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Abstract. Metal halide-based perovskite quantum dots (QDs) have emerged as promising mate-
rials for optoelectronics and future energy applications. Among them, cesium lead halide-based
perovskite quantum dots (Cs-LHQDs) have been found to be potential luminescent candidates
and alternatives for the II–VI and I − III − VI2 groups semiconductor nanoparticles. These per-
ovskites provide an excellent quantum yield (90%) larger than any other semiconductor QDs.
At present, synthesis of Cs-LHQDs has been successfully achieved through a traditional col-
loidal-based hot-injection method and a room temperature precipitation method. Some of the
interesting results in their structural, optical, and morphological properties are being analyzed
to understand their energy-transfer mechanism in the colloidal state. Morphology of nanoplates,
nanowires, nanocube, and nanosheets in these materials confirms their physical parameters-
dependent self-assembly nature in a colloidal medium. Their potential use for light emitting
diodes, photodetectors, and lasers is also highly motivated. This review provides a collective
view of recent developments made in the synthesis of Cs-LHQDs and their properties. © The
Authors. Published by SPIE under a Creative Commons Attribution 3.0 Unported License. Distribution
or reproduction of this work in whole or in part requires full attribution of the original publication, including
its DOI. [DOI: 10.1117/1.JPE.6.042001]
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1 Introduction

Trihalide perovskites have the general structural formula AMX3, where A ¼ CH3NH
þ
3 ,

C2H5NH
þ
3 , HCðNH2Þþ2 , and Csþ; M ¼ Pb, Sn, and Ge; and X ¼ Cl, Br, I. Among them,

lead-based trihalides have shown potential in recent years for display and solar cell applications.
The detailed structural properties of these lead halides have been extensively investigated in the
past decades.1–5 Their intrinsic structural and optical properties such as large exciton diffusion
length, good electron mobility, and stable nature against annealing (at 200°C) are under intense
investigation for various optoelectronic applications. The research on lead-based and lead-free
perovskites has been intensified in the last few years. Compared to lead-free perovskites,
lead-based trihalide perovskites are showing more promising applications in the field of photo-
voltaics, light emitting diodes (LEDs), photodetectors, and lasers.

The lead-based organic–inorganic methyl ammonium hybrid perovskite CH3NH3PbI3 and its
mixed halides are showing great promise in photovoltaic applications; their effectiveness has
reached over 20% within a short span of time.6 This has triggered special attention toward the
lead-based perovskite compounds. The geometry of these perovskites is decided by the param-
eter called the tolerance factor (t),7 where t ¼ ðrA þ rXÞ∕½2ðrB þ rXÞ�, in which rA, rB, and rX
are the effective radii of A, B, and X ions, respectively. Replacement of the organic cation by
a pure inorganic cation in hybrid perovskites influences the physical and chemical properties.
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It is under debate whether or not the organomethyl cation is a necessary one in order to make
a highly efficient solar cell.

Cesium is an alkali element which has an ionic radius of 1.67 Å. When substituted in place of
CH3NH

þ
3 , it induces a strong octahedral tilting due to the lower symmetry which leads to the low

bandgap (forCsPbI3 it is 1.73 eVand for CsPbCl3 2.54 eV) compared toCH3NH3PbCl3 (3.1 eV).
8

The ionic radii of the Cl−, Br−, I− ions are 1.67, 1.84, and 2.07 Å, respectively.9 In addition to this,
the variation of the halide ion in perovskite matrix would strongly affect its structural and optical
properties. For the third-generation photovoltaic applications, cesium-based tin perovskites
(CsSnI3) were effectively utilized for the solid-state dye-sensitized solar cells.10,11

The physical properties of bulk cesium-based lead perovskites and their amorphous type
films were studied in the literature.12–16 Continuing this, investigation of the inclusion of cesium
into the methyl ammonium lead halide perovskite compound has led to improving the efficiency
in solar cells from 5.1% to 7.68%.17 Similarly, using cesium bromide (CsBr) and cesium chloride
(CsCl) as modifiers, the organo lead halide perovskite-based planar heterojunction solar cells
could deliver 16% and 16.8% efficiency with good stability.18,19 A very recent analysis indicates
that this efficiency increases to over 17% with the composition of Cs0.2FA0.8PbI2.84Br0.16.

20

Also, it has been confirmed that cesium-based perovskite solar cells have very high stability
over organic–inorganic hybrid perovskite solar cells.21 Similarly, Ripolles et al.22 have reported
that insertion of MoO3 as the interlayer in the CsPbI3 perovskite-based solar cells with the con-
figuration of glass∕FTO∕bl-TiO2∕mp-TiO2∕CsPbI3∕P3HT∕MoO3∕Au has led to an improved
efficiency of 4.68% from 0.09%.

Recently, a 6.5% efficiency was achieved using CsPbðBrxI1−xÞ3 as absorber material
in the device configuration of ITO∕PEDOT∶PSS∕CsPbðBrxI1−xÞ3 (150 nm)/PCBM/BCP/Al
(100 nm).23 The thermal stability of the cesium perovskites is much higher [for instance,
CsPbBr3 is stable over 500°C which is higher than the MAPbBr3 (∼432°C)] than that of the
hybrid perovskites.24 Similarly, the black phase of CsPbI3 has a higher thermal stability
(over 300°C) thanMAPbI3 (degrades at 85°C for a long period).25 Most of the preparation meth-
ods of perovskite lead halides reported in the literature were based on thin layer deposition and
subsequent annealing treatments.26,6 Hence, replacement of cesium in place of an organic cation
in hybrid perovskites could yield many promising applications for optoelectronic devices.

Recently, cesium lead halide perovskite nanoparticles have emerged as new potential materi-
als and show promising results for the display technology applications.27 Surprisingly, these
cesium (Cs)-based lead halide perovskite quantum dots (hereafter, Cs-LHQDs) have replaced
the II–VI group semiconductor materials as potential candidates for many applications including
LEDs, lasing, photodetectors, nonlinear, solar cells, and as spectrochemical probes to detect the
ions.28,29 Their superior photoluminescence properties over traditional II–VI group semiconduc-
tor materials have demonstrated the advantages of these materials for various applications.
Moreover, unlike Cd-chalcogenide nanoparticles where an additional shell is required around
the core (e.g., CdSe/CdS and CdSe/ZnS) to achieve more PLQYs,30 the Cs-LHPQDs could
independently produce a PLQY of up to 90%.31 Most interestingly, the photoluminescence
wavelength can be tuned from 400 to 800 nm by adjusting the ratio of the halide ions.

