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Abstract

Lead halide perovskites (LHPs) are suitable as the emissive layers in light-emitting diodes (LEDs). The external quantum
efficiency of green LEDs based on LHPs is now over 20%. Nevertheless, the blue LHP LEDs lag behind the green ones in
terms of efficiency. Photoluminescence (PL) quantum yield (QY) and stability of the NCs under various operating conditions
are two major factors that influence the LED performance. Therefore, to promote the efforts towards achieving improved
LED efficiencies, herein, we summarize several synthetic methods that produce blue-emitting LHP NC, followed by several
approaches devised to boost their PL QY up to near unity. Light-induced anion segregation is one of the limitations of
using blue-emitting mixed-halide LHPs, which triggers the attention to single halide, quantum-confined LHP nanoplatelets
(NPLs). Syntheses, structure, and luminescent properties of organic—inorganic and all-inorganic blue-emitting LHP NPLs
are discussed elaborately. In the last portion, the luminescent properties of lead-free metal halides, which are of current
interest, are discussed, followed by an outlook and future directions. In conclusion, our review discusses various literature
attempts to obtain stable blue-emitting LHP NCs, which can be helpful in a better design of the blue-emitting LHP NCs
towards various light-emitting applications.
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1 Introduction

Lead halide perovskites (LHPs) have not only become an
exciting class of materials for thin-film-based photovoltaics
and light-emitting diodes (LEDs), but also have made their
mark in the field of colloidal semiconductor nanocrystals
(NCs). LHPs were discovered towards the end of the nine-
teenth century; however, their potential was fully realized
only by the end of the twentieth century. Research on LHPs
has gained immense interest over the past few years owing to
their unique characteristics such as long charge-carrier diffu-
sion lengths and high absorption cross-sections. LHPs have
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found applications in lasers [1], gamma- and X-ray detec-
tion [2, 3], and photodetectors [4]. The efficiency of LHP-
based solar cells has surpassed 20% over just a few years.
LHPs display good electroluminescence (EL) properties, and
their external quantum efficiency (EQE) has crossed 20%
according to recent reports. Nano-sized LHPs offer interest-
ing luminescent properties.

Although the first article on LHP NCs was on MAPbBr;
NCs with a decent photoluminescence quantum yield
(PLQY) in 2014 [5], the report by Protesescu et al. in 2015
piqued researchers’ interest [6]. The fascinating feature of
these NCs is their narrow-band and bright PL properties,
which can be tuned from ultraviolet to the near-infrared
wavelength regime by altering their halide composition,
as shown in Fig. la—c for CsPbX; (X=CI, Br, or I) NCs
[6]. The near-unity PLQYs of these NCs were attributed
to their defect tolerance. This means that the optical and
electronic properties of the NCs are largely unaffected by
their defects. In LHP NCs, efficient optical properties can be
achieved without surface passivation or shell coating, unlike
in conventional II-VI semiconducting NCs or GaAs NCs.
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Light-emitting applications

Fig.1 Introduction to LHP NCs. a Colloidal solutions of CsPbX;
NCs (X=Cl, Br, or I) in toluene under UV lamp (1=365 nm) and b
the corresponding PL spectra. ¢ Photograph (under UV light) show-
ing bright luminescence from CsPbX; NCs-PMMA polymer mono-
liths achieved with Irgacure 819 as photoinitiator for polymerization.
d Comparison of electronic structures of conventional semiconduc-
tors, such as, CdSe, GaAs, and InP (defect-intolerant) and LHPs
(defect-tolerant). No photogenerated charge carriers can be trapped
by defects in LHPs. e Comparison of CIE chromaticity coordinates
(black data points) of the emission from CsPbX; NCs with the most
common color standards (LCD TV (dashed white triangle) and
NTSC TV (solid white triangle)). f EL spectra of CsPb(Br,_,Cl,);

The defect energy levels exist entirely or partially (shallow
traps) within either the valence band (VB) or the conduc-
tion band (CB) of the LHPs, as shown in Fig. 1d. However,
conventional semiconducting NCs are defect-intolerant,
which means the formation of defects affects their optical
properties [7]. The defect-tolerant nature of LHPs has been
attributed to their unconventional electronic structure (the
bandgap is formed between antibonding orbitals) and very
high formation energy of antisite and interstitial defects [8].
The other factor that facilitates efficient light emission from
LHP NCs would be their bright triplet exciton [9].
Cd-based NCs have been exploited in optoelectronic
applications such as color-conversion LEDs, and solid-state
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Simple synthesis

NC LEDs. Inset shows the EL of the operating device with Empa
emblem. g Unalloyed and Zn-alloyed CsPbl; structures and the pic-
tures of respective LEDs. h The reaction system, precursor solution
and process for ligand-assisted reprecipitation (LARP) technique
as well as the photograph of colloidal CH;NH;PbBr; NC solution.
a—c and e Reprinted with permission from Ref. [6] Copyright 2015,
American Chemical Society. d Reprinted with permission from Ref.
[7] Copyright 2017, American Chemical Society. f and g Reprinted
with permission from Refs. [11, 13], respectively. Copyright 2019,
American Chemical Society. h Reprinted with permission from Ref.
[18] Copyright 2015, American Chemical Society

lighting [10]. They can cover over 100% of the NTSC
(National Television System Committee) TV color stand-
ards. However, CsPbX; NCs comprise 140% of the NTSC
standard, mainly in the red and green wavelength regions,
as shown in Fig. le. Furthermore, the bright and narrow
PL of the LHP NCs aided the fabrication of efficient LEDs,
covering the entire visible regime. This has been achieved
through various strategies such as appropriate surface pas-
sivation or ligand engineering and metal-ion doping (Fig. 1f,
g) [11-13]. Furthermore, high-quality colloidal LHP NCs
have been obtained by the hot-injection synthesis method.
Precise control over their shapes and sizes was achieved [14,
15]. Chemical exfoliation [16] and ball-milling [17] were
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also employed to synthesize high-quality LHP NCs. Owing
to the labile (ionic) nature of their structure, room-tempera-
ture methods such as ligand-assisted reprecipitation (LARP)
and reprecipitation can produce high-quality LHP NCs with
very near unity PLQYs, as depicted in Fig. 1h [18-20].

