
The Benefit and Challenges of
Zero-Dimensional Perovskites

Item Type Article

Authors Almutlaq, Jawaher; Yin, Jun; Mohammed, Omar F.; Bakr, Osman

Citation Almutlaq J, Yin J, Mohammed OF, Bakr OM (2018) The Benefit
and Challenges of Zero-Dimensional Perovskites. The Journal
of Physical Chemistry Letters 9: 4131–4138. Available: http://
dx.doi.org/10.1021/acs.jpclett.8b00532.

Eprint version Publisher's Version/PDF

DOI 10.1021/acs.jpclett.8b00532

Publisher American Chemical Society (ACS)

Journal The Journal of Physical Chemistry Letters

Rights This is an open access article published under an ACS
AuthorChoice License, which permits copying and redistribution
of the article or any adaptations for non-commercial purposes.;
This file is an open access version redistributed from: https://
doi.org/10.1021/acs.jpclett.8b00532

Download date 24/05/2023 08:33:16

Item License http://pubs.acs.org/page/policy/authorchoice_termsofuse.html

Link to Item http://hdl.handle.net/10754/630450

http://dx.doi.org/10.1021/acs.jpclett.8b00532
http://pubs.acs.org/page/policy/authorchoice_termsofuse.html
http://hdl.handle.net/10754/630450
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King Abdullah University of Science and Technology (KAUST), Thuwal 23955-6900, Kingdom of Saudi Arabia

ABSTRACT: To break free of the limitations imposed by three-dimensional (3D)
perovskites, such as their lackluster stability, researchers have opened new frontiers into
lower-dimensional perovskite derivatives. Thanks to advances in solvent-based synthesis
methods, zero-dimensional (0D) inorganic perovskites, mainly Cs4PbBr6, have recently
reemerged in various forms (from single crystals to nanocrystals) as materials with prop-
erties that bridge organic molecules and inorganic semiconductors. These properties
include intrinsic Pb2+ ion emission, large exciton binding energy, and small polaron for-
mation upon photoexcitation, in addition to anomalous green photoluminescence with
improved stability and high quantum yield. Moreover, the demonstration of Cs4PbBr6-
based light-emitting diode (LED) devices highlights the accelerating efforts toward their
applications and motivates further investigations of these emerging materials. This Per-
spective summarizes the progress in the field of Cs4PbBr6 perovskites, focusing on their
molecular-electronic properties and hotly debated green photoluminescence. We con-
clude by presenting the implications of the unique findings and suggesting opportunities
for the future development and applications of these 0D perovskites.

Lighting represents 20% of the world’s annual energy con-
sumption,1 while the global annual market for LED’s in

lighting and displays is now close to $33 billion and $5 billion,
respectively.2,3 The technology’s growth is by-and-large driven
by the need for enhanced energy efficiency and color control.
The first generation of LEDs produced white light through
green and red down-conversion phosphors from 80% efficient
GaN-based blue LEDs. However, such process is excessively
inefficient (the energy waste takes place twice, lowering the
overall light efficiency to around 50%) and produces mostly
cold white light. Thus, the second generation of LEDs and
phosphor-free white light sources will rely on the emission of
each color component directly, saving on energy as well as sig-
nificantly enhancing the color purity with lower manufacturing
and consumption costs.4,5

Perovskites have emerged as new materials for LEDs; with
their solution-processed color tunability, they have the poten-
tial to address both the efficiency and color purity issues facing
LEDs. The latest benchmark in perovskite-based LEDs
(external quantum efficiency, EQE, of 10.43%; brightness of
91,000 cd·m−2) was achieved by using green-emitting inor-
ganic CsPbBr3 mixed with a small amount of organic methyl-
ammonium cation.6 However, the device’s stability was a major
drawback, which causes the initially notable efficiency and bright-
ness to decay within a few hours. In fact, virtually all APbX3-type
perovskites suffer to varying extents from instabilities, either
inherent or triggered during device operation.
Hence reports of all-inorganic 0D perovskites,7 in particular