The nonradiative energy transfer between the quantum dots (QDs),32 low value of full-width
half maximum (FWHM) over II–VI QDs (<30 nm), and good polarized emission properties33

are some of the notable advantages of these QDs. Ultrafast analysis of these materials reveals
that the properties of the Cs-LHQDs resemble the properties of CdSe and PbSe nanoparticles.34

Also, these Cs-LHQDs possess a low threshold, tunable wavelength, and ultrastable stimulated
emission at room temperature which will be very useful for laser applications.35 Comparative
images of traditional QDs with Cs-LHPQDs are shown in Fig. 1.

These nanoparticles are synthesized in a colloidal medium as well as developed as thin film
structures on glass silicon substrates and analyzed for many applications such as lasing, LEDs,
and so on. It is noteworthy that when these QDs are made as a film, their optical properties such
as absorption, emission, and life-time values do not changed much. Because of the high quantum
yield, solution-based approaches are the focus using these Cs-LHQDs to fabricate devices such
as quantum dot LEDs (QLEDs). Also, the exciton Bohr radius of the nanoparticles depends on
the nature of the halide ion, i.e., it is 2.5, 3.5, and 6 nm for CsPbCl3, CsPbBr3, and CsPbI3,
respectively.36 In the presence of an electron acceptor component, the excitons generated in
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Cs-LHQDs can efficiently be dissociated.37 Hence, synthesizing Cs-LHQDs with a suitable
methodology has been investigated in recent years.

Colloidal-based synthesis of hybrid perovskites was first reported by Schmidt et al.38 who
synthesized a stable colloidal suspension of organic–inorganic lead halide perovskites in the
presence of hot coordinating solvents. Since then, various successful attempts have been
made to prepare structurally tunable, highly luminescent colloidal perovskite nanoparticles.39

Pathak et al.40 have observed that tuning the composition of methyl and octyl ammonium cations
lead to the formation of meso to nanoscale colloidal crystals with different sizes and shapes.
Similarly, it was commonly observed that mixing halide ions with various ratios can be used
to tune the absorption and photoluminescence emission of perovskite QDs.41 Synthesis of per-
ovskite QDs using solution-based approaches have been initiated very recently and considerable
achievements have been made using the colloidal approach.

Colloidal-based synthesis of perovskites is encouraged due to the advantages over other meth-
ods for the application of printable photovoltaics. The colloidal chemistry used to synthesize II–VI,
I − III − VI2, and I2 − II − IV − VI4 group semiconductor nanomaterials is being adopted for the
synthesis of Cs-LHQDs. Preparation of Cs-LHQDs is carried out using either high temperature
colloidal methods or room temperature assisted methods. A small tilting of octahedra (PbX4−

6 ) and
a decrease of the bond angle are the important differences of Cs-LHQDs synthesized at room
temperature.28 The nucleation and growth mechanism of these Cs-LHQDs are very fast and
the entire process is completed in seconds. Brightly luminescent color tunable CH3NH3PbX3

QDs were reported by Zhang et al.42 at room temperature by a ligand assisted precipitation tech-
nique that has become a significant development for further improvements. Particularly, long chain
amine-based solvents play a major role in the morphology evolution of perovskite nanoparticles.43

A recent development of polar solvent-free synthesis of colloidal hybrid perovskites has
made a significant contribution to forward progress in this field.44 In addition to the lead-
based perovskites, it is possible to synthesize lead-free cesium tin halide perovskites nanopar-
ticles using the colloidal method.45 Seminal work carried out by Protesescu et al.41 on the syn-
thesis and analysis of the colloidal Cs-LHQDS CsPbX3 (where X ¼ Cl, Br, and I) has opened
a new pathway toward cesium lead halide perovskite-based nanomaterials for optoelectronic
applications. Most of the methods such as synthesis, ligand exchange, and measurement of opti-
cal properties of Cs-LHQDs are based on the results achieved from organic–inorganic hybrid
perovskites nanoparticles. The forthcoming sections discuss the synthesis and optical properties
of these materials for various potential applications.

2 Synthesis and Properties of Cesium Lead Halide Perovskite CsPbX3
(X � Cl, Br, I) Nanomaterials

2.1 Synthesis of Cesium Lead Halide Perovskite CsPbX3 (X ¼ Cl , Br, I)
Quantum Dots

The formation of lead-based perovskites for solar cells was mostly performed through thin film
approaches such as sequential deposition, dip coating, and so on. Efforts on solution-based

Fig. 1 Images of (a) CdSe/ZnS core–shell semiconductor QDs. Reprinted with permission from
Ref. 30, © 2012 John Wiley and Sons and (b) cesium lead halide CsPbX3 perovskite QDs under
365 nm UV light. Reprinted with permission from Ref. 41, © 2015 American Chemical Society.
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synthesis of perovskites have appeared very recently and colloidal, emulsion-based synthesis
strategies have been successively demonstrated.46 Fortunately, the synthesis method of cesium
lead trihalide perovskite nanomaterials has not been adopted on the basis of a traditional trioctyl-
phosphine-based approach which is an extremely toxic process. Synthesis of Cs-LHQDs is car-
ried out using a nonphosphine solvents-based colloidal method which has been adopted from the
synthesis method of I − III − VI2 and I2 − II − IV − VI4 groups semiconductor nanomaterials.
In this method, cesium-oleate complexes undergo reaction with lead halide at a high temperature
(140–200°C) in the presence of nonphosphine solvents which ultimately results in the formation
of cesium lead halide perovskites.