Unlike for the red- and green-emitting LHP NCs, the opti-
cal properties, particularly the PLQY, reported for blue-emit-
ting ones were lower [6, 21]. This low PL QY would have
been a consequence of the relatively small sizes of the chlo-
ride ions and their resultant impact on the crystal structure
or presence of more charge carrier trap states. This review
article summarizes the various strategies for improving the
luminescence efficiencies of the different blue-emitting per-
ovskite NCs. We divide our review into five categories: (1) a
brief overview of different ways of obtaining blue-emitting
3-D LHP NCs; (2) engineering methods for achieving high
PLQY for these blue-emitting 3-D LHPs NCs; (3) structural
and optical properties of quantum-confined organometal
LHP nanoplatelets (NPLs); and (4) structural and optical
properties of quantum-confined all-inorganic CsPbX; NPLs.
In this section, we discuss different synthesis strategies and
approaches for enhancing the NPL PLQYs. (5) The last por-
tion introduces a few lead-free perovskite-like structures. At
the end of the review, we have provided some insights into
this field and tried to map its prospects.

2 Blue-emitting 3-D LHP NCs

Blue-emitting CsPbCl; or CsPb(Cl/Br); was synthesized by
mixing Pb, Cs, and halide precursors [6]. Because metal
halides exhibit a higher ionic bonding tendency than metal
chalcogenides, the post-synthetic chemical transformations
of CsPbX; NCs were explored [22]. The blue-emitting
CsPbCl; or CsPb(Cl/Br); NCs were produced by partially
or fully replacing the Br™ ions in the CsPbBrj; lattice with
CI™ ions (Fig. 2a—c). A few suitable anion-exchange reagents
were utilized, as shown in Fig. 2a. The crystal structure of
CsPbCl; NCs gradually changed to CsPbBr; upon the addi-
tion of Br™ ions (Fig. 2b). The red shift in their bandgap
further confirmed the anion-exchange process, as shown
in Fig. 2c. The resultant NCs were not only emissive but
also retained the sizes and shapes of the parent NCs. Cation
doping into CsPbX; NCs also produced blue emission. Sta-
ble blue emission with a narrow FWHM was achieved by
doping (alloying) CsPbBr; NCs with AP" ions (Fig. 2d, e)
[23]. A13+:CstBr3 NCs exhibited a blue-shifted PL emis-
sion with a maximum at 456 nm and a remarkable PLQY
of 42%. The PL shift was attributed to the electronic doping
by AI** jons as they introduced a new level (obtained by the
hybridization of the Al- Br-, and Pb-orbitals) in the bandgap
of CsPbBr;. A partial post-synthetic cation exchange of Pb**
ions in CsPbBr; NCs with Sn?*, Cd**, and Zn* led to a blue
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shift in the optical spectra, while preserving the original
NC shape (Fig. 2f) [24]. The CsPb,_ M Br; NCs, where
M=Sn**, Cd**, and Zn*", displayed narrow blue emission
with a PLQY > 50%. The PL blue shift was ascribed to the
lattice contraction upon replacing a few Pb** ions with M2+
ions, as depicted in Fig. 2g. The blue shift was observed to
scale linearly with the lattice shrinkage, independent of the
cation introduced (Fig. 2h). This proves that the blue shift
in the optical spectra was not a direct effect of the incorpo-
rated cations (they do not participate in the recombination/
absorption process) but caused by the contraction of the host
lattice, which widened the bandgap.

3 Bright and stable blue emission
from the LHP NCs

Many attempts have been made to also improve the emis-
sion intensity and stability of LHP NCs. The cation doping
in LHP NCs not only produced blue emission (as discussed
in the introduction) but also enhanced their PL properties.
Yong et al. reported all-inorganic violet-emitting CsPb(Br/I);
NCs with near-unity PLQYs by engineering the local order
of the host lattice using Ni** doping, as shown in Fig. 3a
[25]. The emission intensity of blue-emitting CsPbCl; NCs
was also enhanced multifold via Ni** doping. Density func-
tional theory calculations showed that the energy levels
around the bandgap of CsPbCl; NCs are attributable to Pb
and Cl atoms, whereas Cs atoms have negligible influence.
Furthermore, a defect level exists in the bandgap of undoped
CsPbCl; with Cl vacancies (Fig. 3b). These halide-induced
defects would be the main reason for the low PLQYs of
the blue-emitting NCs. Ni** doping eliminated the defect
levels present inside the host bandgap, as shown in Fig. 3c,
leading to enhanced emission intensities. The elimination
of defects upon doping was verified by time-resolved PL
spectroscopy. In this case, the PL decay curves show that
the contribution of the fast-decay components (correspond-
ing to non-radiative recombination) was diminished upon
Ni?* doping (Fig. 3d) [25]. Ni** doping also improved the
stability and PL intensity of green-emitting LHP NCs [26].
Similarly, post-synthetic Cd** doping increases the PLQY of
blue- and violet-emitting LHP NCs to near unity by remov-
ing the nonradiative defect states in the host bandgap [27].
Other transition metal ions such as Mn?>* and Cu** were also
utilized to boost the emission characteristics of CsPbCl; and
CsPb(Cl/Br); NCs [28-31]. Figure 3e displays the PL spec-
tra of Mn-doped and undoped NCs. Whereas undoped NCs
exhibit excitonic emission only, Mn-doped NCs display both
exciton emission as well as the emission band (~600 nm),
corresponding to Mn-related recombination [28]. The blue
emission was substantially increased in Mn-doped NCs,
attributed to doping-induced removal of structural defects.
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Fig.2 Different ways of producing blue-emitting LHP NCs. a
CsPbBr; crystal structure and a catalog of anion-exchange reagents.
Evolution of the b powder XRD patterns and ¢ optical absorption
(solid lines) and PL (dashed lines) spectra of CsPbBr; NCs with
increasing quantities of PbCl, or Pbl,, the exchanging halide sources.
d PL spectra of Al-doped and undoped CsPbBr; and CsPb(Br/I);
NCs. Insets show the samples under UV excitation. e Schematic
showing the Al bound to host lattice constituents in cluster form. f
Parent CsPbBr; NCs (right vial) and product NCs after reaction of