Cs4PbBr6 with green emission coupled with outstanding PLQY
and long stability, have attracted broad interest in the perov-
skite community, opening a new frontier in device engineering8

while also igniting a debate on the origins of emission in this

materials system (with implications for the photoluminescence
mechanisms of lead halide perovskites in general). There is
also a lot more about 0D Cs4PbBr6beyond its green
photoluminescencethat makes it a distinctive material: its
intrinsic Pb2+ ion emission (in the UV) and molecular behavior
including small polaron and large exciton binding energy.
In this Perspective, we will highlight the milestones achieved

in the synthesis and optical properties of various forms of
Cs4PbBr6: single crystal, nanocrystal, and thin film. We will
then overview the latest theoretical and experimental efforts
that shed light on the ongoing debate on the origins of their
optical properties. Finally, we will discuss the potential of 0D
perovskite for LED and display technology and conclude with
a perspective on future directions for research work.
From a structural point of view, the Cs−Pb−Br phase

diagram is relatively complex, with multiple perovskite-related
phases, several of which coexist at room temperature (Figure 1).
These phases can be obtained through changing the crystal
growth conditions by carefully controlling the ratios of precursors
(i.e., CsBr and PbBr2). For instance, in Pb-rich conditions,
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the layered two-dimensional (2D) phase CsPb2Br5 is obtained.
9−12

On the other hand, in Cs-rich conditions, the 0D Cs4PbBr6 phase
is achieved.13 Under conditions close to 1:1, CsBr to PbBr2,
the 3D CsPbBr3 perovskite phase appears. As shown in Figure 1,
CsPbBr3 crystal has two polymorphs, an orthorhombic phase
(Pnam) with corner-sharing PbBr6 octahedra at room temper-
ature that turns cubic (Pm3̅m) at high temperature (note that
CsPbBr3 nanocrystals also present the cubic phase at room
temperature).14 The connectivity of the CsPbBr3 phases are in
contrast to CsPb2Br5, which is a tetragonal (I4/mcm) phase
with PbBr8 capped-triangular prisms; and to Cs4PbBr6, which
is a rhombohedral phase (R3̅c), described as isolated [PbBr6]

4−

octahedra bridged by Cs+ cations.
Recent advances in the various solvent-based synthesis meth-

ods led to the rebirth of 0D perovskites. In 2016, we synthesized
Cs4PbBr6 powder through inverse temperature crystallization
(ITC), a method that was conceived to grow different 3D
perovskite single crystals.15,16 Since then, several research
groups have published the synthesis of nanocrystals, micro-
disks, single crystals and NCs-based thin films. Table 1 sum-
marizes the different forms of Cs4PbBr6 along with the cor-
responding synthesis methods. Previously, 0D perovskites were
made through methods like slow cooling, directional crys-
tallization17,18 and annealing a layer of PbBr2 on top of a single
crystal of CsBr.19 None of these methods led to pure phases, as
significant traces of 3D phase or excess of precursors were
unavoidable. Undoubtedly, the attention that 0D perovskites
have received recently was mainly due to the observation of
novel optical properties in materials that are of high purity.
As shown in Figure 2, the solid powder form of Cs4PbBr6 has a
green emission with a photoluminescence peak (PL) at ∼520 nm
and photoluminescence quantum yield (PLQY) of 45%, 2 orders
of magnitude higher than its 3D counterpart.13 Single crystals of
Cs4PbBr6 also exhibit similar behavior. Overall, Cs4PbBr6

materials have been reported to have large exciton binding
energies between 150−350 meV along with nanosecond
lifetimes (see Table 1). The closest materials with such high
PLQY and comparable lifetimes are the APbX3 nanocrystals
that reach unity in colloidal suspension form.20 However, the
emission of these materials quenches significantly due to
unstable surfaces as they dissolve in polar solvents in addition
to the purification steps that result in low quality quantum dot
films. 0D perovskites also have the advantage of reproducibility
as their emission is insensitive to the growth temperature or
method for materials of the same form (i.e., powder or SCs),
coupled with their high temperature and long stability upon
storage at ambient conditions for over a year.
However, not all the synthesized Cs4PbBr6 materials are