In detail, as reported by Protesescu et al.,41 cesium carbonate (Cs2CO3) is placed in a three-
necked flask attached with a schlenk line with the mixture of co-ordinating and noncoordinating
solvents such as oleic acid (OLA) and 1-octadecene (1-ODE) and is heated strongly to 120 to
150°C under a nitrogen atmosphere. To avoid the solubility-related issues, cesium acetate
(CsOAc) was also used as the cesium source.47 During heating, the formation of a cesium-oleate
complex occurs in the flask and this complex is finally converted into CsPbX3 QDs when it is
injected into the source of PbX2 with OLAM/OLA/1-ODE. It was reported by the authors that the
mixture of oleylamine/oleic acid (OLAM/OLA) with 1-ODE helps to solubilize the PbX2 salt.
Also, a very recent analysis shows that the addition of a mixture of OLAM/OLA helps to purify
and maintain the optical properties of the Cs-LHPQDs.48 OLAM plays an important role in the
dissolution of PbX2 salts in 1-ODE, whereas OLA provides better stability in the colloidal form.49

Also, the presence of a high amount of amine in the ligand shell influences the quantum yield
of the Cs-LHPQDs considerably from 40% to 83%.48 The formation of CsPbX3 QDs takes place
in the flask after injection of a cationic precursor and the growth continues with different mor-
phologies when the temperature is raised to 180 to 220°C. All these processes are schematically
shown in Fig. 2.

In contrast to this, it was found that a similar kind of synthetic approach was unsuccessful in
the synthesis of lead-free CsSnX3 (X ¼ Cl, Br, I) nanoparticles which required the assistance of
trioctyl phosphine (TOP) as a solvent to dissolve the SnX2 precursor.

45 In fact, the use of TOP
was found to be necessary to dissolve the PbCl2 precursor to synthesize CsPbCl3 QDs.41,49

Unlike the semiconductor nanoparticles, synthesis of Cs-LHQDs is not carried out under heating
for a long time and the reaction is quenched and brought to room temperature immediately after
injecting the Cs-oleate into PbX2-oleate mixture. According to Protesescu et al.,41 the nucleation
and growth of these Cs-LHQDs are at a very fast time scale of milliseconds to several seconds.
The reaction was performed in the droplet-based microfluidic platform reaction arrangement to
understand the mechanism of the reaction in detail and concluded that the reaction takes place
within 1 to 5 s.50

Recent analysis indicates that the formation of Cs-lead halide nanoparticles takes place with
byproducts such as lead oleate, oleylammonium halide, OLAM/OLA, and these byproducts can
be used for the surface capping function.48 The presence of the alkyl ammonium ion on the
surface was also confirmed through H1NMR spectroscopy.47 The final morphology of the
QDs obtained in the reaction can be varied by simply playing with the addition of new solvents
and ligands. Indeed, this solvent chemistry helped to obtain a nanosheets (NSs) structure of
Cs-LHQDs, which is normally a complicated one due to its cubic structure. The recent reports

Fig. 2 Schematic diagram of the synthesis scheme of CsPbX3 (X ¼ Cl, Br, I) QDs through col-
loidal method.
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on the formation of 2-D NSs of CsPbBr3 QDs assure that such a formation can be obtained for
other perovskite systems through the solution phase approach. Song et al.51 synthesized 2-D
CsPbBr3 and CsPbI3 NSs using long-chain alkylamines such as dodecylamine (DDA), OLAM,
and n-octylamine (OTA) in addition to oleic acid as growth-directing templates. The authors
obtained a thickness of 1.68 and 3.3 nm for the mono- and bilayered NSs. Interestingly,
it was observed that replacing OLA by OTA lead to the formation of Cs-LHQDs nano-
wires (NWs).52

Moreover, the addition of short-chain ligands such as octanoic (or) nonanoic acid and OCT
into the above reaction mixture (Cs-oleate) leads to the formation of orthorhombic CsPbBr3 NSs
with a thickness of ∼3 nm and lateral dimensions 300 nm to a few micrometers; the lateral size
can be tuned by varying the different ratios of addition of these ligands.53 Also, the different
chain lengths of carboxylic acid and alkylamine used in the reaction would also influence the
final morphology of the QDs.47 Other than these, common factors such as temperature and reac-
tion time also influence the morphology of the QDs. For instance, a reaction temperature in the
range 140 to 190°C yielded nanocube morphology, whereas the range of temperature of 130 and
90°C leads to the formation of nanoplatelets morphology.54 Moreover, it was also possible to
obtain CsPbðBr∕IÞ3 nanorod structures through this process by carefully regulating the reaction
parameters.55

Once the synthesis process was completed, the particles were centrifuged and washed by
solvents such as 1-butyl alcohol (1-butanol), tertiary butyl alcohol (3-butanol), or n-hexane.
Mixed solvents such as ethyl acetate and acetone (5∶1 v/v), 90% hexane, and 10% heptane
were also used for this purpose.54,56 The obtained QDs are washed with solvents upon centrifu-
gation and produced in powder form which is used for further structural and morphological
analysis. Multiple washing of Cs-LHQDs results in some adverse phenomena such as the
self-soldering effect (formation of microcrystal of QDs) observed in low temperature synthesized
Cs-LHQDs.28

Multiple washing of QDs will also lead to the removal of organic molecules present on the
surface53 and hence the particles may fuse together accordingly. Solvents used for washing may
also influence the QDs’ morphology. It has been observed that washing of Cs-LHQDs using
butanol produces uniform morphology.57 Traditional antisolvents such as acetone and ethanol
degrade the perovskite nanoparticles which ultimately results in agglomeration due to the loss of
ligands and hence photoluminescence quenching was observed after purification. Furthermore,
unlike II–VI group semiconductor nanoparticles, the powdered Cs-LSHQDs could only be redis-
persed in limited solvents such as n-hexane and toluene. These observations clearly reveal the
current setbacks that exist in solvent and ligand chemistry of Cs-LHQDs which must be elim-
inated. Therefore, there is a major developmental need in the field of ligand chemistry of per-
ovskite nanoparticles, functionalization using suitable polymers, or ligands in order to improve
their properties for various applications.