Samanta and co-workers demonstrated that CuCl, addition
during the synthesis of CsPbCl; NCs produced blue- and
violet-emitting Cu-doped NCs with near-unity PLQY, as
shown in Fig. 3e [29]. The remarkable PL enhancement was
ascribed to the prevention of lead halide octahedral distor-
tion and surface passivation by excess Cl™ ions. Transient
absorption spectroscopy confirmed the suppression of the
charge carrier trapping process in Cu-doped NCs. Another
report showed that Cu** doping imparted very high ther-
mal stability to the blue-emitting LHP NCs in addition to
bright emission. Extended X-ray absorption fine structure
(EXAFS) measurements revealed that small-sized Cu®*
dopant ions induced contraction of the host lattice, which
altered the lattice formation energy and thereby improved
the material stability [30]. Dual-surface passivation led to
a large enhancement (60 times) in the PLQY of CsPbCl,

i et T S
570 575 580 585 590
Lattice vector (A)

CsPbBr; NCs with increasing concentrations of ZnBr,. g Illustration
of post-synthetic partial Pb>* cation exchange in CsPbBry NCs by
Sn>*, Cd**, and Zn>*. h PL energy as a function of the lattice vec-
tor in doped CsPb;_ M Br; (M=Sn, Cd, or Zn) NCs obtained by the
post-synthetic Pb?* cation exchange. a—¢ Reprinted with permission
from Ref. [22] Copyright 2015, American Chemical Society. d and
e Reprinted with permission from Ref. [23] Copyright 2017, John
Wiley and Sons. f-h Reprinted with permission from Ref. [24] Copy-
right 2017, American Chemical Society

NCs, as shown in Fig. 3g [32]. YCI, filled the Pb—Cl ion
pair defects and passivated the surface Pb atoms. In other
words, YCI; treatment led to efficient passivation of the NC
surface defects and consequent suppression of the forma-
tion of nonradiative recombination centers on the surface.
YCl; not only eliminated the surface defects but also pre-
served the PL properties for longer durations, as shown in
Fig. 3h [32]. Furthermore, filling the chloride vacancies
with thiocyanate molecules also provided near unity PLQY
for CsPb(Br/Cl); NCs [33]. Stable and bright blue emission
from the LHP NCs was also achieved through the alterna-
tive strategies. Blue-emitting CsPbBr;—silica composites
were produced with PLQY of 72% via bandgap engineer-
ing [34]. LHP NC-silica composites with distinct emission
colors were utilized for fabricating white LEDs [34]. Anion-
exchange between CsPbCl; and Cs,PbBry NCs produced

@ Springer
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Fig.3 Strategies for boosting blue-emission intensity of LHP NCs. a
Absorption and PL spectra of undoped and Ni**-doped CsPb(Cl,Br),
NCs. Band structure and density of states (DOS) of b undoped
CsPbCl; with a Cl vacancy and ¢ Ni-doped CsPbCl; without any
defect. The horizontal dotted lines represent the Fermi levels. d PL
decay traces of undoped and Ni-doped CsPb(Cl,Br); NCs. Compari-
son of PL spectra of Mn-doped e and Cu-doped f with the undoped
CsPbCl; and CsPb(Cl/Br); NCs. g Absorption and PL spectra of the
CsPbCl; NCs before and after YCl; surface passivation. h Variation
of relative PL intensity as a function of time for pristine NCs and
YCl;-passivated NCs after exposure to ambient conditions. i Graphic
of the anion-exchange process between CsPbCl; and Cs,PbBry NCs
and j the corresponding PL spectra. k PL spectrum of UV LED chip

blue-emitting NCs with a PLQY close to 90% (Fig. 3i) [35].
The PL enhancement was ascribed to surface trap passiva-
tion of LHP (3-D) NCs during anion exchange, as depicted
in Fig. 3i, j. The as-obtained NCs were utilized in blue-emit-
ting (Fig. 3k) and security applications such as anti-counter-
feiting inks. A trademark pattern of Lancome was written
on sulfuric paper using the NC ink. The pattern was only
visible (because of the blue fluorescence of the NCs) under
UV light. Wiping the Lancome pattern’s anticounterfeiting
tags with cotton soaked in water resulted in the flower’s dis-
appearance, and the letters turned green under UV light.
This helped authenticate the trademark [35]. Furthermore,
Pradhan et al. reported that surface passivation with various
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coated with the sample (i) (inset is the photograph of LED operated at
20 mA). 1 Trademark pattern of the Lancome written by security inks
under UV light and decryption information of the trademark pattern
after being treated with water. Inset: photograph of the painting paper
under ambient light. Insets of a, e, f, and g are photographs of the
samples under UV excitation. a—d Reprinted with permission from
Ref. [25] Copyright 2018, American Chemical Society. e Reprinted
with permission from Ref. [28] Copyright 2016, American Chemical
Society. f Reprinted with permission from Ref. [29] Copyright 2019,
American Chemical Society. g-h Reprinted with permission from
Ref. [32] Copyright 2018, American Chemical Society. i-1 Reprinted
with permission from Ref. [35] Copyright 2019, American Chemical
Society

metal and nonmetal chlorides and oleylammonium chloride
salt results in a 40-50-fold enhancement in the emission
intensity of CsPbCl; NCs [36]. This surface passivation also
improved the phase stability of CsPbCl; NCs.

