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In recent decades, many technological advances have been enabled by nanoscale
phenomena, giving rise to the field of nanotechnology. In particular, unique optical and
electronic phenomena occur on length scales less than 10 nanometres, which enable
novel applications. Halide perovskites have been the focus of intense research on their
optoelectronic properties and have demonstrated impressive performance in photovoltaic
devices and later in other optoelectronic technologies, such as lasers and light-emitting
diodes. The most studied crystalline form is the three-dimensional one, but, recently, the
exploration of the low-dimensional derivatives has enabled new sub-classes of halide
perovskite materials to emerge with distinct properties. In these materials, low-dimensional
metal halide structures responsible for the electronic properties are separated and partially
insulated from one another by the (typically organic) cations. Confinement occurs on a
crystal lattice level, enabling bulk or thin-film materials that retain a degree of low-
dimensional character. In particular, quasi-zero dimensional perovskite derivatives are
proving to have distinct electronic, absorption, and photoluminescence properties. They
are being explored for various technologies beyond photovoltaics (e.g. thermoelectrics,
lasing, photodetectors, memristors, capacitors, LEDs). This review brings together the
recent literature on these zero-dimensional materials in an interdisciplinary way that can
spur applications for these compounds. The synthesis methods, the electrical, optical, and
chemical properties, the advances in applications, and the challenges that need to be
overcome as candidates for future electronic devices have been covered.

Keywords: low dimension, halide perovskite material, zero dimension, synthesis, application, next generation
technologies

INTRODUCTION

The electronic dimensionality of a (semi)conducting material refers to the spatial freedom of
electronic charge within it (Xiao et al., 2017). If one or more spatial dimensions are small enough to
confine the electronic state wave function, quantum confinement effects are activated. Confinement
can occur in one direction, forcing the charge to move in-plane (2D). Charge carriers may be forced
to move in only one direction (1D) when two are prohibited. Finally, the confinement can be along all
three spatial directions, thus creating a quantum dot (0D), where only discrete energies are allowed.
By decreasing the dimensionality, the thermal, optical, electronic, chemical, and mechanical
properties are modified. For example, 0D materials have intermediate properties between those
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TABLE 1 | Abbreviations and acronyms used throughout the text.

oD 0 dimensional
0D HPd quasi-zero dimensional halide perovskite derivative
1D 1 dimensional

2D 2 dimensional

3D 3 dimensional

4AMP 4-aminopyridinium

AFM atomic force microscopy

ASAC antisolvent-assisted crystallization
BA benzylammonium

BBI (benzylammonium)3Bi2l9

Bmim 1-butyl-3-methylimidazolium

Bmpip 1-butyl-1-methylpiperidinium

Bzmim 1-benzyl-3-methylimidazolium

CB chlorobenzene

CE current efficiency

CF conductive filament

CRI colour rendering index

CVD chemical vapour deposition

D* detectivity

DCM dichloromethane

DFT density-functional theory

DMF dimethyl formamide

DMSO Dimethyl sulfoxide

DSC dye-sensitised solar cell

EDX energy-dispersive X-ray spectroscopy
EQE external quantum efficiency

ETM electron transport material

FF fill factor

FTIR Fourier-transform infrared spectroscopy
FTO fluorine-doped tin oxide

GBL gamma-Butyrolactone

HP halide perovskite

HRS high resistance state

HTM hole transport material

IPA isopropy! alcohol

IQE internal quantum efficiency

IR infrared

ITC inverse temperature crystallization
ITO indium tin oxide

Jmp maximum power density current

Jsc short-circuit density current

LARP ligand-assisted reprecipitation

LDR linear dynamic range

LED light-emitting diode

LoD limit of detection

LRS low resistance state

MeOH methanol

NC nanocrystal

NEP noise equivalent power

NIR near-infrared

NP nanoparticle

NUV near-ultraviolet light

OA oleic acid

OLED organic light-emitting diode

P3HT poly (3-hexylthiophene-2,5-diyl)
PCBM phenyl-C61-butyric acid methyl ester
PCE power Conversion Efficiency

PD photodetector

PE power efficiency

PEDOT: PSS poly (3,4-ethylenedioxythiophene) polystyrene sulfonate
PESA photoelectron spectroscopy in air
PL photoluminescence

PLE photoluminescence excitation

PLQE photoluminescence quantum efficiency
PLQY photoluminescence quantum yield

(Continued in next column)

Quasi-Zero Dimensional Halide Perovskites

TABLE 1 | (Continued) Abbreviations and acronyms used throughout the text.

ob 0 dimensional

PMA phorbol 12-myristate 13-acetate

poly-TPD poly (N,N’-bis-4-butylphenyl-N,N’-bisphenyl)benzidine
PPN bis (triphenylphosphoranylidene)ammonium
PTFE polytetrafluoroethylene

PTAA poly[bis(4-phenyl) (2,4,6-trimethylphenyl)-amine
PVD physical vapour deposition

PV photovoltaic

PVDF polyvinylidene fluoride

QD quantum dot

R responsivity

RPM round per minute

SCLC space charge limit current

SCN thiocyanate

SEM scanning electron microscopy

SPS surface photovoltage spectroscopy

SSL solid-state lighting

STE self-trapped exciton

STS scanning tunnelling spectroscopy

SVC saturated vapour crystallization

TA transient absorption

TCO transparent conductive oxide

TCSPC time-correlated single-photon counting spectroscopy
TEG thermoelectric generator

TG-DTA thermogravimetry/differential thermal analysis
TMIM.CI trimethyliodomethylammonium chloride

TOF time of flight

TRPL time-resolved photoluminescence

UPS ultraviolet photoelectron spectroscopy
UV-vis ultraviolet-visible

VASP vapor-assisted solution process

Virp maximum power point voltage

Voo open-circuit voltage

WLED white light-emitting diode

XPS X-ray photoelectron spectroscopy

XRD X-ray diffraction

Xt ethyl xanthate

typical of discrete molecules and those of bulk semiconductors.
The possibility of having easy access to these borderline cases of
semiconductor physics pushes their use into a wide range of
technological applications. In this extensive review, we want to
focus on an emerging class of materials, quasi-zero dimensional
halide perovskite derivatives (0D HPds; a list of all abbreviations
is given in Table 1). Research on them is in its relative infancy, so
the information about them is still incomplete and poorly
organised as compared to their 3D counterparts. Often the
study of the material is in the context of a specific application,
without giving a complete picture of the material properties. With
this journey through deposition techniques and emerging
applications, we want to spotlight these compounds. They can
be deposited rapidly at low temperatures by a variety of methods
that are compatible with mass production. 0D HPds are often
based on non-toxic elements and have shown higher stability in
ambient conditions compared to their 3D halide perovskites
(HPs) counterparts. All these features make them attractive for
the next generation of HP devices.
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FIGURE 1 | (A) HPs groups. Reprinted with permission (Akkerman and Manna, 2020). Copyright 2020, ACS Energy Letters. (B) Low-dimensional HPds structures.
Reprinted with permission (Chu et al., 2021). Copyright 2021, Small Structures. (C) (CH3NH3)3Biolg structure and unit cell (Eckhardt et al., 2016). Copyright 2016,
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Chemical Communications.

Halide Perovskites
3D perovskites are composed of a corner-sharing octahedral

network with an ABXj; stoichiometry. The highest symmetry
structure of the family is tausonite (SrTiO;). However, most
exhibit reduced symmetry due to empty sites, lattice
distortions, or non-uniformity of chemical composition. As
minerals, they are present in nature mainly as oxides, but also
as chlorides, silicates, fluorides, and intermetallic compounds. On
the other hand, synthetic perovskites are numerous, ranging from
organic-inorganic to metallic or metal-free compounds. They can
even be synthesized based on noble gases. (Akkerman and
Manna, 2020). The halide perovskite subfamily includes
standard composition (ABX;) compounds, with divalent B
cations (e.g., Pb*", Sn*") and A cations of monovalent alkali
metals (e.g., Cs") or organic cations (e.g., CH;NH;", CHsN,").
Figure 1A shows the various HP groups: cubic halides,
antiperovskites, orthorhombic and tetragonal disordered, the
vacant BXj;, the ordered and the vacancy-ordered HPs
(Akkerman and Manna, 2020). The material class has gained
tremendous attention due to their unique combination of
properties such as high carrier mobility, large absorption
coefficient, and long carrier diffusion lengths. They have been
widely explored in solar cells, light emitting diodes, sensors,
thermoelectric generators, and many other applications (Chen
et al., 2015; Park et al., 2016; Sum and Mathews, 2019; Zhang,
2019). The most investigated is the hybrid organic—inorganic
perovskite CH3;NH;Pbl; for its outstanding photovoltaic
performance (Wang R. et al, 2021). Nowadays, lead-based
HPs have exceeded the performance of other thin-film single-
junction solar cells and have almost reached polycrystalline
silicon (Buitrago et al., 2020; NREL, 2020). But still, two
factors hinder their commercialization: poor stability and
intrinsic toxicity. In addition to device encapsulation, which

can partially address the stability issue and may reduce the
impact of the intrinsic toxicity, attempts have been made to
modify the chemical composition to decrease toxicity and
increase stability in air. A low-toxicity class of HPs is obtained
by replacing the B site with trivalent cations, such as Sb>" and Bi’*
(Morad et al., 2019; Bibi et al., 2021). The most investigated
compounds are the Bi-based HPs (Zhang L. et al,, 2019). The
CH5NH;Pbl; band structure, closely related to the 6s> 6p°
electron configuration of Pb**, underlies the unique properties
demonstrated by this compound (Umebayashi et al, 2003;
Ganose et al., 2016). By replacing Pb>" with the much less
toxic Bi’", the ordered vacant perovskite (CH3;NH;)3BiIo is
obtained (Umebayashi et al, 2003; Hoye et al., 2016; Lyu
et al, 2016; Oz et al, 2016). The stoichiometry as well as the
3" valence state of Bi leads the structure to settle in a quasi-zero
dimensional (0D) configuration, where the Bils octahedra dimers
are fairly isolated from each other (Scholz et al., 2017). Due to the
disruption of the 3D perovskite structure of corner-sharing
octahedra, they cannot be formerly classed as structural
perovskites, belonging instead to the 0D hybrid metal halide
group of perovskite derivatives (Xiao et al., 2019; Akkerman and
Manna, 2020; Gliick and Bein, 2020).