emissive. In fact, several groups reported some nonemissive
nanocrystals with an absorption edge at 315 nm that share
the crystal structure and powder XRD pattern with the emis-
sive ones.26,31 Such conflicting observations motivated the rein-
vestigation of the origin of the green emission. From the band
structures calculated by hybrid functional (HSE) with spin−
orbit coupling (SOC) effects in Figure 3, CsPbBr3 displays a
direct bandgap (Eg = 2.35 eV) at the Γ point, which is slightly
smaller than the experimental optical bandgap of 2.36 eV,
CsPb2Br5 shows an indirect bandgap between te X and Γ-point
of 3.10 eV and the lowest direct bandgap of 3.13 eV at the
Γ-point, and Cs4PbBr6 displays a direct bandgap at the Γ point
but with a much larger value (Eg = 3.90 eV). This latter result
agrees well with both the recently reported experimental
bandgap of 3.95 eV32,33 and the value of 3.99 eV calculated at
the GGA/PBE approximation level.32 Importantly, the valence
and conduction bands are seen to flatten considerably when
switching from the 3D to the 0D perovskite, which is con-
sistent with the bandgap increase upon decreasing structural
dimensionality. In all three cases, the conduction band minimum

Figure 1. Crystal structures of (a) cubic-phase CsPbBr3; (b) orthorhombic-CsPbBr3; (c) tetragonal-phase CsPb2Br5; and (d) trigonal-phase
Cs4PbBr6.

Table 1. Summary of the Different Methods Attempted in Literature to Synthesize 0D Perovskites

form synthesis methods PL/PLQY Eb

powder13,21 inverse temperature crystallization (ITC) 520 nm/45% 353 ± 40 meV
inhomogeneous interface reaction (IIR) 521 nm/40−45% 222 meV

single crystal22,23 antisolvent vapor-assisted crystallization (AVC) 517−524 nm/40−42% 159 ± 18 meV
nanocrystals24−26 hot injection method 375−380 nm (no green emission) -

ligand mediated transformation
postsynthesis thermal annealing/reaction with Prussian Blue no PL peak

nanocrystals/thin films27,28 reverse microemulsion (ligand-free) colloidal: 515 nm/44% -
reverse microemulsion colloidal: 515 nm/65% 171 ± 22 meV

film: 515 nm/54% 171 ± 22 meV
nanosheets29 supersaturated recrystallization (SR) no PL peak -
microdisks30 antisolvent precipitation method 515 nm/38% N/A

The Journal of Physical Chemistry Letters Perspective

DOI: 10.1021/acs.jpclett.8b00532
J. Phys. Chem. Lett. 2018, 9, 4131−4138

4132

http://dx.doi.org/10.1021/acs.jpclett.8b00532


(CBM) is mainly composed of Pb-6p and Br-4p states, and the
valence band maximum (VBM) consists of both Pb-6s and
Br-4p states. However, in 0D perovskites, these Pb-6s, 6p, and
Br-4p atomic orbitals are decoupled because of the isolation of
the [PbBr6]

4− octahedra in the electronic zero-dimensionality
of the structure, which is also fundamentally responsible for the
large bandgaps of 0D perovskites. Even though 0D perovskites
have large bandgaps, they play an important role in increasing
the photoluminescence quantum yield of green emitters by not
only providing the proper dielectric media (molecular matrix),
but also transferring the energy of Pb2+ ion emission to the
green emitting centers.34

The theoretical work suggests that 0D perovskites serve as a
host for other species such as islands of CsPbX3 QDs and/or

defects.35,36 The former hypothesis is the most popular due to
the frequent coexistence of the two phases upon synthesis
along with their incongruent melting as predicted by their
CsBr−PbBr2 binary phase diagram.33 Such correlation, while
seeming logical at first glance, is irreconcilable when the evi-
dence is viewed holistically. The first contradiction lies in the dis-
crepancy between the sizes (and size distributions) of the CsPbBr3
nanocrystal inclusions discovered by TEM and the narrow emis-
sion wavelength and position of the PL peak at 517−519 nm.
For example, ∼3 nm CsPbBr3 NCs emit at around 460 nm,37

while larger NCs (>15 nm) emit at 527 nm.38 Additionally, the
investigation of the thermal treatment effect on Cs4PbBr6
shows that annealing the pristine Cs4PbBr6 led to a reversible
PL quenching up to 180 °C. Beyond 180 °C, the material

Figure 3. Electronic band structures of (a) orthorhombic-phase CsPbBr3, (b) CsPb2Br5, and (c) Cs4PbBr6 calculated at HSE+SOC level of theory.