4 Organometal LHP NPLs

Various synthetic methods produce LHP NCs of various
shapes and sizes in different dimensions with precise control
[18, 37-40]. Quantum-confined LHP nanoplatelets (NPLs)
are an alternative approach to obtaining bright blue emis-
sion. Conventional semiconducting quantum dots (QDs)
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fall into this category [41]. The reduction of the size of the
NCs in more than one dimension to less than twice of exci-
ton Bohr radius results in quantum-confined particles. Both
the absorption and PL maxima of the NCs undergo a blue
shift upon quantum confinement. The color instability of
blue-emitting CsPb(Cl/Br); NCs, owing to the segregation
of the halide ions, led to the exploration of these quantum-
confined NPLs. Moreover, the blue-emitting LHP NCs were
lagging behind the red- and green-emitting ones with low
PLQYs, broad emission profiles, and poor colloidal stabil-
ity. The excitonic Bohr radii of LHP materials are 2.5 nm
(CsPbCl;), 3.5 nm (CsPbBr;), and 6 nm (CsPbls) [6, 42].
Therefore, the quantum confinement effect was achieved by
decreasing the LHP thickness to a few monolayers, which
in turn, led to a strong blue shift of the absorption onsets
and the PL maxima [19, 20, 42, 43]. However, research on
LHP NPLs is limited. One of the first reports on LHP NPLs
was published by Sichert et al. which dealt with the quantum
size effect in organometal halide NPLs [44]. Single-crystal-
line 2-D (C,HyNH;),PbBr, nanosheets were fabricated on
a substrate and detached subsequently [45]. Another early
study reported the formation of MAPbBr; NPLs as a sec-
ondary product [46]. Since then, many efforts were made
to obtain LHP NPLs with tunable thickness and tunable PL
position by changing the halide ion from chloride to iodide

(a)

bulk perovskite: ABX, 2

@ A=Cs,FA,MA

e AHGHE
Rt ARG)

photoluminescence (norm.)
Band gap (eV)

[20, 42]. LHP NCs have been produced predominantly via
solid-state crystallization method (produces LHP NPLs on
a substrate) [45, 47, 48], chemical or physical exfoliation of
bulk LHP [16, 49], hot-injection crystallization in a mixture
of 1-octadecene, oleic acid, and oleylamine [5, 46, 50], and
non-solvent crystallization from a polar solvent [40, 51].
However, all these methods produce colloidally stable NPLs
except for solid-state crystallization.

On the other hand, bulk LHPs can be defined by ABX;
(Fig. 4a), where A is a cation with a+ 1 oxidation state, B
is a metal ion with a+ 2 oxidation state, and X is a halide
ion with a—1 oxidation state, LHP NPLs are described as
L,[ABX;],_BX,. Here, L represents the ligand molecule,
which is essential for NPL colloidal stability and growth
control in one dimension. Substituting n=1 in the NPL for-
mula leads to a structure without A cations and n=2 pro-
duces a complete perovskite unit cell, as shown in Fig. 4b, c,
respectively. Therefore, the n-1 term represents the number
of complete perovskite unit cells that fit within the thickness
of the NPL. Precise thickness was attained for n=1 and 2,
whereas for n=3, 4, etc., NPLs had varying thicknesses.
Typical XRD patterns of L,[ABX;],_;BX, NPLs for n=1
and 2 are shown in Fig. 4c. The XRD patterns of the NPL
films exhibit additional and periodic diffraction peaks at the
lower angles of the pattern, corresponding to the stacking of

n=2 (c) —— L,PbBr,, n=1 — L,[FAPbBr;]PbBr,, n = 2
e © nanoplatelet stacks 3
* bulk unit cell
= <]
N >
‘B x15
% % % 1.1 g | p
Te
* .
. *
1 1 | 1 1 1

15 20 25
20 (degrees)

30 35 40

methylammonium formamidinium

energy (eV)

Fig.4 Properties of organometal LHP NPLs. a Bulk perovskite unit
cell (cube) and the possible elements/molecules for A, B, X, and L.
b Representation of the NPL stacks and relevant distances. ‘n’ and
‘n—1" represent the layers of metal-halide octahedra and the number
of complete unit cells incorporated in the NPL thickness, respec-
tively. ¢ XRD patterns for n=1 (L,PbBr,) and n=2 (L,[FAPbBr;]
PbBr,) NPLs showing periodic reflections from NPL stacks which
form in the thin-film samples (diamond symbols). Black circles indi-
cate reflections corresponding to the bulk perovskite unit cell d TEM