Low Dimensional Halide Perovskite

Derivatives

Low-dimensional HPds can be obtained either by engineering the
crystal geometry (nanoplates, nanowires and nanocrystals) or by
tuning the composition and stoichiometry to push the crystal
structure into a low-dimensional one (Lin H. et al., 2018; Zhou C.
et al., 2019; Zhu and Zhu, 2020; Chu et al., 2021). In this review,
we will deal with the latter case because this allows self-assembly
in bulk with quantum confinement effects (Lin H. et al., 2018).
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There is a distinction between electronically low-dimensional
materials, where electronic orbital overlap or transport are
restricted in one or more dimensions, and structurally low-
dimensional materials which exhibit planar, linear or cluster
features in their crystal structure. Not all HP-derived materials
which are structurally low-dimensional are also electronically
low-dimensional, although many are, as discussed by Yan and
Mitzi (Xiao et al.,, 2017). To exploit the physical properties linked
to the reduction of (electronic) dimensionality and keep the costs
of production processes low is a fundamental requirement to get
from lab to market.

Molecular low-dimensional HPds are formed by a periodic
distribution of corner-sharing, edge sharing or face-sharing (BX)
metal halide octahedra, surrounded by the other cationic (A)
component. Octahedra can be arranged in planes, wires, or
isolated clusters, forming 2D, 1D or 0D structures, respectively.

Corner-sharing is the most general and it can exist in 0D, 1D,
2D and 3D structures. Edge-sharing occurs only in 0D, 1D and
2D compounds, while face-sharing can only exist in 0D and 1D
(Kamminga et al., 2017). The increase in connectivity (corner,
edge, face) increases the band gap. This phenomenon has been
predicted and measured in (C4HsCH,NH3),Pbl,, which changes
the connectivity upon introduction of H,O into the structure. The
authors suggest that, although the number of pathways for charge
carriers increases with connectivity, they become less favourable
(Kamminga et al, 2017). In general, the dimensionality
reduction, starting from a 3D compound, happens by
substituting the cation A or B so that the lattice structure is
distorted. When B is substituted, the distortion mainly affects the
B- X-B angle, whose orbital overlap determines the band’s
symmetry (Chu et al,, 2021). The structure distorts until the
stoichiometry changes and the perovskite becomes deficient in
order to reach a stable configuration (as in 0D HPds). The energy
bands change as a consequence: density-functional theory (DFT)
calculations indicate that, when moving from 3D to 0D, the triply
degenerate conduction band edge results in optically bright states
(Quarti et al., 2020). The Goldschmidt tolerance factor (t), that is
an empirical rule defining if a perovskite structure is stable or not,
deviates from ideality (Chatterjee et al,, 2020). The structure
stability is assured with ¢ values between 1.11 and 0.81; (Li et al.,
2021b); however, where ¢ is less than 0.9 or greater than 1.0, the
structural distortion may lead to different dimensionalities (Hao
et al., 2020). Finally, the size of the A cation regulates the
interstitial space: for example, a cation such as Cs has a lower
confinement effect than an organic cation (Chen D. et al., 2019).
Moreover, it also impacts on the distortion and tilting of the metal
halide octahedra, therefore indirectly acting on the band structure
(Bibi et al, 2021). The octahedra tilting and distortion are
therefore due to the cation’s radius and ordering, to the
anion’s vacancy and ordering, and, therefore, to the
displacement of the central cations in the octahedra, leading to
the Jahn-Teller effect (Li et al., 2021b).

Going down in dimensionality from 3D to 0D (Figure 1B),
three factors critical for technological applications are affected.
The optical bandgap and the excitonic binding energy increase.
At the same time, the mobility of the charge carriers and their
diffusion length have an increasingly stringent dependence on the

Quasi-Zero Dimensional Halide Perovskites

crystallographic directions, as the dimensionality is reduced (Chu
et al., 2021). In low-dimensional HPds, both Wannier-Mott and
self-trapped excitons (STEs) are observed. STEs are generated
when the reticular distortion caused by the exciton is so
significant as to trap it where it is formed (Zhou C. et al,
2019). These effects can be controlled and exploited, adapting
them to the demands of the technological application for which
they are designed.

Zero-Dimensional Halide Perovskite

Derivatives

Focus on 0D HPds was rekindled in 2016, when it was discovered
that Cs4PbBrg has a green emission at 520 nm, with a hundred
times greater photoluminescence quantum yield (PLQY) than its
3D counterpart. Furthermore, PLQY was not affected by the
temperature and remains stable for over a year, even when stored
in air (Chen D. et al, 2016). In Cs4PbBrg, the theoretical
calculations predict, and transient absorption measurements
observe, the generation of small polarons with solid
localization in the (PbBrg)*” octahedra and considerable
binding energies (Yin et al, 2017). Therefore, 0D HPds
properties are expected to strongly depend on the interaction
between neighbouring octahedra. For example, the conduction
band minimum, a hybrid state between the p orbital of the halide
and the s orbital of the metal, depends on the overlap between the
neighbouring octahedra (Ju et al., 2018). Cs4PbBrg has been called
a  “soft” optoelectronic  system, because, following
photoexcitation, the structure of (PbBrg)*™ octahedra deforms,
generating localized polarons, much like in conjugated polymer
systems (Almutlaq et al., 2018a).

In general, 0D HPds have isolated anionic metal halide
polyhedra surrounded by inorganic or organic cations. This
site isolation partially suppresses electronic band formation
between metal halide species, enabling the 0D properties. The
degree of electronic isolation depends on two main factors: the A
cation size that regulates the interstitial space (tuning the
octahedra isolation), and the B and X molar ratio defines the
stoichiometry (Zhou et al.).

Vacancy ordered perovskites, with 0D character, have
chemical formula A;B,X,. A well-studied compound belonging
to this family is (CH3;NH;)3Bi,Is (crystal structure in the space
group P6s/mmc), where bismuth has ligand coordination in a
slightly distorted octahedral geometry. The two bismuth atoms
are coordinated by three symmetrically equivalent iodine atoms,
and the two terminal iodine atoms are located on different
specular planes. The two octahedra share a common face and
are separated by methylammonium cations. The octahedral
distortion comes from the repulsion of the Bi’* ions
(Figure 1C), resulting in the contraction of the bridging
I1-Bil-Il’angle (84°) and the widening of the 12-Bil-12’ angle
(93°). The anions align with the crystallographic c-axis; the Bi,Io>"
local structure is displayed together with the unit cell, where the
cation and anion positions are highlighted (Eckhardt et al., 2016).

In this review, we will describe the synthesis methods applied
so far to 0D HPds, ranging from crystal growth to thin films and
pellet fabrication. The synthesis methods are diverse as they have
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been devised to meet the requirements of a range of device
geometries and applications. We will therefore conclude by
analysing the applications that have been conceived so far. In
addition to the most common optoelectronic applications, we will
also review the surprising results reached in the fields of detectors,
memristors, capacitors, and thermal energy harvesting.

SYNTHESIS OF ZERO-DIMENSIONAL
HALIDE PEROVSKITES

Crystal Growth

To increase the quality and the performance of the device in
which they are employed, it is essential to achieve a deep
understanding of these materials. For this purpose, the
synthesis and study of single crystals have been crucial (Chen
W. et al., 2020). In fact, in order to investigate their properties on
a dimensional scale closer to those required by technological
applications, the production of high-quality cm-sized single
crystals is one of the researcher’s main motivations.
Furthermore, single crystals have fewer defects than thin films,
and they can be grain boundary free. Recently, solution methods
have been developed to obtain monocrystalline thin films of 3D
HPs for use as photodetectors (Zhang J. et al., 2020; Zhang J. et al.,
2021). The sizes of 0D HPds crystals are typically smaller than
those with higher dimensionalities. In this section, we review the
crystal growth methods used to synthesise 0D crystals and discuss
the recent developments in these methods to obtain 0D HPds
single crystals. We first introduce the solution-based
crystallization methods (temperature lowering, and inverse
temperature crystallization, solvent evaporation, anti-solvent
mediated/solvent layering, solvothermal synthesis and colloidal
methods). Then we move to solid-state synthesis, in which we will
discuss the crystal growth by Bridgman and mechanochemical
synthetic methods.