Figure 2. (a) Comparison between the fluorescent Cs4PbBr6 and three-dimensional CsPbBr3 (ref 13). (b) Steady-state absorption, excitation and
photoluminescence spectra of colloidal Cs4PbBr6 NCs together with bandgap alignment (ref 27). (c) PLQY of a thin film measured by integrating
sphere. Inset shows the enlarged PL emission spectra and the picture under the UV light (365 nm) irradiation of the thin-film sample (ref 29).
(d) Absorption spectrum (filled dots) and PL spectrum (open dots) of Cs4PbBr6 single crystal. Inset shows a photograph of fluorescent Cs4PbBr6
single crystals (ref 23).
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underwent an irreversible quenching coupled with the forma-
tion of CsPbBr3 NCs. The quenching of the emission upon the
appearance of the 3D NCs (as confirmed by temperature-
dependent powder XRD) contradicts the hypothesis that 3D
NCs are the source of emission. Finally, it is worth noting that
the emission of CsPbBr3 is unusual (even the emission of non-
quantum confined CsPbBr3 nanocrystals are at energies above
the bandgap) and still far from being conclusively explainable,
therefore, it cannot be used as a yardstick to explain the unusual
emission of Cs4PbBr6. We believe that the origin of emission of
CsPbBr3 has not received the scrutiny it deserves, and should
be revisited by the community, especially considering the
recent discovery of nonclassical quantum dot behavior of this
system.38

An alternative hypothesis attributes the photoluminescence
to an emissive point defect-center, which may be an interstitial,
an antisite, or a vacancy. Defects in general have been studied,
and their effects have been confirmed on the charge carrier trans-
port and the efficiency of 3D perovskite-based devices such as
solar cells.27,39,40 However, little has been done to investigate
the role of defects, if any, on the optical properties of 0D perov-
skites.23 Indeed, apart from the green emission, all reported
Cs4PbBr6, whether green emissive or nonemissive, share the
same absorption features in the UV region, which inspired fur-
ther investigation. Previous work on Cs4PbBr6 single crystals
and thin films18,33,41 have demonstrated that the main optical
characteristics of Cs4PbBr6 in this region of the optical spec-
trum are determined by transitions between electronic states of
the Pb2+ ions. The observed broadband ultraviolet emission
spectrum is ascribed to the radiative decay of a Frenkel exciton
at Pb2+ sites.42 Regarding this point, we have studied the intrin-
sic Pb2+ ion emissions in both “nonemissive” (highly sup-
pressed green emission) and emissive (bright green emission)
Cs4PbBr6 NCs).34 As shown in Figure 4, we found (i) two
strong broad emission bands in the UV spectral region, (ii) the
total photoluminescence intensity of two UV emission bands
significantly increases as the temperature decreases, and
(iii) the high-energy emission band shifts toward lower energy
but the low-energy band shifts toward higher energy. These
optical features suggest that these two emission bands come
from different optical transitions related to Pb2+ ions that are
occupying Cs+ sites. Therefore, we attributed the high-energy
band to the allowed optical transition from the excited state

(3P1) to the ground state (1S0) of the Pb2+ ion and the low-
energy band to the charge transfer state (D-state) emission of
the Pb2+ ion in the host lattice. We have also performed den-
sity functional theory (DFT) calculations on Cs4PbBr6 super-
cells to confirm the D-state in the 0D host lattice, which is an
intragap level from this Pb2+ ion appears close to the con-
duction band edge once a Cs atom is replaced by a Pb2+ ion.
In this case, the excited electron could transfer from a [PbBr6]