Nanoplatelet thickness (nm)

image of L,[ABX;]BX, NPLs. e PL spectra of perovskite nanoplate-
lets of varying thicknesses. f The bandgap variation of the LHP NPLs
as a function of platelet thickness. g Image of the n=2 (L,[APbBr;]
PbBr,) sample under UV illumination, demonstrating the A-site cat-
ion dependency on PLQY. a—e and g Reprinted with permission from
Ref. [51] Copyright 2016, American Chemical Society. f Reprinted
with permission from Ref. [44] Copyright 2015, American Chemical
Society
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the NPLs. The diffraction peaks related to the NPL stacking
are denoted by diamond symbols, as shown in Fig. 4c. NPLs
with n=1 displayed intense stacking reflections, whereas the
diffraction peaks related to the perovskite structure were fee-
ble. Separation of the NPLs by embedding them with silica
led to the clear appearance of reflections corresponding to
the perovskite structure, verifying the formation of LHP
NPLs. The stronger reflections that appeared from the NPL
stacking were a consequence of the large lateral dimensions
of the NPLs, which caused them to lie flat on the substrate
and overlap with each other in a well-defined way when
they were drop-casted as a film. However, the reflections
corresponding to the perovskite structure are observed in
NPLs where n=2, as shown in Fig. 4c. The XRD reflections
related to NPL stacking were observed at regular intervals
of 5.1° and 3.9° for n=1 and n=2 NPLs, respectively. The
average spacing between the layers of NPLs obtained from
these periodicities was 1.7 nm and 2.3 nm forn=1and n=2
NPLs, respectively. The higher spacing in the case of n=2
NPLs is clear from its extensive perovskite structure com-
pared to that of n=1 NPLs (Fig. 4b). Here, the metal-halide
octahedron is typically 0.59—-0.63 nm long, and the length of
the ligands is between ~ 1 nm (octylammonium) and ~0.5 nm
(butylammonium). Therefore, the spacing is expected to be
almost unchanged regardless of the chemical composition
of the NPLs.

The formation of the platelet structure was verified by
transmission electron microscopy (TEM), as shown in
Fig. 4d. The L,[ABX;]BX, NPLs have lateral dimensions
of a few hundred nanometers [51]. AFM is also an effective
tool for determining the NPL thickness. The thicknesses of
the (C,HoNH;),PbBr, sheets were measured using AFM
[45]. The thicknesses of ~ 1.6 nm and ~ 3.4 nm were obtained
for monolayer and double layer NPL sheets, respectively.

The emission of organometal LHP NPLs depends on their
thicknesses, as shown in Fig. 4e. The PL maximum posi-
tion is blue-shifted upon reducing the NPL thickness [44,
51]. The NPL thickness was controlled by tuning the ratio
of organic cations [44]. The bandgap of the NPLs varies as
a function of their thicknesses, owing to the quantum size
effects, as shown in Fig. 4f. The optical properties of the
NPLs also depend on the B-site cations, X-site ions, and
A-site cations [51]. The possibility of deep-UV absorption
in chlorides, violet/blue emission (bromides) to green/yellow
emission (iodides) demonstrated the impact of halide ions
on the electronic structure of the organometal LHP NPLs.
Red-shifted absorption and PL spectra were observed upon
replacing Pb with Sn. Increasing the A-site cation size from
Cs to MA to FA gradually reduced their bandgap, and this
size-dependent trend was also observed in the bulk materi-
als [52, 53]. A variation in the A-site cation size affects the
PLQY and FWHM of the NPLs. The PLQY of the blue-
emitting L,[FAPbBr;]PbBr, NPLs was 22%, which was
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nearly four times higher than that of L,[MAPbBr;]PbBr,
NPLs (PLQY =6%), as shown in Fig. 4g. Therefore, FA was
found to be an excellent A-site cation with better optical
features such as high PLQY and narrow FWHM.

5 All-inorganic CsPbBr; LHP NPLs

The quantum confinement effect observed in the 2-D
L,[ABX;],_;BX, NPLs arises by incorporating organic
molecules in between the perovskite unit cells. Efforts have
been made to synthesize CsPbX; NPLs [20, 42, 43, 54].
The reprecipitation method, which involves the precipita-
tion of NPLs by adding polar solvents such as acetone to
a toluene solution containing Pb, Cs, and halide precur-
sors, was employed for producing CsPbX; NPLs [20, 42].
However, for synthesizing CsPbBr; NPLs, a specific Cs/Pb
ratio (depending upon NPL thickness) was injected into a
toluene-PbBr,-capping ligand solution at room temperature.
The CsPbBr; NPLs crystallized when excess acetone was
added to the above reaction mixture, as shown in Fig. 5a.
The thickness of the NPLs was controlled by regulating
the molar ratio of the precursors during synthesis (Fig. 5b).
NPLs as thin as a monolayer were obtained via this method.
The resultant NPL solutions exhibited a clear difference in
their emission color (under UV light), with a gradual change
from blue to green as a function of the Cs/Pb ratio (Fig. 5b).
This emission tuning was attributed to quantum confinement
effects, and similar effects were observed in the case of orga-
nometal LHP NPLs (i.e., 2-D L,[ABX;],_;BX, NPLs).
The formation of blue-emitting CsPbBr; NPLs was
investigated using annular dark-field-scanning transmission
electron microscopy (ADF-STEM), as shown in Fig. Sc—e.
Thicknesses measured from the ADF-STEM images
were ~ 1.2 nm,~2.0 nm, and~2.9 nm for 2 (2-D), 3 (quasi
2-D), and 5 (quasi 2-D) monolayered NPLs, respectively.
These values are close to the predicted values, based on the
thickness of a single corner-shared [PbBr¢]*~ octahedra,
which is 0.6 nm [55]. The NPL formation was further con-
firmed by XRD [20, 42]. Figure 5f shows the absorption and
PL spectra of the NPLs as a function of their thicknesses.
As discussed above, both the PL and the absorption maxima
were blue-shifted with decreasing NPL thickness. It is also
clear from the absorption spectra that the excitonic absorp-
tion feature of the blue-emitting NPLs is narrow compared
to the broad absorption feature of the nanocubes (green-
emitting). This further suggests that the size (thickness)
of the NPLs falls into the Bohr exciton radius regime. The
exciton binding energy increased as the NPL thickness was
reduced, and a value of 280 meV was obtained for the two
monolayered CsPbBr; NPLs [20]. This is almost nine times
the value for the green-emitting nanocubes (30 meV). Here,
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the extent of the blue shift in the optical spectra of the NPLs
would be large for higher exciton binding energies.
Although CsPbBr; NPLs with uniform thickness and
narrow PL were synthesized, very low PLQYs (< 10%)
were found for the thinner NPLs (2 and 3 monolayers) in
the initial reports [42]. Such low PLQY values were attrib-
uted to the trapping of photogenerated charge carriers by the
surface traps and the high surface-to-volume ratios of the
2-D nanostructures [20]. A few pathways were created to
improve their PL intensities. Post-synthetic treatment of the
NPLs with PbBr, led to a drastic increase in their PLQYs,
without affecting their PL maximum, as shown in Fig. 6a.
The PLQY increased from < 10% to 50-60% for 2 and 3
monolayer NPLs. Treatment with other agents such as SnBr,
and KBr also led to a slight improvement, unlike PbBr,,
which affected the PLQYs. Furthermore, elemental analysis
revealed that excess Pb and Br in the PbBr,-treated NPLs
compared to the untreated ones. Therefore, both Pb and Br
surface trap states were eliminated upon PbBr,-treatment, as
depicted in the inset of Fig. 6a. Furthermore, PL enhance-
ment was maximum for the thinnest NPLs, as shown in
Fig. 6b. This study showed that surface passivation was cru-
cial for obtaining luminescent LHP NPLs, and the removal
of additional recombination (non-radiative) pathways was
confirmed via TrPL spectroscopy (Fig. 6¢). Furthermore,
the in situ passivation of PbBr64_ octahedra produced
blue-emitting CsPbBr; NPLs with narrow emission and a
PLQY of 96% [56]. The utilization of the only PbBr, dur-
ing the NPL synthesis imparts a low PLQY, owing to the