Solution Based Crystallization

Solution-based crystallization methods, such as the temperature-
lowering method (Dang et al, 2015), inverse temperature
crystallization (Saidaminov et al, 2015a; Liu et al, 2015),
solvent evaporation (Liao et al., 2015), anti-solvent mediated -
solvent layering crystallization (Mitzi, 1999; Shi et al., 2015),
solvothermal method (Zhang et al., 2015) and colloidal synthesis
(Schmidt et al., 2014), have been developed to obtain high quality
HP crystals. The fundamental approach to these methods is based
on the formation of supersaturated solutions by adjusting the
solubility (Zhang et al., 2020d). The crystallization process, which
collects subprocesses such as primary nucleation, crystal growth,
secondary nucleation and agglomeration, may start once the
supersaturation is achieved (McGinty et al, 2020).
Furthermore, the rates of these subprocesses affect crystalline
quality, which is crucial for device performance e.g. solar cells
(Cheng X. et al., 2020). The solvent, reactants, and temperature
impact on the crystal nucleation and growth should be
understood and controlled. Herein, we discuss these impacts
on 0D HPds with previously reported studies.

Quasi-Zero Dimensional Halide Perovskites

Temperature Lowering Procedure

The synthesis of 0D HPds by the temperature lowering method
dates back over 100 years. The first crystallization of Cs,PbXs (X
= Br, Cl, and I) was performed by Wells et al. in 1893 by cooling
down the hot precursor solutions of CsX and PbX, (Wells, 1893;
Thumu et al, 2019). Subsequently, many studies on CssPbXs
have been undertaken to control phase purity (Dirin et al., 2016;
Zhang H. et al., 2017).

In the temperature lowering method, the crystal size
distribution depends on the supersaturation which is the
driving force for the nucleation and crystal growth.
Meanwhile, the reaction temperature and precursor solubility
in the solvent are the two main factors for forming high-quality
crystals. In general, a high level of supersaturation at low
temperature may be obtained with fast cooling rates.
Controversially, slow cooling rates will result in lower
supersaturation at higher temperatures, and larger crystals
might be obtained as the formation of nuclei-clusters favour
the crystal growth (Sanchez et al., 2021). It was reported that, slow
cooling process supports the molecule’s rearrangement, leading
to a stable structure due to the minimized mass transfer
limitations (Maleky et al, 2012). However, the cooling rate
needs to be well-determined for each reaction to avoid
impurities and small crystals. Likewise, the solubility of each
precursor in solvent is crucial to avoid discrepancies and it can be
provided by choosing the appropriate solvent for all precursor
salts and the temperature range. The synthesis of CsPbBr; crystals
has been reported extensively due to their superior thermal,
moisture and light stabilities (Liang et al., 2016; Chen W.
et al, 2018). Quan et al. (2017) suggested in their study that
water is an excellent solvent for CsBr and PbBr,. However, an
additional impurity phase was formed due to the reaction
between the metal halide salt and water. Finally, Chen X. et al.
(2018) revealed a new slow-cooling strategy: the addition of HBr
to improve the solubility of CsBr in dimethyl formamide (DMF)
alongside PbBr, for the growth of centimetre sized CsPbBr;
embedded CssPbBrs crystals. A Cs;SnXs (X = Cl, Br)
crystalline product was synthesized by the slow cooling
process, but under inert atmosphere due to tin (II)’s instability
and tendency to form tin (IV) compounds under oxidative
conditions (Andrews et al, 1983a). Beyond 0D inorganic
HPds, organic-inorganic HPds have also been synthesized by
this method. (CsHsCH,NH3);BiBrg (Chen D. et al, 2020),
(CeHsCH,NH;3)3SbBrg  (Chen  D. et al, 2020) and
(C6HsCH,NH;);3InBrg (Chen D. et al.,, 2019) were synthesized
by dissolving the precursor salts in HBr. After the slow cooling of
the solutions to room temperature, centimetre sized crystals were
obtained. Similarly, (C¢N,H;4Cl),SnClg (Song et al., 2020) and
(CoNHy),MnBr, (Li M. et al., 2019) single crystals were obtained
by using an acidic aqueous solution to control the precursor’s
solubility. (C¢N,H;,Cl),SnClg single crystals (100 micro-meter)
showed remarkable air and thermal stability at high temperature
(270°C). (CoNH,p),MnBr, single crystal sizes were 5 mm and
demonstrated moisture, heat, and light stability. This is despite
the structural phase transition observed at 28°C. However, the
growth rate is typically low using this method, according to
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FIGURE 2 | (A) Synthesis and purification of Cs4PbBre. (B) Schematic of the nucleation-controlled ITC method to grow Cs3Bislg. Reprinted with permission (Zhang
et al., 2020c). Copyright 2020, Nature. (C) Schematic diagram of anti-solvent diffusion crystal growth.

previous studies reported on HPds (Chen Y. et al., 2016; Liu et al.,
2018).

Inverse Temperature Crystallization

Inverse temperature crystallization (ITC) is another efficient
method to synthesize HP crystals, where the precursors are
dissolved in appropriate solvent and temperature. Increasing
the precursor solution’s temperature results in single crystal
growth. ITC is time-saving compared to some other solution-
based methods. For instance, Saidaminov et al. (2015b) proposed
a novel method based on retrograde solubility enabling 3D
CH3;NH;PbX; mm-sized single crystals to grow faster than
previously reported growth methods. ITC works well with
those materials that are highly soluble at room temperature
and become sparingly soluble with increasing the solution
temperature (Dang et al., 2016). However, there are several
limitations to this method that can affect the quality of single
crystals. First, the use of organic solvents such as DMF and
dimethyl sulfoxide (DMSO) can result in intermediate adduct
phase generation (Hao et al., 2014; Hao et al.,, 2015; Petrov et al,,
2017; Petrov et al.,, 2020) such as (CH3NH;),Pb;Ig-2DMF and
(CH3NH3;),Pb;13-2DMSO due to the strong interactions between
organic solvents and precursors. Annealing can be used to
remove these by-products, but introduces an extra step into
the process (Rong et al, 2015). Second, it is challenging to
maintain the same growth rate throughout the whole growth

process. The growth rate falls as the solute concentration
decreases at a fixed temperature. As a result, it may lead to
structural imperfections due to specie’s different diffusion
behaviour and also smaller single crystals (Wang W. et al,
2020). This method has been extended to the preparation of
0D HPd systems, as well. For example, pure 0D Cs PbBrg
nanocrystals were obtained after the purification process
performed by Saidaminov et al. (2016) They found that CsBr/
PbBr, precursor solutions in DMSO at 120°C produce Cs PbBrg
nanocrystals with some CsPbBr; traces. More interestingly,
unlike Cs,PbBrg nanocrystals, CsPbBr; nanocrystals were
soluble in DMSO. Thus, they collected Cs,PbBrs nanocrystals
formed at 120°C and washed them with DMSO to remove
CsPbBr; and obtain a pure CssPbBrs phase illustrated in
Figure 2A.

Unlike 3D HP crystals, the size of 0D crystals formed by ITC is
limited to the nanometre to micron range. Nevertheless, Zhang
etal. (2020c) reported a new approach to retrograde synthesis, the
so-called nucleation-control growth method (Figure 2B), to
overcome this limitation. They developed this method to
synthesise centimetre-sized Cs;BiIy crystals by removing
extraneous nucleation seeds midway through the process,
including dust, bubbles, particulates, defects, and container
surface scratches (Volmer, 1926; Ford, 1997). Sub-millimetre
reddish-brown Cs;Bi,ly crystallites were obtained on the
bottom of container after the solution was heated to 80°C.
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They removed after 24 h, and the upper portion is transferred
into another container for growing large crystals. The explanation
for the thermodynamics of the nucleation-controlled method to
grow Cs;Biyly single crystals follows the classical nucleation
theory (Volmer, 1926; Ford, 1997). The spontaneous growth
of crystallites or precipitates will occur if the sites with radius
r are larger than the critical nucleation radius ry, (r > o). As the
growth process continues, crystallites will merge into a
continuous solid. However, by eliminating extraneous
nucleation sites, only several large high-quality single crystals
can be harvested (Zhang et al., 2020c). They started the process by
dissolving a stoichiometric ratio of the precursors in a mixed
solvent (DMF/DMSO). Sub-millimetre Cs;Bi,I, crystallites were
precipitated after careful filtration followed by heating. After the
solution refinement process, where the upper portion of the
solution is transferred into another container, the solution was
heated from 80°C to 95°C at a ramp rate of 2°C per day. A large
Cs3Biyly single crystal with a dimension of 12mm X
12mmx3 mm was obtained after several days. Despite the
long procedure, this method remains one of the best for
growing large 0D single crystals. Similarly, Liu et al. (2020c)
synthesized CH;NH;Bi,I, large single crystals with a dimension
of 26 mm x 26 mm x 8 mm by eliminating nucleation seeds. For
the first time it has been possible to synthesize single inch (about
3 cm) lead-free crystals with satisfactory environmental stability.
This was attributed to structural stability and elimination of
solvent residues, grain boundaries, inclusions, and voids within
the crystals. Very recently, Xu et al. (2021) reported high quality
centimetre-sized Cs4Pbls single crystal synthesised by a similar
method. Cs,Pblg precursor solution (0.5M) was prepared by
dissolving CsI and Pbl, in a mixed solvent (DMF/DMSO = 4/1)
with a molar ratio of 4:1 at 50°C for 24 h. Then, the precursor
solution was filtered using a polytetrafluoroethylene (PTFE) filter
with 1.5 um pore size. After that, the precursor solution was
heated to 75°C with a 0.2°C/h rate and was kept at this
temperature for several days. Finally, the high-quality Cs,Pbls
perovskite single crystal was harvested from the solution (Xu
et al., 2021).