4−

excited state level to the D-state of a Pb2+ ion, achieved by the
coupling between D-state and the vibrations of the octahedra
in the 0D host lattice. Thus, at high temperature, the stronger
D-state emission from Pb2+ ions located in a slightly distorted
host environment is in relation to the strong coupling between
the D-state and the vibrational modes of the [PbBr6]

4− octahedral.
As for the electrical transport properties of ideal 0D perov-

skites, it is well established that the [PbX6]
4− octahedra are

completely isolated from each other and are surrounded by
inorganic cations, which leads to strong quantum confinement
and strong exciton−phonon interactions.7 Specifically, Cs4PbBr6
is expected to exhibit interesting photophysical properties
because of the complete isolation of the [PbX6]

4− octahedra
that can cause small-polaron generation upon photoexcitation.43

As shown in Figure 5, we performed femtosecond transient
absorption measurements on Cs4PbBr6 thin films following the
high excitation energy of 4 eV. We found that a new positive
broadband appears above 530 nm of Cs4PbBr6 thin film owing
to polaron absorption and the corresponding kinetics of the
polaron absorption band probed at 600 nm show a lifetime of
∼2 ps. Based on our DFT calculations, we found the hole
charge density is highly localized at the central site once the
Pb−Br bonds of the central [PbBr6]4− unit are shortened, leading
to the formation of Pb3+ centers coupled with the lattice defor-
mation, and the electron charge density is also localized at the
central [PbBr6]

4− in the case of enlarged Pb−Br bonds. There-
fore, after photoexcitation, the structure deformation of single
octahedra leads to the formation of localized polaron with
short lifetime and limited transport in 0D crystal. We proposed
that a 0D perovskite is “soft” in a way similar to a polymer sys-
tem, leading to polarons as a new feature present in low-dimen-
sional perovskites. Thus, the individual [PbBr6]

4− octahedra in
the 0D crystal can be easily perturbed by photoexcitation pro-
cesses, leading to polaronic states through structural deformation
potentials (local molecular arrangements). Moreover, the

Figure 4. (a) Temperature-dependent steady-state photoluminescence spectra of “nonemissive” Cs4PbBr6 nanocrystals. (b) Diagram of 3P1 to
1S0

and D state emissions from Pb2+ ions. (c) Projected density of states of Cs4PbBr6 supercells after the replacement of a Cs atom with a Pb2+ ion
calculated at the PBE level of theory (ref 34).

The Journal of Physical Chemistry Letters Perspective

DOI: 10.1021/acs.jpclett.8b00532
J. Phys. Chem. Lett. 2018, 9, 4131−4138

4134

http://dx.doi.org/10.1021/acs.jpclett.8b00532


discontinuous character of the 0D crystal significantly increases
the charge carrier effective masses and strengthens electron−
phonon coupling, facilitating small-polaron generation and
providing an important optical fingerprint for the polaron band
absorption; all of these electronic and optical features highlight
the “molecular” behavior of 0D perovskites. This important opti-
cal feature could be used to distinguish 0D perovskites with other
low-dimensional perovskites by ultrafast spectroscopy meas-
urements.

In terms of applications, Cs4PbBr6 powder has been already
used as a phosphor material and when combined with red

phosphors on a blue InGaN chip, a white-light LED device
could be fabricated. By controlling the ratio of the green and
red phosphors, the color rending index (CRI) and the corre-
lated color temperature (CCT) were tailored accordingly. The
reported attempts so far show a good color stability at a for-
ward bias of 20 mA and the potential of these materials for
indoor solid-state lighting and display applications.8,21 Recently,
the first trial to integrate the thin film Cs4PbBr6 as the active
medium into LED device was encouraging.31 The paper adopted
the hypothesis of the inclusion of 3D nanocrystals in the matrix
of Cs4PbBr6, therefore the explanations and the conclusion
were built in line with that direction. The attempted means to
engineer the device focused on manipulating the precursors’
ratio and the corresponding phases. The luminous characteristic,
the maximum current efficiency (CE) and maximum external
quantum efficiency (EQE), were improved from 3.33 × 10−3 cd/A
and 3.5 × 10−7 cd/A for the ratio that yielded a majority of 3D
phase to 0.3 cd/A and 2.4 × 10−5 cd/A for the ratio with a
majority of Cs4PbBr6. Further, the study on the PLQY showed
an improvement by at least 2 orders of magnitude when the
size increases from 40 to 5000 nm with a maximum PLQY of
60%. The device was said to have a Type-I heterostructure
island with the charge carriers being injected from the wider
to the lower bandgap of Cs4PbBr6 and CsPbBr3, respectively.

