickness of the NPIs layer to maximize
outcoupling. Concomitantly, further development is needed for
the hole and electron injection layers, particularly to achieve
improved alignment with the deep VBM of NPIs. Whilst early
works have reported methods for controlling the orientation
of NP1 made from II to VI semiconductors, full control of the
alignment of TDMs in perovskites has not yet been achieved.
More studies are needed to fully understand how TDMs are
oriented in perovskite NPls and their effects on polarized emis-
sion and outcoupling efficiency in a planar device structure.

The operational stability of perovskite NPIs in LEDs is another
key factor that needs to be improved for these devices to be con-
sidered for commercialization. Although perovskite NPls have
advantages over mixed halide perovskite emitters for achieving
stable electroluminescence spectra, they still suffer from severe
efficiency roll-off due to Auger recombination and exciton—
exciton annihilation. How these high-order nonradiative recom-
bination pathways can be suppressed in NPl LEDs would be a
future challenge to further improve device performance.

Overall, perovskite NPIs offer a rich area of research, with
many new opportunities both at the fundamental level (e.g., to
understand the role of different levels of confinement across dif-
ferent dimensions) and at the applications level (e.g., achieving
spectrally stable PeLEDs). While there are many promising and
interesting recent investigations into this class of semiconduc-
tors, it is evident that our understanding of these materials is
at an early stage, and there are many challenges that need to be
overcome before the practical benefits of perovskite NPls could
be realized. We hope the discussions made in this Review could
stimulate and shape future work into this area.
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