The utilization of polar solvents for the purification process may influence the optical proper-
ties such as photoluminescence of the prepared QDs.48 However, solvents such as ethyl acetate
and ethyl–methyl ketone can effectively help to induce as well as precipitate perovskite nano-
structures and maintain the PLQY without any change.58 Similar to this method, synthesis of
CsPbBr3 nanoparticles and surface treatment of the synthesized QDs using the ionic pairs
namely AsS3−3 and −DDAþ resulted in the improvement of photoluminescence and photostabil-
ity of the finally synthesized nanoparticles.59 The chemical reaction equation of the overall
formation of the CsPbX3 QDs from its constituents is represented as41

EQ-TARGET;temp:intralink-;sec2.1;116;1842CsðoleateÞ þ 3PbX2�!Δ;140°C−200°C
2CsPbX3nanoparticlesþ PbðoleateÞ2:

In addition to the high-temperature-based colloidal method, recent investigations reveal that
highly crystalline Cs-LHQDs can be prepared at low temperatures. This strategy is based on the
process of mixing the solution of precursors in good solvents (polar) [e.g., dimethyl formamide
(DMF), dimethyl sulfoxide (DMSO), tetrahydrofuran] into bad solvents (nonpolar) (e.g., toluene
and hexane). Sun et al.60 synthesized highly luminescent Cs-LHQDs with different morpholo-
gies (nanospheres, nanorods, nanocubes, and nanoplates) which covered the spectral region of
380 to 693 nm by varying organic acid and amine using the room temperature reprecipitation
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(RR) method. The authors also found that the shape transformation occurs through micellar
transition mechanism and it influences the PL decay life time and emission spectra. A simulta-
neous report by Li et al.28 highlights the synthesis of crystalline Cs-LHQDs at room temperature,
in which the precursors were dissolved in either DMSO or DMF in addition to OLAM and OLA
and then added into toluene. Here, the supersaturation recrystallization (SR) process was induced
by transferring the precursors dissolved in good solvent into bad solvent (toluene). Interestingly,
95% of PLQY was achieved for the green emitting monoclinic CsPbBr3 QDs. The authors
claimed that this high PLQY was due to the self-passivation effect of the halogen (i.e., Br)
which suppresses the nonradiative recombination. This room temperature-based synthesis of
Cs-LHQDs has also been extended to obtain CsPb2Br5 nanoplates through a precipitation proc-
ess using DMF as a solvent.61

Wei et al.62 synthesized Cs-LHQDs at room temperature using long-chain fatty acids and the
authors achieved 85% PLQY for the long-chain fatty acids (e.g., myristic acid and oleic acid)
capped QDs and 20% to 30% PLQY for short-chain fatty acids (e.g., butyric acid) capped QDs.
Other than these solvents, a very recent analysis predicts the use of methanol to obtain NWs
(with a length of several micrometers to ∼100 μm and a thickness of ∼100 nm to a few microm-
eters) and nanoplate morphology of Cs-LHQDs at room temperature.63 Hence, it can be con-
cluded that the morphology of the resultant Cs-LHQDs at room temperature depends on the
solvent mixture and solvent ratio used for the synthesis.

Experimental observations indicate that the perovskite nanoparticles can easily form self-
assembled superstructures due to their ionic nature45,33 and the reported morphology of the
Cs-LHQDs in literature is mostly cube-like (or) square plate-like structures. This is due to the
lower surface energy of f100g facets of Cs-LHQDs in solution.64 Interestingly, Akkerman
et al.65 adopted a similar kind of procedure and obtained 2 to 5 monolayers of nanoplate-
like structures of CsPbBr3 by the injection of acetone into the mixture. This acetone-based for-
mation of nanoplate-like structures was observed during the synthesis of lead-based hybrid per-
ovskite nanostructures earlier.66 Here, acetone plays a major role in deciding the direction of
the structure by destabilizing the Csþ and Pb2þ complexes with the thickness controlled by
the addition of the required amount of HBr in the solution.

In addition, the presence of 2-D confinement in the prepared nanoplates was also confirmed.
A similar kind of formation of nanoplate structures of CsPbBr3 was observed by Bekenstein
et al.58 when the reaction was carried out at low temperatures (90 to 130°C). The authors
observed the formation of nanoplates with the lamellar structures (200 to 300 nm in size) at
this lower temperature which results in the asymmetric growth of nanoplates. When the reaction
temperature was raised to 150°C, nanocube-like structures with cubic phase were obtained which
clearly revealed the role of temperature in tuning the morphology of Cs-LHPQDs. An interesting
analysis done by Zhang et al.67 has clearly revealed the formation of different morphologies
during the synthesis of CsPbBr3 and CsPbI3 NWs. The initial formation of CsPbBr3 nanocubes
during 10 min led to the formation of NWs, NSs, and finally larger crystals during a longer time.
Here, the growth of CsPbI3 NWs occurs at higher temperatures (>180°C), whereas the growth of
CsPbBr3 was observed at 150°C.

Experimental evidence by Koolyk et al.68 reveals the mechanism involved in the formation of
Cs-LHQDs. According to the authors, the growth of the CsPbI3 QDs is much faster than that of
CsPbBr3 QDs. Moreover, the authors observed that focusing (narrow distribution of QDs) of the
CsPbBr3 QDs occurs during 20 s of growth and defocusing (Ostwald ripening process of QDs)
takes place while with the further increase of the growth duration. In the case of CsPbI3 QDs,
there was no focusing phenomena which indicates that each type of Cs-LHQDs has a different
growth methodology.

2.2 Structural, Optical, and Morphological Properties of Cs-LHQDs

Theoretical calculations predict that the formation of the (Cl/I) mixed alloy is difficult compared
with (Br/Cl) (or) (Br/I) mixtures.69,70 Also, another theoretical analysis by Hendon et al.71 pro-
posed that the substitution of polyanions BF−4 and PF−6 in CsPbCl3 instead of Cl increases the
lattice parameter with more localized density of the states leading to potential interesting appli-
cations with the extension of this approach. However, further experimental support is needed to
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confirm these findings in cesium halide perovskites. The formation energies of various cesium
lead halide alloys are shown in Fig. 3.