The discontinuous character of a
0D crystal significantly

increases the charge carrier
effective masses and strengthens
electron−phonon coupling, facil-
itating small-polaron generation
and providing an important
optical fingerprint for polaron

band absorption.

Figure 5. (a) Transient absorption spectra of Cs4PbBr6 thin film with different delay times using photoexcitation energy of 4 eV.
(b) Photoexcitation kinetics of the Cs4PbBr6 film probed at 600 nm showing photoinduced absorption. (c) Schematic of charge carrier hopping
paths and dimer model for calculating the charge carrier mobility of Cs4PbBr6. (d) Charge density distributions for a Cs4PbBr6 supercell with
shortened Pb−Br distances; (e) Charge density mapping of CBM of the central octahedron at selected times.43
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Such structure has a limitation of upper limit radiative yield as
the Auger quenching will compete with the radiative recom-
bination. Attributing the origin of emission to the traces of 3D
implies a correlation between the quantum and dielectric confine-
ments and the oscillator strength. Therefore, the follow-up recom-
mendations focused on testing different crystal sizes and shapes
and studying the oscillator strength and the device performance.
Moving Forward. So far, the community’s attention has been

primarily devoted to studying Cs4PbBr6, yet much overlooked is
the potential for tuning the optical properties of the compound
by developing facile methods for the synthesis of thin films of
Cs4PbCl6 and Cs4PbI6. Cs4PbI6, especially, might fill in a much
needed gap since iodide-based perovskite compounds, such as
CsPbI3 and FAPbI3, suffer from stability issues. The cubic “black”
phase of the three-dimensional CsPbI3, for example, lacks stability
at room temperature, which, despite great strides in passivation
strategies, poses a major challenge for their long-term viability for
light emitting applications.44,45 Just as Cs4PbBr6 are efficient
hosts for green emitting centers, Cs4PbI6 and Cs4PbCl6 may
play good hosts for near-red and near-blue centers, respectively.
There is still no consensus on the source of green emission

Cs4PbBr6, as there are multiple plausible scenarios that could give
rise to such emission. Some of these scenarios are being explored,
but others have still not been considered, such as solvent-based
or defect-induced complexes. Evidence from other hybrid mate-
rials systems suggests that that these unconsidered scenarios are
worth exploring. For instance, recent computational work shows
that the structural defects in porous metal−organic frameworks
(MOFs) act as color centers that result in a green emission
from what is otherwise a colorless material.46 The isolated octa-
hedra of the 0D compounds and lead halide complexes, which
are already known to be emissive,47,48 could be analogues to
the MOFs and the molecular guests in that work.46 Besides
vacancies, perovskites possess a multitude of point defects (and
defect combinations), like antisites and the interstitials, whose
effect on the optical spectra has not been thoroughly modeled.
By-and-large, the interest in Cs4PbBr6 is directed at their green

emission, which is more robust than the green emission in their
3D counterparts. However, the intrinsic Pb2+ ion emissions of
these materials in the UV is also quite efficient, and we propose
that we can effectively tune the Pb2+ ion emissions in the
visible spectrum region by adopting different 0D perovskite
host lattices. Consequently, ion emissions make 0D perovskites
potentially promising as fast scintillators in high-energy phy-
sics applications and also as sources for near-UV light. Thus,
taking advantage of the Pb2+ ion emissions entails detailed
studies of these emissions in 0D lead halide perovskites and
a major redesign of electroluminescent perovskite device
architectures.
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