Solvent Evaporation

In solvent evaporation crystallization, precursors with desired
molar ratio are mixed in a suitable solvent, which is then slowly
evaporated. During solvent evaporation, the precursor
concentration gradually increases, eventually reaching the
supersaturation conditions needed for crystal growth. As one
of the most straightforward techniques for single crystals growth,
solvent evaporation has been adopted to fabricate both organic-
inorganic and all-inorganic perovskites (Dou et al., 2015; Chang
etal., 2018). This method has the advantage of broad applicability
and ease of operation. For instance, Hua and coworkers (Hua
et al, 2019) used trimethyliodomethylammonium chloride
(TMIM-Cl) and SnCly-5H,0 aqueous solution (molar ratio I:
2) to synthesize hybrid organic-inorganic [TMIM],SnCls
through solvent evaporation. The colourless block crystal had
a 0D HPd-like crystal structure and good purity with an X-ray
diffraction (XRD) result highly consistent with the simulated
material. In 2020, Zhang and co-workers (Zhang F. et al., 2020)
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used this strategy to synthesise all-inorganic 0D Cs;Cu,Is which
other groups failed to fabricate using vapour saturation of an
antisolvent (Chen H. et al., 2020). In this work, CsI and Cul
powders (molar ratio 3:2) were dissolved in DMF under a short
duration ultrasonic treatment and allowed to evaporate
overnight. The obtained crystal was millimetre-sized. The
work also noted that larger crystals could be obtained by using
a solution with higher precursor concentrations.

In some cases, the desired low-dimensional material is
unstable in the precursor solvent. Wang and colleagues (Wang
Y. et al,, 2021) faced the issue by tuning the solvent mixture. In
this work, 0-D (CH;NH,CH;),Pbls single crystals were
fabricated by solvent evaporation of Pbl, and CH;NH;l
(molar ratio 1:4) dissolved in DMF. Hydroiodic acid and a
small amount of phosphoric acid were added to the solution
and stirred for hours. Notably, DMF serves as a solvent and reacts
with hydroiodic acid to form CH3;NH,CH;" molecules. The
(CH;NH,CH;),Pbls  single crystals grew through this
supersaturation and presented good purity. Hydrohalic acids
therefore serve both as reactants and promoters of
halogenation. A similar strategy was used by Yangui and co-
workers (Yangui et al, 2019) to synthesize two 4-
aminopyridinium (4AMP)-based hybrid organic-inorganic
materials, namely (CsH;N,),HgBr,-H,O and (CsH;N;),ZnBr,,
Hydrobromic acid, equimolar with MBr, as MBr, (M = Hg, Zn)
precursors, was added to the solution to improve crystal quality.
The stability of the two single crystals was reported: the former
material remained stable for several weeks, but the crystallinity
slightly decreased over time, and impurity peaks in both crystals
became detectable after 1-2 months. Solvent evaporation can be
time-consuming compared to other methods. In Wang’s report
(Wang Y. et al.,, 2021), the crystal appeared after 2 weeks and was
collected after a month. The solution volume is also a key
parameter to be controlled.

Anti-Solvent Mediated and Solvent Layering Crystallization
Anti-solvent mediated crystallization method is one of the most
common methods used to grow HP single crystals. As in other
solution-based methods, supersaturation is a driving force for the
nucleation process. It can be easily accomplished by exposing a
homogeneous solution to another solvent (anti-solvent) in which
the desired product has poor solubility, as illustrated in Figure 2C
(Konstantakou et al., 2017). It should be considered that the
choice of the solvent/anti-solvent, the volume ratio, diffusion
time and temperature are important parameters for the
approach’s  efficacy. For  example, wusing alcohol,
i.e., isopropanol as anti-solvent, may result in solute-solvent
(organic salt-alcohol) hydrogen bond interactions as discussed
by Shi et al. (2015) Furthermore, increasing the volume of anti-
solvent can reduce the crystal size. Zhou et al. (2018d) used anti-
solvent diffusion methods to synthesise 0D (Ph4P),SbCl; crystals.
DMF (1 ml) and diethyl ether (2 ml) were used as solvent/anti-
solvent pair. They investigated increasing the amount of anti-
solvent, finding that this resulted in faster crystallization but
reduced crystal size. They also performed rapid crystal growth in
which crystal’s growth is initiated by injecting anti-solvent into
the precursor solution. Precursors and solvent co-crystallize
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during the growth process, going through a metastable structure.
The phase transition is completed when the solvent is removed,
giving almost identical crystals to those prepared by the slow
vapour diffusion technique. As aforementioned, ITC of Cs,PbBr,
requires an additional purification step to eliminate the CsPbBr;
phase and obtain pure Cs,PbBrg. On the other hand, De Bastiani
et al. (2017) synthesised pure Cs4PbBrg single crystals without
further purification. Diethyl ether acts as an anti-solvent that
diffuses into the precursor solutions in DMSO at room
temperature due to its low boiling point and high vapour
pressure. 500-um crystals were obtained after 2 days. However,
more time spent on crystallization could result in larger crystals.
In the same year, Cha et al. (2017) also reported the single crystal
growth of Cs;PbXs by the anti-solvent method. The single
crystals with a dimension of 0.56 x 0.39 x 0.32mm’ were
obtained after 4days by injecting HBr solution into the
precursor solutions in DMSO. Using an analogous method,
Cs3Cu,ls lead-free inorganic HPd single crystals with a size of
5mm can be prepared by diffusing methanol (MeOH) into the
precursor DMSO solution (Jun et al., 2018). Zhou et al. (2018¢)
prepared pure and uniform single crystalline (C4N,H,;4X),SnX¢
(X = Br or I) by diffusing dichloromethane (DCM) into DMF or
gamma-Butyrolactone (GBL) precursor solutions at room
temperature under inert atmosphere. Additionally, they grew
(CoNH,),SbCl5 single crystals by using acetone as anti-solvent
and DMF precursor solutions. (Ph,P),MnCl, single crystals were
prepared by the same group by diffusing diethyl ether into the
DME precursor solutions (Ben-Akacha et al., 2020). Likewise,
other organic-inorganic 0D HPds, containing Bzmim (1-benzyl-
3-methylimidazolium), such as (Bzmim),SbCl; (Wang et al,
2019b), (Bzmim);SbClg (Wang et al., 2019b), (CoNH,(),SnBry
(Zhou et al., 2018b), (PPN),SbCls (He et al., 2020) and
(C3gH34P,)MnBry (Xu L. J. et al, 2020) single crystals (in
millimetre to centimetre size scale) could be synthesized in the
presence of anti-solvent (Bzmim),SbCls (Wang et al., 2019b) and
(Bzmim);SbClg (Wang et al., 2019b) were also synthesized by the
temperature lowering method. The benzene ring in the Bzmim"
cation is electron-rich, and p-m interactions improved the stability
of the compounds. In specific cases, additional metal halide salts
can be added to increase the quality of the crystals. Lin et al.
(2019) reported the large single crystal growth of 0D
(Cy3H9N,),PbBr, where ZnBr, was added before the anti-
solvent (DCM) diffusion. Though the reaction mechanism is
unknown, it is believed that surface defects may be reduced in the
presence of bromide, or ZnBr, crystals may act as seeds or
templates to assist the crystal growth. Without ZnBr,, only
low-quality (C,3H;9N4),PbBr, crystals were obtained.

Another strategy to grow the HP single crystals is the solvent-
layering method, where the crystal grows at the interface between
immiscible solvents. This method exploits the different solubility
of the material in the two solvents (Dang et al., 2016). Mitzi et al.
(Mitzi, 1999) synthesized 2D dimensional
(C¢H5C,H,NH;),PbCl, single crystals by adding methanol
into the PbCl, precursor solution in H,O/HCl followed by
addition of the organic salt, CeHsC,H,NH,. Lately, 0D
(BA);Bi,Iy (BBI) (where BA is benzylammonium) single
crystals were synthesized by Pious et al. (2020) BBI crystals
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were formed by dissolving Bil; in HI and benzyl ammonium
iodide in methanol; the two solutions form separate layers when
they are poured in a glass vial, and mm-sized rod-shaped crystals
were obtained in several hours. This novel HPd was developed by
introducing an aromatic benzylammonium cation with greater
polarizability and conductivity (due to the delocalization of
electronic wave function) than alkyl group cations. Similarly,
(Bmpip),GeBr, (where Bmpip is 1-butyl-1-methylpiperidinium)
crystals were also synthesized via this method. Diethyl ether was
carefully layered onto precursor solutions in ethanol and single
crystals formed at the interface (Morad et al., 2019). However,
(Bmpip),GeBr, decomposed in 1day due to Ge(II) oxidation
after exposing to ambient atmosphere.

Solvothermal Synthesis

Another solution-based strategy used for the synthesis of 0D HPd
single crystals is the solvothermal method. The chemical reaction
of precursor salts and solvent occurs in a closed system (an
autoclave) at high temperature and pressure. The usability of both
aqueous and nonaqueous solvents such as water (hydrothermal),
alcohol, acidic aqueous solutions, carbon dioxide, organic and
inorganic solvents makes this method suitable for crystal growth
(Shaikh et al., 2020). However, in many reports, the term
“hydrothermal” describes all types of synthesis that occurs in a
closed vessel with controlled temperature and pressure (Xu et al.,
2015). The crystallization process takes place via a slow cooling
process.