The methods used to study the structural and optical properties of these lead perovskite QDs
are adopted from the studies carried out on the traditional QDs nanostructures. These Cs-LHQDs
mostly exhibit a cubic structure, nevertheless, other structures such as orthorhombic and tetrago-
nal were also observed in CsPbBr3 QDs.58,67,72 A recent investigation reveals that colloidal
CsPbBr3 QDs exhibit a distorted structure.73 CsPbI3 in bulk exhibits an orthorhombic phase
at room temperature and is converted into cubic form when heated over 300°C; however,
for nanoparticles of CsPbI3, the phase transition occurs at around 100°C.41 In other words,
when temperature was lowered, CsPbI3 had only one phase transition (orthorhombic-cubic,
328°C) and CsPbBr3 has two phase transitions, namely orthorhombic (88°C)-tetragonal
(130°C)-cubic.67 It has also been found that the transformation of bulk crystalline CsPbI3 from
the δ-phase to the α-phase happens when there is an increase in temperature.22 Inclusion of
halogen into the perovskite structure strongly reflects the optical properties of Cs-LHQDs.
For instance, the PL decay of the CsPbBr3 QDs is much faster than that of the CsPbI3 QDs
and the mixed QDs, i.e., CsPbðBr∕IÞ3 QDs lie in between these two.34,41 Similarly, the stability
of the CsPbI3 QDs film at ambient conditions is enhanced by additionally coating of the CsPbCl3
QDs layer through formation of the CsPbI3−xClx

74 alloy.
As in the II–VI group QDs, the absorption spectra of Cs-LHPQDs are associated with the

sharp excitonic peak. The peak positions depend on the nature of the halide ion and synthesis
conditions. The variation in the position of the peaks was observed with the inclusion of different
types of halogens (i.e., Cl, Br, I) into the structure. Also, compositionally tunable bandgap ener-
gies can be obtained using the mixture of halide ion sources (i.e., Cl/Br and Br/I). The absorption
coefficient of the densely packed CsPbBr3 film of 300 to 400 nm thickness was around 3.6 to
4.0 μm−1.75 Also, the absorption cross section of CsPbBr3 nanocrystals was found to be nearly
two times greater than that of the traditional Cd-chalcogenide nanoparticles.76

In the case of photoluminescence, the PL peak position also depends on other factors such as
thickness of the obtained nanostructures. For example, it has been observed that the PL position
shifted from 450 to 510 to 520 nm when the thickness of the NSs varied from 2.5 to 4.6 to
4.9 nm.53 Similarly, for the CsPbBr3 nanocubes, which have an edge length of 7.5 and
5.5 nm, the PL peaks were observed at 488 and 460 nm.54 Interestingly, Swarnkar et al.72 have
found that the PL spectra width of a single CsPbBr3 QDs is identical with that of the ensemble of
the CsPbBr3 QDs. The authors achieved an iconic value of around 90% of quantum yield for
11 nm CsPbBr3 QDs which greatly surpasses the PL quantum yield of the traditional II–VI QDs.
Also, it was observed that the prepared QDs were able to show temperature-independent PL
peak position in the temperature range of 25 to 100°C with the absence of phenomena such
as Forster resonance energy transfer which is common for II–VI group QDs. In contrast to
this, Raino et al.77 have found that a single colloidal mixed halide of CsPbðCl∕BrÞ3 nanoparticles
exhibit a lower spectral width from 25 to 1 meV full width half maximum (FWHM) than its
ensemble. Transient studies show the high PLQYof CsPbBr3 QDs may be due to the negligible

Fig. 3 Formation energies of different mixed alloys using SQS calculation. Reprinted with permis-
sion from Ref. 70, © 2014 American Chemical Society.
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electron–hole trapping pathways.37 It is to be noted that these mid-gap states are the major reason
for the low PLQY of traditional QDs.

Interestingly, it was found that colloidally prepared nanoplate-like structure of Cs-LHQDs
has fewer defects and surface states than the other shapes.60,34 This clearly reveals the occurrence
of a short life time from trap/surface state emissions. The distribution of these trap states has been
observed using modern techniques such as first fluorescence correlation spectroscopy.78 The
FWHM of the PL spectrum tends to appear very narrow in most of the cases, which is influenced
by the lead to cesiummolar ratio and halide ion ratio. Moreover, this (FWHM) can be maintained
if the reaction takes place between 130 and 200°C.50 Similarly, the photoluminescence properties
of these Cs-LHQDs can be tuned using the substitution of halide ions. Also, solvents such as the
addition of a mixture of OLA and OLAM into the colloidal solution can be used to maintain
the photoluminescent properties.48 The origin of PL emission in lead hybrid perovskite QDs is
due to the direct exciton recombination,42 though a description in a recent report claimed it as
a recombination of free electron and hole.72

Likewise, the origin of the PL in Cs-LHQDs was attributed to the direct bandgap transition
(or) excitonic recombination.79,54 The intensity of the PL spectrum depends on the reaction tem-
perature, cleaning and separation conditions, and so on.76 Moreover, the size and position of PL
spectra were found to be red shifted when the synthesis temperature was increased and blue
shifted when the temperature was decreased.80 Furthermore, the nonlinear properties of these
Cs-LHPQDs show that these materials could indeed be useful as better optical gain media
and can be used for future nonlinear optical (NLO) devices. Colloidal CsPbBr3 has shown
good NLO properties and the presence of two-photon absorption (TPA) in its colloidal state
has also been demonstrated.81 Compared to other systems, in particular, optical properties, ultra-
fast kinetics, and applications of CsPbBr3 QDs have been analyzed by many researchers in
recent years. Their high carrier mobility (∼4500 cm2 V−1 s−1), large diffusion length (over
9.2 μm), and high PLQY (over 80%) are the attractive features of these QDs.82 Moreover,
bulk CsPbBr3 has a good radiation detecting ability and good nonlinear properties.83,84

The photostability of the Cs-LHQDs is higher than that of organic dyes and is comparable to
the cadmium chalcogenide nanoparticles. Surface passivation of the nanoparticles improves the
photostability (over 36 h) of the cesium lead halide perovskites when deposited as a thin film
with negligible changes in the bandgap (from 2.37 to 2.39 eV).77 Wang et al.35 have found that
the PL spectra of the CsPbBr3 QDs film depend on the pump intensities. Also, the authors
observed ultrastable amplified spontaneous emission (ASE) in the thin film of perovskite
layer in TPA for up to 4 months. Yakunin et al.75 also observed a similar kind of ASE in
CsPbBr3 QDs (9 to 10 nm size) deposited on glass with tunable properties in most of the visible
region in the range of 440 to 700 nm under low-pump thresholds down to 5� 1 μJ cm−2. In the
same report, random lasing (i.e., without optical resonators) was also observed in the NC film of
CsPbBr3. In a similar way, a very lower threshold has recently been observed inMAPbI3 hybrid
perovskites NWs.85

Fu et al.63 analyzed the lasing behavior of room temperature synthesized Cs-LHQDs NWs at
250 kHz pulsed light excitation and it was found that the lasing threshold of CsPbBr3 NWs
varies from 2.8 to 9 μJ cm−2. The authors were able to tune the lasing of Cs-LHQDs NWs in
the entire visible region (420 to 710 nm). In addition to TPA, multiphoton absorption (MPA) was
also observed in CsPbBr3 QDs. Wang et al.35 analyzed the MPA (400, 800, 1250 nm) in 9-nm
sized densely packed CsPbBr3 QDs films and found that just as with traditional QDs, the PL
spectra of two and three-photon absorption are red shifted in comparison to the single-photon
spectrum. The authors observed a very large TPA cross section of 1.2 × 105 GM, which is very
beneficial for the fabrication of NLO devices. Also, the authors demonstrated the three-photon
pumped green stimulated emission which is useful for biophotonic applications.