350 400 450 500 550 600
wavelength in nm

(dashed lines) spectra of NPL colloids of varying NPL thickness with
those of weakly confined nanocubes. Reprinted with permission from
Ref. [20] Copyright 2018, American Chemical Society

formation of bromide vacancies as the coordinate solvent
or ligands compete with the halide ions to bind with the
lead bromide octahedra. Consequently, employing excess
bromide ions (by introducing HBr) during the NPL synthesis
averted the vacancy formation and produced bright emitting
NPLs, as demonstrated in Fig. 6d. This is one of the highest
PLQY values reported for blue-emitting LHP NCs to date
(Fig. 6e). Furthermore, 2-D LHP NPLs exhibit structural
instability. Unprotected LHP NPLs agglomerate in either
solvent or film form and lose their emission properties. For
instance, blue-emitting CsPbBr; NPLs in ambient atmos-
phere gradually converted into green-emitting CsPbBr;
nanocubes (Fig. 6f, g) [42, 57]. In some cases, the conver-
sion took place within a few hours after the synthesis [58].
The high surface energy associated with the 2-D structures
induced the coalescence of NPLs. Similar to the case of 3-D
CsPbX; NCs, doping a smaller B-site cation such as Cu®*
into CsPbBr; NPLs improved their stability (Fig. 6h) [57].
The Cu?*-doped NPLs exhibited improved ambient stabili-
ties and resistance photodegradation. The improved stability
observed in Cu?*-doped NPLs was ascribed to the reduced
surface energy of the NPLs aided by higher lead bromide
octahedral rotation upon doping. In another report, surface
passivation with PbBr, resulted in improvement in PL QY
and photostability of blue-emitting NPLs (Fig. 61) [20].
Quantum confinement was shown to be achieved in
CsPbBr; by controlling the crystal size via thermodynamic
equilibrium [59]. Wang et al. demonstrated that amino acids
as chelating ligands improve the blue emission intensity of
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Fig.6 Stability and PLQY enhancement of NPLs. a PL spectra of
untreated PbBr,-treated CsPbBr; NPL colloidal dispersions. Inset
depicts the surface repairing process. b PL enhancement factor as a
function of the surface-to-volume ratio of the NPLs. ¢ TrPL spectra
of a three-monolayer NPL dispersion before and after PbBr, treat-
ment (enhancement). d Illustration of removal of Br~ vacancies in
PbBr*~ octahedra of CsPbBr; NPLs using HBr solution. e Compari-
son of the PLQY of Br-vacancy passivated CsPbBr; NPLs with other
inorganic halide perovskite NCs. f PL spectra of fresh and 1-week-
old 5-monolayer CsPbBr; NPLs in air. g Normalized PL spectra of
undoped and Cu®*-doped CsPbBr; NPLs when stored in ambient