Furthermore, it may be advantageous for materials
decomposed by air (tin and germanium) as the crystallization
of dissolved material happens in a sealed autoclave at elevated
temperature and pressure. Though it is possible to obtain the
product with high purity and crystallinity, high temperature and
pressure may result in crystal disorder as the characteristics of a
solvent, such as viscosity, are strongly dependent on temperature
and pressure (Arya et al., 2020). Cs,InBrs H,O 0D single crystals
were synthesized by Zhou L. et al. (2019). Precursor salts were
dissolved in HBr solution at 130°C. Subsequently, the mixture was
transferred into a Teflon autoclave and sealed in a stainless-steel
Parr autoclave. The slow cooling process led to 2 mm-sized
crystals. Other 0D Rb-based inorganic HPds such as
Rb;Bi;Clj¢ (Xie et al.,, 2019) single crystals were synthesized in
the presence of acidic aqueous solvent with size dimensions of
184 x 72 x 6.0mm. Apart from inorganic HPs, organic-
inorganic HP single-crystal could also be synthesized with this
method (Takeoka et al., 2005; Chen X. et al., 2018; Sun et al.,
2020). Recently, 0D tin-based organic HPd single crystals
(CgH14N,),SnBrg (Su B. et al, 2020) were grown in an
autoclave by the temperature lowering method. The 2-cm-size
single crystals with excellent air stability were obtained after
3weeks. The use of benzene ring in CgH;4Ny," cation
composition improved the degree of organic cation rigidity.

Colloidal Methods

Colloidal HPs have received huge attention due to their high
photoluminescence quantum yields (PLQY) (Ma et al.,, 2018).
Colloidal synthesis methods are widely used in the fabrication of
quantum dots (QDs) which are considered geometrical 0D
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nanostructures or nanoparticles based on 3D ABX; structures
(Lin H. et al., 2018; Pu et al., 2018). Colloidal synthesis methods
offer various precursors to choose from, and the ratios are not
necessarily limited to stoichiometry (Tan et al., 2020). Several
strategies have been proposed to prepare HP nanocrystals with
controlled size, shape, and quality. One of them is the liquid-
phase bottom-up strategy which is proven as one of the best
routes for high-quality nanocrystal synthesis. The hot-injection
method, ligand-assisted reprecipitation (LARP) and reverse
microemulsion methods are used to synthesise 0D
nanocrystals. Hot-injection or the organometallic high-
temperature colloidal method (Wu et al, 2011) is based on a
precursor injection into a hot solution containing other
precursors, organic ligands and a high boiling solvent. Though
it is one of the most common techniques, this method’s main
requirements are high temperature and an inert atmosphere. For
example, Cs,PbXs (X = Br, Cl, I) (Akkerman et al., 2017) and
CsySnXg (X = Br, I) (Tan et al, 2020) nanocrystals were
synthesized by the hot-injection method.

For the synthesis of Cs,PbXs (X = Br, Cl, I), PbX, was
dissolved in octadecene, oleic acid and oleyamine and heated
to 100°C. At the same time, CsCQOj3 was dissolved in oleic acid and
heated to 150°C. When the temperature reached the optimal value
for each halide, the precursors were injected swiftly. Cs,PbXe
nanocrystals were obtained with tenable sizes ranging from 10 to
36 nm. Liu Z. et al. (2017) proposed a two-step dissolution-
recrystallization mechanism for the transformation of CsPbBr;
into 0D Cs4PbBrg in the presence of oleylamine and alkyl-thiol.
This two-step mechanism was realized via the hot-injection
method followed by decomposition of CsPbBr; and formation
of Pb**-thiol complexes where alkyl-thiol ligands improved the
size uniformity and chemical stability of the derived Cs,PbBrg
nanocrystals. In the last years, the interest in the synthesis of lead-
free nanocrystals has increased such that Yang et al. reported the
facile synthesis of cubic shaped Cs;BiX¢ (X = Cl, Br) nanocrystals
(NCs) via a hot-injection method using benzoyl halides as halide
precursors. The size of Cs;BiClg NCs tuned from 9.8 + 1.3t0 6.9 +
0.9 nm by decreasing the reaction temperature from 160 to 140°C.
The studies demonstrated the thermal stability of these NCs up to
200°C without crystal structural degradation. Moreover, this
study proves the ability of Cs;BiXg NCs to transform into
other bismuth-based HPd-analogues via facile anion exchange
or metal ion insertion reactions. NCs of another lead-free 0D HPd
Cs,SnBrg with an average size of about 20 nm were synthesized by
Chiara et al. (2020), showing superior stability in air for more
than 96h, compared to an analogous CsSnBr; 3D HP
nanocrystals that showed stability for only a few minutes.

On the other hand, hot injection synthesis is highly sensitive to
reaction temperature such that products with different
dimensionalities can be obtained. For instance, Cheng et al.
(2019) performed a synthesis at different temperatures.
Cs3Cu,ls nanocrystals were obtained at 70°C by reacting a Cs-
oleate precursor with Cu(I)-halide in octadecene. However, when
the temperature was increased to 110°C, the products were 1D
CsCu,l; nanorods.

Ligand-assisted reprecipitation (LARP) is another colloidal
technique where high-quality nanocrystals can be obtained in an
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ambient atmosphere and at room temperature. The precursor
solution containing organic ligands (oleyamine, oleic acid)
dissolved in a solvent such as DMF, DMSO or GBL, is
injected into solvents in which the precursors are poorly
soluble like toluene, hexane, or ethanol. The mixture of these
two solvents triggers nucleation and crystal growth. The
precursor to ligand ratio can control the nucleation and
growth of nanocrystals (Shamsi et al., 2019). Rb;Bi;Cl;¢4 single
crystals can be grown by solvothermal reaction, but 1.85 nm-sized
crystals can be produced by LARP (Xie et al., 2019). However, this
method’s main drawback is the formation of intermediate solute-
solvent complexes as polar solvents like DMF, DMSO used to
solve precursor salts may interact with metal complexes,
generating impure nanocrystals (Zhang F. et al., 2017).

Another colloidal strategy is the microemulsion method,
where the precursor solutions are dissolved in immiscible
solvents, unlike in LARP, and form an emulsion. In such
synthesis, the nanocrystal nucleation and growth are
controlled by the precursor’s diffusion from the primary
phase into the micelles that are the ordered structures self-
assembled in polar-nonpolar systems (Shamsi et al., 2019). 0D
Cs,PbBrg micro crystals were grown with inhomogeneous
interface reaction (Chen D. et al, 2016) or
microemulsion. The mixture of oleylamine and oleic acid
acts as a surfactant introduced into precursor solutions in
DMF (aqueous phase) to stabilize the solutions and increase
the reaction rate. Then the mixture of surfactant and precursor
solution was added into n-hexane (oil phase) via stirring at
room temperature. The precipitates were obtained at the
reaction interface after a few minutes. It was found that
solvent selection (n-hexane) is crucial and may change the
phase purity of the system such that, increasing the polarity
of the solvent results in conversion of the pure 0D product into
Cs,PbBrg-CsPbBr; mixed-phase and finally to pure CsPbBr;. In
another study, Zhang et al. revealed that the HBr addition as an
extra source of Br~ into the DMF precursor solution as well as
the amount of the surfactant, oleic acid, improve the size control
of Cs,PbBrg microcrystals (Zhang Y. et al., 2017).

Solution-based 0D HPd growth methods of different
compounds and different crystal dimensions have been
summarized in Table 2. Despite the range of methods with
high efficacy for certain materials and suitability for different
applications it is still challenging to obtain large 0D HPd single
crystals. Thus, there is still room for development of these
solution-based strategies or indeed new ones for investigating
0D HPds’ intrinsic physical properties.

reverse

Solvent-Free Synthesis

Up to this point, 0D HPd crystal growth has mainly been
achieved by solution-based growth methods discussed that
require numerous types of solvents and might be time-
consuming. In recent years, solvent-free synthesis methods
such as the Bridgman method and mechanochemical synthesis
have received significant attention due to their ease of
implementation and solvent-free conditions (Palazon et al,
2019a). Herein, we review solvent-free solid-state techniques
used to synthesize molecular 0D HPds.
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TABLE 2 | Summary of OD single crystals growth by various solution-based methods with their sizes.

Quasi-Zero Dimensional Halide Perovskites

Single crystal Method Size Ref
Cs4PbXs Inverse Temperature® Anti-solvent® Temperature lowering® Powder ~500 pm Saidaminov et al. (2016)2
powder Cha et al. (2017), De Bastiani et al.
(2017)°
Andrews et al. (1983b)°

Cs4SnXg Temperature lowering® Powder Andrews et al. (1983b)?
CsgBislg Inverse Temperature Crystallization 12 mm Zhang et al. (2020c)
CsgCusls Solvent evaporation® 5 mm Zhang et al. (2020a)?