Recent analysis of the patterning of perovskite nanoparticles shows that X-ray irradiation
could enhance the stability of perovskite films through the formation of C ¼ C bonding on
a ligand network.86 Thus, additional experimental analysis of thin film of Cs-LHQDs would
provide more insight to apply them to various applications.

The Cs-LHQDs can potentially serve at room temperature photon emitters and strong “pho-
ton antibunching” due to the fast auger recombination that has been observed under continuous
and pulsed laser excitation.87,77 Such a photon emitting behavior at room temperature was also
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observed in a single CsPbBr3 nanocrystal.
76 These findings clearly show that further progress in

this area would help to understand the excellent lasing properties of Cs-LHQDs. Very recently,
Makarov et al.34 found that the auger decay is the major problem in commercializing lasing
systems. The authors observed a very fast decay of Cs-LHQDs (from tens of ns to tens of ps)
under high-energy laser excitation which supports the auger recombination phenomena. Though
there are many similarities of Cs-LHQDs with II–VI QDs, there also exist some dissimilarities in
properties such as PL blinking in small sized Cs-LHQDs.72 Further, in depth analysis of the
decay kinetics of Cs-LHQDs is expected to solve many issues related to the device applications.

2.3 Halide Exchange in Cs-LHQDs

In order to improve (or) tune the photoluminescence properties of CsPbX3 perovskite QDs, a
halide ion (anion) exchange method is being followed. This is a very characteristic method which
is being followed in hybrid as well as in pure inorganic perovskite nanoparticles to tune their
physical and chemical properties. In this process, the halide ion in the perovskite structure is
replaced either completely or partially (in an alloy system). This exchange process is usually
carried out through a gaseous phase process or intermixing of two different Cs-LHQDs solutions
or soaking of a QDs layer into a lead halide source dissolved in a suitable solvent. The NWs of
Cs-LHQDs with tunable compositions can be halide exchanged using OLAM/OLA at 80°C.88

The important point is that these Cs-LHQDs can effectively function as “halide reservoirs” to
exchange the halide ions with organohalides in solution.29 Because of the large difference in the
ionic radii, the exchange of the I− to Cl− occurs through an intermediate solid-solution forma-
tion, whereas all other halide exchange processes happen through solid-solution formation (i.e.,
mixture of Cl/Br, Br/I, Br/Cl, I/Br state).89 This process has been carried out for perovskite thin
films in the presence of gaseous halides as sources.86

Recently, Fu et al.63 demonstrated the vapor phase anion exchange process at a reasonably
low temperature (∼150°C) using n-butylammonium iodide vapor. This facile “fast exchange”
process is adopted to tune the optical properties of the perovskite QDs without forming the lattice
(or) surface defects and without altering the crystal phase of the QDs.36 This halide exchange
method has been successfully demonstrated in organic–inorganic hybrid lead perovskite
nanoparticles.90,91

Akkerman et al.36 demonstrated the fast halide ion exchange process in Cs-LHQDs and
proved that this process precisely maintains the structure and shape of the QDs (Fig. 4).
The authors could successfully tune the absorption and PL spectra in the entire visible region
using different halide ion releasing compounds (lead halides, tetrabutylammonium halides, tet-
raoctylammonium halides, octadecylammonium halides, oleylammonium halides, and so on).
A simple halogen containing salts such as zinc halides (e.g., ZnCl2 and ZnI2) were utilized
for this purpose.60 It was also observed that the exchanged lead halide QDs had optical properties
which are consistent with the directly synthesized QDs.

Ramasamy et al.79 used this facile exchange method at room temperature using halides of
lithium salts (i.e., LiI and LiCl) for the exchange/reverse exchange of CsPbBr3 nanoparticles into
CsPbCl3 and CsPbI3 nanoparticles and the authors achieved this exchange process within some
seconds. Also, there was no change in the morphology structure with variation in the thickness of
the exchanged products (CsPbI3 NCs was thicker whereas CsPbCl3 NCs was thinner than
CsPbBr3 NCs). It has also been observed that the halide exchange process can be achieved even
in the absence of a halide source, i.e., these Cs-LHQDs could function themselves as the best
halide source.

Nedelcu et al.89 have achieved a fast anion exchange (in seconds) by using the Grignard
halides and common lead halides (PbX2) as the halide source at the temperature of 40°C.89

Halide ion exchange is also achieved through the injection of the tetrabutyl ammonium chloride
salt in toluene into the CsPbBr3 in toluene.36 More specifically, the properties of the CsPbX3

QDs can be retained even after the anion exchange process.
Figure 4 shows the collective view of the process used for a halide ion exchange process of

Cs-LHQDs.
Halide exchange is useful for obtaining the cubic CsPbI3 phase which was normally obtained

at higher temperatures. Hoffman et al.56 used a CsPbBr3 QDs film and transformed it to a cubic
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CsPbI3 phase by dipping the CsPbBr3 QDs layer (∼75-nm thickness) into the iodide precursor
dissolved in OLA/OLAM/1-ODE at 75°C. Hence, the method of halide exchange process in Cs-
LHQDs is very simple and this process can be avoided using the surface functionalization with
thiol-based polyhedral oligomeric molecules when not required.92

2.4 Applications of Cs-LHQDs

Potential applications of the Cs-LHQDs are oriented toward LEDs, with few reports for photo-
detectors and solar cells. Since the polar organic molecule (CH3NH

þ
3 ) causes a hysteresis effect

in organic–inorganic hybrid perovskite-based solar cell devices, replacing it with nonpolar inor-
ganic cesium could reduce the hysteresis effect and an improvement of the efficiency can be
expected. Eperon et al.25 fabricated the first planar type solar cell device processed in an
air-free atmosphere which was made by the black cubic phase of CsPbI3 nanoparticles and
achieved 2.9% efficiency with Voc ¼ ∼0.8 V, Jsc ¼ 12 mA∕cm2. The authors also demon-
strated that the mesostructured architecture concept of CsPbI3 QDs fails due to its poor transport
on mesoporous titania (η ¼ 1.3%). Therefore, these results indicate that unlike II–VI group QDs
where the sensitization on mesoporous titania (TiO2) yields a better performance for solar cells,
these Cs-LHQDs are not encouraging for the fabrication of QDs sensitized solar cells (QDSSCs).