CsPbBr; quantum wires (QWs) by passivating the surface
traps and emission stability under both acid and base [60].
y-aminobutyric acid-passivated CsPbBr; QWs produced
spectrally stable blue LEDs with an EQE as high as 6.3%.
Recently, Sargent and coworkers have achieved an EQE of
12.3% for CsPbBr; QD-based blue LEDs via a bipolar-shell
resurfacing approach [61]. This is the highest EQE value
reported for halide perovskite-based blue LEDs. Bipolar
shells such as isopropyl ammonium bromide remove the
surface Br~ vacancies, which are detrimental to both PL and
EL properties of the LHP QDs. Blue-emitting, bipolar-shell
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conditions. h Contour plot for the difference in surface energies of the
12.5% Cu**-doped and undoped CsPbBr3 within the chemical poten-
tial bounds. i Photostability measurement of a PbBr,-treated 3-mon-
olayer CsPbBr; NPL film prepared by spin-coating. The PL spectra of
the film obtained before and after this illumination are shown in the
inset. a—c and i Reprinted with permission from Ref. [20] Copyright
2018, American Chemical Society. d and e Reprinted with permis-
sion from Ref. [56] Copyright 2018, American Chemical Society. f
Reprinted with permission from Ref. [42] Copyright 2016, American
Chemical Society. g and h Reprinted with permission from Ref. [57]
Copyright 2020, Elsevier

resurface LHP QD films exhibited PL QY above 90% and
improved charge carrier mobility, which, in turn, resulted in
the 12.3% EQE observed for the LHP-based blue LEDs [61].
So far, we have discussed the efforts to improve the struc-
tural and emission properties of blue-emitting LHP NCs
and NPLs. One of the primary goals of these materials with
bright emission characteristics is to utilize them for light-
emitting applications. Although these materials initially
exhibited very low efficiencies relative to green- and red-
emitting LHP devices [20, 62, 63], a few recent strategies
have considerably improved their efficiencies [33, 64—66].
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6 Current interest: lead-free perovskite-type
structures

Despite possessing the characteristics suitable for com-
mercial photovoltaics and LEDs, the toxic nature of lead
prevents its application for the said purpose. Hailegnaw
et al. explained the influence of rain on MAPbDI; film in
case of solar plant failure and found that the perovskite
material was degraded [67]. This would lead to the dis-
solution of Pbl, in water, and, in turn, release lead into the
underground water resources in the order of 107 mol L.
Therefore, suitable lead alternatives, such as tin, antimony,
germanium, copper, or bismuth, should be employed. Per-
ovskites based on these elements have exhibited promis-
ing blue emission [68-73]. In 2016, Leng et al. replaced
Pb2* ions with isoelectronic Bi** ions and synthesized
MA;Bi,Bry perovskite-related QDs with an average
diameter of 3 nm. MA;Bi,Bry QDs exhibited an emission
maximum at approximately 430 nm (FWHM =62 nm) and
a PLQY of 12% [68]. The structure of the QDs is differ-
ent from that of the conventional cubic phase perovskite.
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Fig.7 a Photographs of MA;Bi,(Cl, Br); QD solutions synthe-
sized with different contents of Cl under a 325 nm UV lamp exci-
tation and b displays the corresponding PL spectra. Reprinted with
permission from Ref. [74] Copyright 2018, American Chemical
Society. ¢ Absorbance and steady-state PL of CsSnX; NCs. d TEM
image of CsSnX; NCs. Reprinted with permission from Ref. [76]
Copyright 2016, American Chemical Society. e PL excitation and
emission spectra of Cs;Cu,ls NCs in hexane. f The crystal struc-
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Although MA;Bi,Br, was not strongly blue-luminescent,
halide passivation improved its emission intensity, as
shown in Fig. 7a. The optimized chloride ion concentra-
tion boosted the blue PLQY to 54% (Fig. 7b). The chloride
ions were mainly located on the QD surface and passivated
the surface defects, owing to the mismatch in the crystal
structures of MA;Bi,Bry and MA;Bi,Cl, [74]. Further-
more, FA;Bi,Bry QDs synthesized via a ligand-assisted
process exhibited a PLQY of 52% at 437 nm, owing to the
low defect density [70]. These QDs also displayed good
air- and polar solvent stability. Blue-emitting Cs;Bi,Br,
QDs displayed PL enhancement upon exposure to water
owing to the hydrolysis product BiOBr, which acted as the
surface passivation layer [75].

Sn”* is a suitable replacement for Pb** in the LHP struc-
ture. Nevertheless, emission-tunable CsSnX; NCs were
synthesized via hot-injection, as shown in Fig. 7c, d. How-
ever, they exhibited poor structural stability due to the oxi-
dation of Sn?* to Sn** [76]. This led to the deterioration
of their optical properties. Sn** is stable against oxidation
unlike Sn2+. Therefore, environmentally stable and non-
toxic Cs,Snlg NCs with different shapes were synthesized
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ture of Cs;Cu,ls and the NC solution under 365 nm light. Reprinted
with permission from Ref. [78] Copyright 2019, American Chemical
Society. g Typical optical images of a colloidal Cs;Sb,Bry NC solu-
tion with and without 365 nm UV light excitation and h proposed
band structure diagram. Reprinted with permission from Ref. [73]
Copyright 2017, American Chemical Society. i PL spectra of 10%
Sb**:Cs,NalnCl,. Reprinted with permission from Ref. [79] Copy-
right 2020, American Chemical Society
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Table 1 Representative strategies for enhancing blue emission intensity of LHPs

Composition Improvement strategy PL QY (%) References
CsPb(CLBr); NCs Engineering the local order of the host lattice and trap state removal by Ni2* doping 93 [25]
CsPb(CLBr); NCs Post-synthetic cd*t treatment/doping 98 [27]
CsPbCl; and Suppression of unfavorable octahedral distortion and passivation of halide vacancies by 60-98 [29]
CsPb(Cl/Br); NCs CuCl, addition during synthesis
CsPbCl; NCs Dual-surface passivation with Y?* and CI” ions 60 [32]
CsPbCl; NCs Removal of surface traps via anion exchange with Cs,PbClg NCs 90 [35]
L,[APbBr;]PbBr, Replacing methlammonium with formamidinium (A-site cation) 22 [51]
CsPbBr; NPLs Surface trap removal by post-synthetic PbBr, treatment 50-73 [20]
CsPbBr; NPLs Suppression of surface Br~ trap formation by introducing excess Br~ ions during synthesis 96 [56]
Cs,NalnClg Breaking of parity-forbidden transition rule by Sb*+ doping 75 [79]