Anti-solvent® 5mm Jun et al. (2018)°
Cs,InBrs-H,O Hydrothermal 2 mm Zhou et al. (2019b)
Rb-BisClig Hydrothermal 18.4 x 7.2 x 6.0 mm Xie et al. (2019)
(C43H19N4)2PbBr, Anti-solvent Powder Lin et al. (2019)
(Bmpip)oPbBr,* Anti-solvent Powder Morad et al. (2019)
(DMA)4Pblg Solvent evaporation 2 mm Wang et al. (2021c)
(C4NoH14X)4SnXe (X =Br,l)  Anti-solvent mm sized Zhou et al. (2018c)
(CeN2oH16CN2SNClg Temperature lowering 100 ym Song et al. (2020)
(CgH12N)2SNClg Solvent evaporation Hua et al. (2019)
(CoNHo0)2SnBry4 Anti-solvent >1cm Zhou et al. (2018b)
(CgH14N2)2SnBrg Hydrothermal ~1-2.cm Su et al. (2020a)
(Bmpip)-PbBr,* Temperature lowering Powder Morad et al. (2019)
(X =Br,)
(CH3NH3)3Biolg Inverse temperature crystallization® 26 x 26 x 8 mm Liu et al. (2020c)?

Seed-crystal-assisted constant-temperature evaporation method (SCA- 27 x 23 x 13 mm Zheng et al. (2020)°

CTEM)®
(BA)3Biolg Solvent Layering mm-sized Pious et al. (2020)
(CeHsCHoNH3)3BiBrg Temperature lowering ~1.cm Chen et al. (2020a)
(CeHsCHoNHg)3SbBrg Temperature lowering ~1.cm Chen et al. (2020a)
(Ph4P)>SbCls Anti - solvent >1cm Zhou et al. (2018d)
(PPN),SbCl5® Anti - solvent ~2 mm He et al. (2020)
CoNH20)2SbCls Anti-solvent Large crystals Zhou et al. (2018c)
(Bzmim),SbCls® Anti-solvent (Rapid growth) >1 mm Wang et al. (2019a)
(Bzmim)3SbCls® Anti-solvent (Rapid growth) >1 mm Wang et al. (2019a)
(CeHsCHaNHg)3INBrg Temperature Lowering >1cm Chen et al. (2019b)
(Bmpip)oPbBr,* Solvent layering Powder Morad et al. (2019)
(CsH7N2)2ZnBry Solvent evaporation - Yangui et al. (2019)
(CoNHo0)oMnBry Temperature Lowering 5mm Li et al. (2019d)
(CggHgaP2)MNBr4 Anti-solvent 1inch (2.54 cm) Xu et al. (2020a)

Bmpip: 1-butyl-1-methylpiperidinium
PPPN: bis(triphenylphosphoranylidene)-ammonium
°Bzmim: 1-benzyl-3-methylimidazolium.

Bridgman Method

The Bridgman method is a melt-based technique and widely-used
method for growing large crystals as a solvent-free synthesis
method (Ding and Yan, 2017). It is a well-known technique for
forming various single crystals such as GaAs, ZnSe, CdS used in
semiconductor technology (Rudolph and Kiessling, 1988;
Razeghi, 2002). The crystallization process occurs inside a
quartz ampoule, which is filled with the precursors and sealed
under-vacuum. It is then heated above the polycrystalline
material’s melting point and moved through a temperature
gradient towards the furnace’s colder region. At a specific
temperature, the formation of a single crystal begins at the tip
of the ampoule and grows along the ampoule’s length. The
crystallization can be conducted in a horizontal or vertical
geometry. The interface curvature can be adjusted easily by
changing the temperature difference of the hot zone and the
cold zone of the quartz ampoule. Despite advantages of simple
implementation and formation of large single crystals, contact
with the ampoule creates mechanical stress and increases the
impurity level and defect density (Braescu, 2008). Therefore, a

small temperature gradient, slow growth rate, and cooling rate are
crucial to avoid crystal cracks and structural defects (Li et al,
2021a). In addition, purification should be carried out before
loading the ampoule into the Bridgman furnace. During the
sealed ampoule transfer inside the furnace, impurities with
different melting points get separated from the crystal.
However, if the impurities have similar solubility in the melt
as in the crystals, they would not be removed and lead to low-
quality single crystals. Thus, purification needs to be done in a
separate process before crystal growth (Jiang and Kloc, 2013). For
example, purification can be made by drying the mixture under
vacuum and baking at elevated temperatures to remove residual
impurities (Wu et al., 2018). Another idea is to repeat crystal
growth by the Bridgman technique more than once as the
impurity level decreases after each repetition time (Dos Santos
et al, 2017). Additionally, a pure chalcohalide compound,
TleSel,, was obtained with a highly efficient purification
method using a bent ampoule to evaporate the main
precursors, Se, T1,Se and TII and remove the main impurities
such as Pb, Bi, Al, Te, Sn and Cl (Lin W. et al., 2018). So far, only
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TABLE 3 | Summary of 0D HPds grown by the Bridgman method with reaction conditions, temperature gradient (VT), and obtained crystal diameters.

Precursors Conditions Product(s) Obtained size (diameter) R (mm)ef

Csl + Bils VT = 15-20 K/cm Cs3Bislg 15 Sun et al. (2018)
Translation rate = 0.5-2.0 mm/h
Cooling rate = 4-8 K/h

CsX + EuXo (X =Br, | VT = 25-35°C/cm Cs4EuBrg Cs,4Eulg 12 Wu et al. (2018)
Translation rate = 1.0 mm/h 7
Cooling rate = 10°C/h

Csl + Cul VT = 20-30°C/cm CsgCusls 7 Cheng et al. (2020a)
Translation rate = 0.5 mm/h
Cooling rate = 10°C/h

Csl +Te + o VT = 10 K/cm CsoTelg 10 Xiao et al. (2020a)
Translation rate = 0.5 mm/h
Cooling rate = 5 K/h

Csl + Srl, (or Caly) + Euls VT = 25 °C/cm Cs,4Srlg:Eu and Cs,Calg:Eu 7 Rutstrom et al. (2019)

Translation rate = 0.8 mm/h
Cooling rate = 7°C/h

purely inorganic single crystal HPs with a specific melt
temperature could be synthesized by the Bridgman method.

Hybrid organic-inorganic HP single crystals have not been
synthesized by this method since organic compounds have high
vapour pressure and are chemically unstable at their melting
point (Arya et al, 2020). The well-known zero-dimensional
Cs,PbBrg crystal was synthesized by Nitsch and co-workers in
1995 through the Bridgman method with a precise temperature
gradient and translation rate. Before being placed in the vertical
Bridgman-Stockbarger furnace, Cs,PbBrs powder was flame-
sealed in a silica tube under vacuum (Nitsch et al., 1995).
Recently, several studies were done on inorganic 0D HPd
single crystals grown by the vertical Bridgman method on the
millimetre scale as summarized in Table 3. Using the vertical
Bridgman method, Sun et al. (2018) reported the growth of
Cs;BiyI (CBI) single crystals where CsI and Bil; were reacted
in a stoichiometric ratio in a quartz ampoule. The sealed quartz
ampoule was then heated to 652°C (925K) for 24 h with a
temperature gradient (VT) of 15-20K cm™', followed by
transferring the ampoule into a two-zone Bridgman furnace
for crystal growth. The furnace was then cooled to room
temperature at a rate of 4-8 K h™' and a dull-red large single
crystal with a diameter of 15 mm was grown.

Similarly, Wu et al. (2018) have grown Cs4EuBr and Cs,Eulg
single crystals by employing a solid-state reaction. Mixtures of
CsBr (or Csl) and EuBr,(or Eul,) were heated in evacuated quartz
ampoules at 250°C for 10h to reduce water and oxygen
impurities. After baking, they were sealed and placed into the
furnace, passed through a temperature gradient (VT) of 25-35 C
cm™" and subsequently cooled to room temperature at a rate of
10°C h™".12 mm of Cs,EuBrg and 7 mm of Cs,Eulj single crystals
were obtained. Recently, Cheng S. et al. (2020) reported the
growth of Cs;Cuyls single crystal by employing the vertical
Bridgman method. The ampoule was filled with the reaction
mixture of CsI and Cul and sealed under-vacuum. Before growth,
the Cs3Cu,ls compound was synthesized a few degrees above all
component’s melting points for 24 h. The growth process started
at 390°C with a temperature gradient of 20-30°Ccm™'. A
Cs;Cu,ls single crystal with a diameter of 7 mm was obtained

with high purity after cooling to room temperature. Similarly,
Cs,Telg crystals with a diameter of 10 mm were obtained with this
method by Xiao et al. During the synthesis of these crystals, they
found that raising the temperature over 610°C resulted in the
ampoule bursting due to the overpressure of iodine. Initially, the
overheating temperature was set at 650°C and kept for 24 h, which
resulted in the bursting of the ampoule because of the
overpressure from iodine. Then, the overheating temperature
was reduced to 610°C for 12 h, and a black Cs,Tel ingot with
dimensions of 10 mm X 55 mm was successfully obtained (Xiao
B. et al., 2020). In another study, Eu**-doped and Cs,Srl crystals
with sizes of 7 mm were prepared by melt growth, and crack-free
crystals could be grown with Eu** dopant concentration as high
as 9%. (Rutstrom et al., 2019).