Analysis of photovoltaic device performance of cesium perovskites by Kulbak et al.24 indi-
cates an equal performance in comparison with the hybrid perovskites. The authors fabricated
the device configuration of FTO∕d-TiO2∕mp-TiO2∕perovskite∕HTM∕Au using cesium and
hybrid perovskites and found that both devices show an efficiency of ∼6% using poly-arylamine
as the hole transporting material. The low Voc of the CsPbBr3 (1.25 V) in comparison with
MAPbBr3 (1.38 V) is due to the deeper valence band of the latter. It has been experimentally
observed that by coupling a molecular adsorbate with Cs-LHQDs, photon harvest in the visible
spectrum can be improved toward red region which is beneficial for photovoltaic applications.93

However, compared to the hybrid perovskites QDs and traditional II–VI group QDs, the use of
Cs-LHQDs is not currently a promising path for solar cell applications currently and there are
still major developments to be made in this field. On the other hand, the application of Cs-
LHQDs has been found to be useful in display-related devices such as LEDs, and impressive
progress has been made in this direction.94,95

Song et al.80 fabricated the first quantum dot light emitting diode (QLED) based on CsPbX3

QDs with the device configuration ITO/PEDOT: PSS/PVK/QDs/TPBi/LiF&Al. The authors
observed luminances (i.e., the intensity of light emitted from a surface per unit area in a

Fig. 4 The collective process of a typical anion exchange methods and precursors on CsPbX3

(X ¼ Cl, Br, I) QDs. Reprinted with permission from Ref. 36, © 2015 American Chemical Society.
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given direction) of 742, 946, and 528 cdm−2 (cd ¼ candela) with external quantum efficiency
(EQE) values 0.07%, 0.12%, and 0.09% for the blue, green, and orange LEDs. Recent studies
show that the incorporation of about an ∼5-nm-thick interlayer of perfluorinated ionomer (PFI)
between the hole transport layer and perovskite QDs emissive layer to avoid the charge injection
barrier has led to the champion brightness value of 1377 cdm−2.57

Prior to this, very recently Wang et al.96 successfully designed the first liquid-type Cs-
LHQDs LED in combination with a blue chip. The resultant device showed an excellent lumi-
nous efficiency of 75.5 lm∕W (green), 63.4 lm∕W (yellow), and 43.4 lm∕W (reddish-orange)
with EQE values of 14.6%, 12.4%, and 12.9%, which shows the promising avenue of high-per-
formance liquid type Cs-LHQD LEDs. As in solar cells, the ligand OLAM and OLA present on
the surface of the QDs act as the insulating barrier for the charge transport in LEDs and hence the
performance of Cs-LHQD LEDs suffers. To circumvent this problem, Pan et al.97 developed
a ligand exchange strategy using a halide ion pair namely di-dodecyl dimethyl ammonium bro-
mide (DDAB) and achieved an EQE of 3% and luminance of 330 cdm−2 which was higher than
the device without ligand exchange. Because of the weak binding energy of the Cs-oleate and
Pb-oleate components (∼0.5 and ∼1 eV),49 Cs-LHQDs can be easily surface modified by other
ligands by replacing the oleate from the surface.

Fig. 5 Applications of CsPbX3 QDs for (a) photo detector. Reprinted from Ref. 79 with the per-
mission of The Royal Society of Chemistry. (b) LEDs. Reprinted with permission from Ref. 80,
© 2015 John Wiley and Sons. (c) Different architectures of solar cells configuration using CsPbI3
as photoactive material. Reprinted with permission from Ref. 25, © 2015 American Chemical
Society.

Fig. 6 (a) CdTe nanoparticles/PS nanocomposites (365 nm). Reprinted with permission from
Ref. 99, © 2003 John Wiley and Sons. (b) CsPbX3 nanoparticles/polymethylmethacrylate
(PMMA) nanocomposites under the UV light (365 nm). Reprinted with permission from
Ref. 41, © 2015 American Chemical Society.
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Zhou et al.64 have found that the modification of Ce3þ∶YAG using red-emitting CsPbBrI2
QDs enhances its luminescence efficiency of 58 lmW−1 at the operation current of 20 mA.
Similarly, due to the short-exciton recombination life time (<10 ns), CsPbBr3 QDs have
extremely high modulation bandwidth (491 MHz) over traditional phosphors which is much
useful for color converting applications.98 Surface modification of Cs-LHQDs has also arisen
as a powerful technique to utilize them for optoelectronic applications. Huang et al.92 have found
that the modification of Cs-LHQDs using mercaptopropyl isobutyl-polyhedral oligomeric sil-
sesquioxane (POSS) enhances their resistance to water which can be used for the single-layer
down converting WLEDs. Hence, the use of Cs-LHQDs for LEDs has been proven as ideal with
an emission performance better than the II–VI group QDs. The collective applications of
Cs-LHQDs in various optoelectronics area are shown in Fig. 5.

Table 1 Some of the important differences between Cs-LHPQDs and II–VI, I − III − VI2 QDs.