by a hot-injection approach. They demonstrated a high hole
mobility (>20 cm?(Vs)) under ambient conditions but poor
luminescence efficiencies [77]. However, bismuth doping led
to the appearance of strong blue luminescence in lead-free
Cs,SnClg. The non-luminescent Cs,SnCl, exhibited a broad
emission with a maximum at 455 nm and a PLQY of nearly
80% upon doping. DFT calculations suggested that the
[Big, + V] defect complex was responsible for the observed
blue emission [71]. The Cs,SnCl,:Bi also displayed strong
resistance towards water degradation owing to the formation
of BiOCl passivation layer. Cs,SnCl,:Bi was used as a blue-
emissive phosphor in white LED construction.
Zero-dimensional Cu(I)-based Cs;Cu,l5 was proposed as
a novel lead-free and blue-luminescent material. It exhibited
good ambient stability and a high PLQY of 90% [72, 80] as
the bulk crystals, and 35% [78] in the nano form, as shown
in Fig. 7e. The high luminescence and large exciton binding
energy of 492 meV originated from its 0-D electronic struc-
ture, wherein the Cu-I photoactive sites are separated by Cs
ions, as shown in Fig. 7f. Excited-state structural reorganiza-
tion is the proposed luminescence mechanism. In a recent
study, deep-blue LEDs with a high operational lifetime and
an external quantum efficiency of ~ 1.12% based on these
0-D Cs;Cu,Is NCs were fabricated, and their efficiencies
were comparable with those of the best-performing LHP-
based blue LEDs [81]. Furthermore, Cs,CuX, QDs exhib-
ited tunable emission maxima from 385 to 468 nm upon
changing the halide from chloride to bromide to iodide [82].
The PLQY values for Cs,CuCl, and Cs,CuBr, were ~52%
and ~35%, respectively. The substitution of all the Pb** ions
in CsPbBr; with Eu** ions produced CsEuBr; NCs with a
narrow (FWHM =30 nm) blue emission of 39% PLQY
[83]. Furthermore, lead-free all-inorganic Cs;Sb,Bry QDs
exhibited strong blue luminescence (emission maximum
at 410 nm) with a PLQY of 46% (Fig. 7g) [73]. The high
PLQY was a consequence of their high exciton binding
energy. Cs;Sb,Bry QDs exhibited a quantum well structure,
as shown in Fig. 7h. Recently, double perovskite structures
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of Cs,AgInCl, and Cs,NalnClg have been exploited to attain
interesting optical properties [84, 85]. The PLQY of the
undoped ones is undetectable owing to the parity-forbidden
transitions, although they exhibit a direct bandgap. Never-
theless, doping with trivalent ions such as Sb>* produced
blue-emitting Cs,NalnClg with a PLQY of ~75% [79]. The
doping broke the parity-forbidden transition rule and also
modified the density of states, thereby producing strong self-
trapped exciton (STE) blue emission.

7 Summary and outlook

This review has summarized various approaches for produc-
ing blue-emitting LHP NCs and the different strategies for
improving their PLQYs, as shown in Table 1. Furthermore,
we have covered various aspects concerning the structure
and optical properties of 2-D organometal and all-inorganic
LHPs. In the last section, we introduced various lead-free
perovskite-like systems that may interest material chemists
and engineers. Although the PLQYs of blue-emitting and
sky-blue-emitting LHP NCs reached near unity values, their
EL efficiencies were very low when compared to those of the
red- and green-emitting LHP NC-based devices. The pres-
ence of an inherent higher defect density and, importantly,
the defects formed upon the loss of the capping ligands dur-
ing film formation were detrimental to higher EL intensities
in blue-emitting LHP NCs. Using capping ligands that bind
strongly to the LHP NC surface might solve this issue [86].
Furthermore, doping of smaller cations into the B-site of
the NCs would improve the stability and performance of the
EL devices. The shift in the emission position of the blue-
emitting CsPb(Cl/Br); NCs under the electric field needs in-
depth understanding. The reduction in the dimensions of the
NCs led to the production of blue emission with a single hal-
ide, and the 2-D LHP NPLs were thought to be the replace-
ment for the CsPb(Cl/Br); NCs. However, the 2-D NPLs
suffer from agglomeration-induced emission color instability
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in the film form. The EQE of blue-emitting 2-D NPLs was
very low owing to the PLQY loss at the interface [64]. Rec-
ognizing and eliminating the interfacial losses can enhance
their EQE values. Last but not least, blue emitting lead-free
perovskite NCs or bulk have been produced via B-site modi-
fication. Although they achieved very high PLQYs, their EL
properties remained unexplored. Moreover, the low dimen-
sionality in their crystal structure, which means decoupled
emission centers, is also an enormous concern for fabricat-
ing efficient EL-based optoelectronic devices. For instance,
a maximum EQE of only ~ 1% was achieved for the Cs;Cu,l5
NCs. They exhibit broadband emission owing to the origin
of the STE phenomenon. Therefore, the quest for synthesiz-
ing new lead-free materials continues. A combined theoreti-
cal and experimental approach can be employed to obtain
new lead-free materials with narrow emission characteristics
and of 3D structural dimensions. For instance, out of 90
hypothetical 2-D double perovskites possible, five new com-
positions such as Cs,CdSb,Cl,, and Cs,MnBi,Cl,,, with a
general formula of A;M"M", X , were experimentally syn-
thesized, and some of them exhibited promising properties
for use in optoelectronics applications [87]. Future studies
can involve the exploration and synthesis of more materials
with probable metals and halides using this technique, fol-
lowed by studying their properties and possible applications.
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