Mechanochemical Synthesis

Mechanochemical reactions are induced by mechanical energy
input by grinding or milling of two or more solid reactants (James
et al.,, 2012). They have many benefits, including great simplicity,
economic and environmental friendliness, when compared to
other methods (Ben-Akacha et al., 2020). This method may also
be advantageous from a thermodynamic perspective as the solid-
state reaction’s driving force is more significant than the solution-
based one due to the higher chemical potential in solid-state.
Furthermore, the different compositions obtained during
solution-based synthesis due to the coexistence of different
metal complexes in equilibrium are circumvented in solid state
methods. Though the particle size is limited, it might be the
alternative method for measuring physical properties in the form
of pellets discussed in section 2.2. Pal et al. (2018) reported the
mechanochemical synthesis of Cs,PbBrs and Cs,PbCls HPs. In
this method, Cs-halide (CsCl or CsBr) and Pb(II)-halide (PbCl,
or PbBr,) were mixed in stoichiometric ratios in a mortar pestle
then the powder was cold-pressed to make the bar-shaped pellet.
They have also performed post-synthetic solid-state
transformations of 3D CsPbBr; to 0D Cs,PbBrs without using
any organic ligand by single step mechanochemical grinding. Pre-
synthesized 3D CsPbBr; were mixed with PbBr, and CsBr in
stoichiometric ratios with a mortar and pestle in N, environment.
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In some cases, HP phases are obtained by heating the mixture of
reactants at a defined temperature in air or under N,. Benin et al.
(2018) performed mechanochemical synthesis under N, at 350°C
for the fabrication of Cs,SnBr in the form of pellets and single
crystals (20-40-micron diameter). They obtained a mixture of
different phases such as CsBr, CsSnBr;, and CssSnBrg upon
cooling the melt as it undergoes a peritectic decomposition
when heated above 380°C. Thus, they concluded that a pure
phase synthesis of Cs,SnBrs could only be obtained by annealing
a solid mixture of CsBr and SnBr,. Huang et al. (2020) obtained
the Cs;Cu,I5 HP structure by a facile low-temperature solid-state
reaction approach. CsI and Cul precursors were ground into a
homogenous mixture by using agate mortar. The mixture was
poured into alumina crucibles and fired at 350°C for 6 h. The
crystalline product was collected after the cooling down of the
furnace. Although thermal annealing may lead to
inhomogeneous phases in the crystalline produce, the
proposed method with a well-defined calcination temperature
resulted in high phase purity of Cs;Cu,I; HP material.

In general, ball milling results in cleaner crystalline products
than manual grinding due to the possible unreacted precursors
left by manual grinding (Stoumpos et al., 2013; Prochowicz
etal., 2015). In the ball milling technique, one uses the container
and grinding balls made of high-hardness materials such as
zirconium, corundum or stainless steel (Protesescu et al., 2018).
This method is based on mechanical friction between the balls
and ground material; during the container (or bowl) rotation,
the mechanical energy transferred from the milling balls to the
precursors leads to elastic and plastic deformation dislocations
to form a final product. Optimization of container speed,
number and size of grinding balls, and the grinding time
may help control the size of the crystals (Zhang et al., 2014;
Palazon et al., 2019b; Rosales et al., 2019). Cs3Cu,I5 HP has been
prepared by dry ball milling method at room temperature (Xie
et al., 2020). A steel bowl containing the mixture of the
precursors was installed in the ball mill and the final product
with a diameter of 0.71 um was obtained by grinding at 1,000 r
min~" for 30 min. In some instances, a small amount of solvent
is included for such reactions since it allows the formation of a
paste during grinding and conversion of the mixture into the
product in a shorter time (solvent-assisted mechanochemical
synthesis) (Bowmaker et al., 2008). Recently, Ben-Akacha et al.
(2020) synthesized 0D (Ph4P),SbCl; and (Ph4P),MnCl,
compounds exhibiting similar photophysical properties to
single crystals prepared by a mechanochemical synthesis.
The 0D HPs were prepared by a solvent-assisted ball milling
method where the precursors (SbCl; and Ph,PCl) and a small
amount of diethyl ether were introduced into a stainless-steel
container with balls, under N,. The product was obtained after
30 min of grinding with a frequency of 1800 r/min. Diethyl
ether was used as a dispersant which improved the milling
process. The addition of a small amount of solvent enhanced the
reaction rate and resulted in a higher product yield. Wet milling
affects the rate of formation of nanocrystals, but it has to be
considered that the contamination due to wearing of the
container and balls might be higher compared to dry milling
(Balaz et al., 2013).

Quasi-Zero Dimensional Halide Perovskites

Pellet Fabrication
Pelletizing consists of agglomerating powders or nanocrystals by

mechanical action to obtain a thick polycrystalline structure. In
this section, we will consider pressing methods, with and without
an elevated temperature (hot press and cold press, respectively).
This synthesis technique is suitable when large samples (laterally
and/or in thickness) are required for the application, which could
be ferroelectrics, piezoelectrics or thermoelectrics, for example.
The sample thickness and diameter can be varied by simply
changing the die. The advantage of the manageable dimensions is,
however, followed by the difficulty of obtaining compact and
monocrystalline compounds. The bulk density is a crucial
parameter for defining a good sample, with most applications
requiring >95% of the pure crystal density in pellet form. The
pellet polycrystallinity can be partially controlled by the particle
size of the precursor powders, precursors’ composition, applying
a post-press treatment, or using heat during the pressing step.

HPs possess good plasticity, so they can be successfully
synthesized by pressing their powders, even in the absence of
a polymer binder. Shrestha and collaborators demonstrated that a
compact CH;NH;PbI; pellet could be produced by this method
(Shrestha et al., 2017). In this section, we review the pellet press
methods (cold and hot press) used to synthesise quasi 0D HPds
and highlight the implementations of these methods to obtain
good quality pellets.

Cold Press

Cold press was used to fabricate pellets of Cs,SnBrg and Cs,.
ASn(Bri 1) (where A is Rb or K) (Benin et al., 2018). CsBr
and SnBr, were mixed (4.5:1 M ratio), ground in a mortar, and
cold pressed with a pressure greater than 5 tons of pressure, in a
13 mm dye. The pellet was then placed in a Pyrex tube under
vacuum (1072 - 107> mbar) and kept at 350°C for 60h. The
process was repeated twice to obtain a compact pellet. The
materials examined showed strong emission from 500 to
620 nm, coming from trapped excitons, and this was tuneable
according to the composition (Benin et al., 2018). Later on, the
authors reported the strong temperature dependence of the
photoluminescence lifetime in Cs,SnBrg pellets (Yakunin et al.,
2019). They found that the de-trapping process of the localized
self-trapped excitons (STEs) has a robust thermal sensitivity. Due
to thermally assisted STE de-trapping, the emission is strongly
affected by the temperature. Through exciton-phonon coupling,
the lattice around a STE can relax to its original state via a fast
non-radiative channel. Relaxation times, typically in the range of
microseconds to milliseconds, are therefore thermally activated
and have recently been employed in lighting-based applications
(Yakunin et al,, 2019). In 2020, millimetre-thick pellets of the
quasi 0D (CH3;NHj;)3Bi,Iy were reported (Tie et al., 2020). In
polycrystalline pellets, reaching a uniform elements distribution
could be challenging; the authors tried to ensure a homogenous
stoichiometry using powder obtained by grinding single crystals
of the target material rather than its precursors (Figure 3A). The
(CH;NH;)3Biy]g  crystals were produced by the solvent
evaporation method: the precursors dissolved in GBL were
placed in a beaker inside an oven at 70°C for 24h. The
synthesised crystals were rinsed with isopropyl alcohol (IPA)
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Physics Letters.

FIGURE 3| (A) (CH3NHg)sBislg precursor powders and cold-pressed pellet (top) and related SEM images (bottom). Reproduced with permission (Tie et al., 2020).
Copyright 2020, Advanced Materials. (B) SEM image of (CH3NH3)sBislg hot-pressed pellet. Reprinted with permission (Long et al., 2019) Copyright 2019, Applied

and ground. The resulting powders were then compacted using a
compressor. The compound was transferred to a cold isostatic
press under a pressure of 0.2 GPa. The pellets were dense, 3.86 g
cm™?, comparable to the single crystal density (3.98 g cm~3), with
a compact and flat surface. The pellet granules had a size of tens of
micrometres, and XRD analysis confirms hexagonal symmetry
(P63/mmc). The charge carrier mobility (p) was evaluated by the
time of flight (TOF) method, which gave pof 1.3-3.3 cm* V15~
for the holes and 1.4-3.6 cm®> V™' 57" for electrons, therefore
showing ambipolar charge transport. Hall effect measurements
revealed p-type conductivity (mobility of 2.3cm® V7' s7h),
consistent with the TOF analysis (Tie et al., 2020).

Hot Press

(CH3NHj3)3Bi,], pellets (Figure 3B) were first produced in 2019
using a hot press method, i.e., a temperature is applied during the
pressing process step (Long et al., 2019). The authors choose the
method to melt the grains boundaries, increasing the
compactness and, consequently, improving the electrical
properties. The whole process is performed in a glove box.
The powders were obtained by the mechanical alloy method
using a high energy ball mill: the precursors were ground in 50 ml
jars. The resulting powders were loaded into a graphite dye and
pressed at 250°C for 1-2h, with a pressure of 40 MPa. The
pressing was released at 70°C, and the sample allowed to cool
naturally. After 30 min of pressing, the tetragonal phase was
formed with a relative density greater than 95%. An
extraordinarily high Seebeck coefficient of +2.6mV K™' and
an extremely low thermal conductivity of 0.21 W m™" K
were reported. Scanning electron microscope (SEM) images
showed the formation of the cracks along the grain
boundaries, which the authors attributed the fragility to the
liquid phase formation that happens only at temperatures
close to the decomposition temperature of the compound
(Long et al,, 2019).