S. No. Cs-LHPQDs II–VI and I − III − VI2 group QDs

1 More ionic in nature, size distribution, and
temperature has less influence in broadening
the PL spectra. But a small blue shift was
observed in CsPbBr3 NWs when increasing
the temperature

Size distribution and temperature have
greater influence on the UV and PL spectra.
UV and PL move toward red with increasing
the size

2 PL blinking does not often happen for the
QDs having the size of less than 10 nm and
exciton self-trapping was observed due
to ionic behavior

PL blinking occurs in the small-sized
nanoparticles and this phenomena is very
characteristic one

3 Synthesis is performed using nonphosphine
solvents. With exceptional cases, sparse
use of phosphine solvents are reported
during the preparation of CsPbCl3 QDs

Synthesis is performed using phosphine,
nonphosphine, and aqueous solvents

4 Alloying of nanoparticles using different
halide ions is possible to tune the
absorption and emission spectrum

Alloying of anionic species (S, Se, Te)
influence the optical properties

5 PL spectrum is tuned by the halogen
exchange process and 90% of quantum
yield has been achieved and the emission
intensity is independent of the excitation
power

PL spectrum can be tuned through the
inclusion of other elements and achieved
quantum yield is <90% and can be improved
with the addition of a shell layer

6 Effect of ligand exchange is not studied
currently only halide ion exchange
being analyzed

Ligand exchange process influences the
optical properties

7 Mostly, cubic phase formation has been
achieved during the synthesis which
varies with temperature and the role of
solvent in phase transformation is limited.
Other phases include tetragonal and
orthorhombic

The phase formation is mostly dependent on
the synthesis conditions, nature of solvents
adopted for the synthesis (e.g., 1-DDT
motivates wurtzite structure whereas
elemental sulfur motivates formation of zinc
blende structure in CuInS2 NPs synthesis)

8 Spectral tuning depends on the halogen
used during the synthesis and size
regulation is not a constraint as like
II–VI group QDs

Spectral tuning is mostly dependent on
the temperature and different sizes of the
nanoparticles, i.e., different emission can
be achieved through the same batch
of synthesis

9 The stability of the Cs-LHPQDs is high
even after the continuous illumination of
UV light (365 nm)

The stability is affected and decreases by the
illumination of the UV light (365 nm) owing to
deformation of ligand species present on the
surface of the nanoparticles

10 When redispersed, stability in nonpolar
solvents is limited but much stable than
hybrid perovskite nanoparticles

Redispersion improve stability and highly
stable for longer time in polar and
nonpolar solvents
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In addition to the high-temperature synthesized Cs-LHQDS, the room temperature syn-
thesized nanoparticles by Li et al.28 have also been found to be experimentally suitable for
white light emitting device applications. The authors observed that room temperature syn-
thesized Cs-LHQDs have shown the CIE co-ordination value of standard white color and
a wide gamut of pure colors.

Song et al.51 fabricated a photodetector using CsPbBr3 NSs and the device possessed good
stability and good light switching behavior (light on/off ratio > 103), good peak responsivity
(517 nm at 5 V), EQE of 53% (at 515 nm under 10 V bias), and rise and decay times of
19 and 25 μs which excellently surpassed the silicon-based photodetector. Interestingly, a
CsPbðBr∕IÞ3 nanorods-based photodetector device fabricated by Tang et al.55 shown rise and
decay times of 0.68 and 0.66 s under the laser excitation of 532 nm (optical power 20 mW)
and photosensitivity value of 103 which clearly illustrates the promising use of one dimensional
Cs-LHQDs for such applications.

Like the II–VI group luminescent semiconductor nanoparticles, these Cs-LHQDs also can
produce transparent, translucent QDs/polymer nanocomposites. II–VI group semiconductor
nanoparticles-based transparent polymer nanocomposites have already been made using many
polymers such as poly methyl methacrylate (PMMA), polystyrene (PS), and so on99–102

[Fig. 6(a)]. With the help of solvents such as chloroform (CHCl3), the perovskite nanoparticles
also displayed stable composites with PMMAwhich clearly shows the applications of a variety
of polymers28,41,87 [Fig. 6(b)].

However, use of Cs-LHQDs in combination with the insulating polymer is not encouraged
for the LED applications. Kim et al.49 have found a solution for this problem and through their
novel centrifugal casting approach to replace the excessive ligands. The authors were able to cast
highly luminescent, crack-free CsPbBr3 as a film on the glass substrate and the cast films showed
identical absorption and emission spectra in their position in comparison with a nanoperovskite
solution. A similar kind of optical resemblance behavior in life time and PLQY was observed by
Yakunin et al.75 in 400- to 530-nm thicknesses of CsPbBr3 NC film with refractive indices 1.85
to 2.30. Very recently, it was observed that Cs-LHQDs with mixed compositions and hybrid with
traditional QDs (hybrid perovskite-chalcogenide QDs) could form a better color conversion
layer on the top of the UV LED.103 This shows that further understanding of Cs-LHQDs
film formation and converting them for display applications would provide insight in this
field. The selected differences between the II–VI and I − III − VI2 QDs and Cs-LHPQDs are
tabulated in Table 1.

3 Conclusion and Future Perspectives

Cs-LHQDs have emerged as promising materials to replace the binary cadmium chalcogenides
and copper-based ternary luminescent nanomaterials in display devices. Their good stability at
higher temperature and withstanding ability against moisture over hybrid perovskites have
opened a new platform in research fields. Despite its many advantages in terms of applications
over the organic–inorganic hybrid perovskites, II–VI, and I − III − VI2 QDs, many optical and
structural issues of the CsPbX3 QDs have yet to be resolved for optoelectronic applications. The
current hurdles associated with the precipitation and washing of Cs-LHQDs have to be overcome
with new strategies. Also, the suitable ligand and solvent chemistry for these QDs needs to be
developed to utilize them effectively for other applications such as bioimaging.

The photochemistry and physics of the excited states are to be well scrutinized to visualize
the physical phenomena associated with the system. Also, the trap states present in the material
are to be analyzed in detail to identify their exact role in the photoluminescence properties.
Further analysis in transient studies would resolve the lifetime phenomena associated with the
Cs-LHPQDs. The problems in achieving practical devices using these materials such as auger
recombination also need to be suppressed. Also, additional properties such as surface modifi-
cation, a core–shell type configuration with suitable band position of materials would solve
many issues in the future and can help to extend this to various applications. Certainly, the
fundamental physics of these QDs is very interesting and can open a new door to lead-free nano-
materials in future.
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The already existing literature in research findings of II–VI QDs would support the revelation
of many new structural and optical behaviors of Cs-LHQDs. It is expected that future study on
these subjects would explore and perhaps disclose many mysteries in Cs-LHQDs.
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