Thin Film Deposition
In general, thin thin-films are mainly used in nanotechnologies to
obtain solids in which the surface properties (e.g., reflection,

hardness, permeation, corrosion and electrical behaviour) are
enhanced (Frey and Khan, 2015). They can be deposited through
various processes, and the method impacts on morphology,
microstructure, optical and electrical properties, so the process
must be carefully matched to the application. For HPs, the choice
of the deposition technique, whether from solution or vapour,
determines the crystallization kinetics. Typical HP thin-film
thicknesses ranges from 100 nm to 1um (Roy et al, 2020).
Therefore, the synthesis techniques are modulated according
to the thin-film application. In this section, we review the
thin-film deposition methods that have been used for the
synthesis of 0D HPd. We first analyse the wet deposition (spin
coating, multistep methods, drop-casting), then we will move to
vapour assisted deposition and electrospray. The primary limit
for obtaining a thin film from 0D compounds is related to layer’s
compactness and morphology. The management of
crystallization kinetics in these HPs is, indeed, quite complex.
Many works report the formation of large crystals badly
connected, and even in the most optimised methods, the
surface roughness remains a challenge to control.

Spin Coating

Spin coating is commonly used in many technological sectors to
deposit thin films on flat substrates or to deposit sacrificial
photoresists as part of a patterning process. The advantage is
that very uniform films can be produced in a short time.
However, uniform coverage over large areas can be challenging
for some materials, and successful deposition is highly dependent
on the roughness and surface energy of the substrate to be coated.
During the spinning, the solvent evaporates, and the interplay
between the centripetal force (coming from angular velocity and
acceleration parameters), solvent evaporation rate, and the liquid
surface tension will generate a uniform coverage in an optimised
process. In producing HP thin films, spin-coating is the most
widely used technique because it is simple and low cost. The
solvents used to create the ink are generally aprotic polar, with a
low vapour pressure at room temperature and a high boiling point.
The deposition procedure is usually followed by annealing on a hot
plate at temperatures between 70°C and 150°C (Roy et al., 2020).
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The first report on spin-coated 0D HPd appeared in 2015
(Figure 4A) (Park et al., 2015a). The materials, bismuth-based
HPs ((CH3NH;)3Bilo, (CH3NH3);3BiyIo (Cly, Cs3Birly), were
presented as low-toxicity alternatives to lead-based HPs. The
HP precursors were dissolved in a DMF/DMSO mixture (7:3 v/v),
and the solution was then deposited on a 250nm thick
mesoporous TiO, layer (1,500 round per minute, RPM. for
20s) and treated in a dry box (relative humidity below 30%)
at 110°C for 30 min on a hot plate. XRD shows that the 0D HPd
belonged to the P6;/mmc space group and a hexagonal crystalline
phase. The absorption spectra recorded for 1 month, storing the
samples in the dark and under a dry atmosphere (humidity below
10%), show less than 10% variations, suggesting good stability
(Park et al, 2015a). But just a year later, morphology issues
became a hot topic. Singh et al. (2016) highlighted how the
substrate choice enormously impacted the film morphology

Quasi-Zero Dimensional Halide Perovskites

(Figure 4B). Deposition on smooth substrates did not
generate continuous layers, while in the case of mesoporous
layers, nucleation and growth were more uniform. Moreover,
they proved that for a good crystallization of a (CH;NH;)3Bi,lo
layer, stoichiometric control (above all the I/Bi ratio) is essential.

Abulikemu et al. conducted a comparative study on the
crystallization effect on thin films deposited by two
procedures: antisolvent-assisted crystallization (ASAC) and
saturated vapour crystallization (SVC). ASAC is an anti-
solvent procedure in which chlorobenzene (CB) is used; in the
SVC procedure, the samples were annealed in a closed Petri dish
at 60°C overnight to expose the sample to the solvent vapours
(Abulikemu et al., 2016) However, none of the methodologies
used provided continuous and compact films, although they
reveal that the degree of crystallinity of (CH3;NH;);Biyl,
heavily affects the optoelectronic properties. Space charge

Planar

B

- (18-NRD)

2016, ACS Energy Letters.

FIGURE 4 | (A) SEM images of (CH3NHzg)sBilg (top; scale 20 pm) (CH3NH3)sBiolg-<Clx (middle; scale 4 pm), CsgBislg (bottom; scale 4 pm) thin-films. Reprinted

with permission (Park et al., 2015a). Copyright 2015, Advanced Materials. (B) SEM images of (CH3NH3)3Bizlg layer deposited on planar TiO, (top), brookite (middle) and
mesoporous TiO, (bottom); scale 2 pm. Reprinted with permission (Singh et al. (2016). Copyright 2016, ACS Applied Materials & Interfaces. (C) SEM image of
(CH3NHz)3Sbolg thin-film deposited by a multi-step procedure involving the toluene dripping; scale 1 pm. Reprinted with permission (Hebig et al., 2016). Copyright
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limited current measurements give charge mobility (29.7 cm® V™!
s') comparable to lead HPs, regardless of the substrate.
CH;3NH;I and Bils precursors were dissolved in GBL and a
mixture of GBL and DMSO (7:3 v/v). The stable equilibrium
between the forming layer and the solvent facilitates the
crystallization control. Polycrystalline SVC-produced thin films
had an absorption edge at 2.26 eV, compared to the single crystal
at 1.96 eV; this shift has already been observed for the 3D HPs
CH3;NH;Pbl; and CH3;NH;PbBrs. The lack of long-range
structural coherence, due to disorder in the crystals, usually
explains the shift of the optical band gap in thin films
(Abulikemu et al., 2016). The authors instead propose that in
a 0D HPd, the shift is generated by the electronic transitions in
the Bil,> clusters. The steady-state optical absorption
measurements show a well-defined peak at about 500 nm, very
distinct in thin films but not reported in single crystal spectra,
probably due to the different crystalline orientation of the thin
film; the authors correlated this fingerprint to the electronic
transitions in Bi,lo>" clusters. Films deposited using GBL
solutions have a more pronounced peak and smaller grain size
compared to the thin films of the mixture solution. On the other
hand, in powders, the optical gap shifts towards greater values,
and the colour changes from the intense brown of the crystals to
the bright red of the powders. The authors attribute it to the
cleavage along the a and b crystallographic plane which generates
smaller and more randomly oriented crystallites. The
optoelectronic properties of the (CH3;NH;);BiIg thin film
were also measured. According to ultraviolet photoelectron
spectroscopy (UPS), the work function of the compound,
made by the GBL-SVC method, is 4.94 eV and its ionization
potential 6.0 eV. The photoluminescence emission band is
centred at 637 nm for all samples, suggesting that it should
refer to the radiative recombination occurring in Biylo>
clusters (Abulikemu et al., 2016).

In another method (Oz et al, 2016) CH;NH;I was first
dissolved in anhydrous DMF and then Bil; was added. Spin-
coating on PEDOT:PSS takes place after heating the solution to
60°C, and the final annealing was performed at 100°C for 30 min
inside a nitrogen-filled glove box. They stated that the Raman
peaks in the range 20 cm™' - 100 cm™" mainly were assigned to
the scissoring I-Bi-I and Bi-I-Bi modes, meanwhile, those ones
between 100 cm ™! and 150 cm™ to the stretching (Bi-I) modes
(Oz et al, 2016). Lyu et al. (2016) employed as substrate a
fluorine-doped tin oxide (FTO) coated with compact TiO, and
glass: on the first, the roughest surface, the layer was composed of
tightly packed hexagons while on glass, a smoother surface,
isolated hexagonal crystals are generated. They prepared the
precursor solution by mixing Bil; and CH3;NH;I in DMF.
After filtration (0.45 um PTEFE syringe filter), the solution was
spin-coated then dried on a hot plate at 100°C for 10 min (Lyu
et al., 2016).

Another intrinsic feature of 0D HPds is that the strong exciton
binding energy becomes a potential limitation for photovoltaic
and photodetector devices that require good charge extraction.
Scholz and co-authors carried out an in-depth analysis of charge
carrier dynamics in (CH3;NH3);Bi,Iy deposited on mesoporous
TiO, (Scholz et al,, 2017). In this study, Bil; and CH;NH;I were
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dissolved in GBL. The precursor solution was spin-coated onto a
mesoporous TiO, substrate under dry nitrogen in a glove box. In
the antisolvent route, 100 puL of CB were dropped after 14 s from
the rotation beginning. Drying was done at 70°C for 45 min. An
anti-solvent route to film formation was also explored, but this
only affected the grain size without altering the charge carrier
dynamics (Scholz et al,, 2017). In the steady-state absorption
spectrum, the excitonic absorption peak at 500 nm (2.48 eV;
20,000 cm™') is evident. observation of the excitonic peak
confirms that in the 0D HPds the charge is confined with
typical imprints in the absorption spectrum. Transient
absorption (TA) spectra at 400nm have a triple peak
oscillatory structure around 500 nm, which follows the second
derivative of the absorption spectrum. Therefore, the authors
conclude that many stable excitons are formed following
photoexcitation and that local electric fields are present, so
substantial as to give rise to a Stark effect. In the band
structure, according to density-functional theory (DFT)
calculations, two-electron levels, energetically close, are
involved, generating two overlapping absorption bands. They
suggest, therefore, that the observed phenomena are consistent
with a Stark effect induced by trapped carriers (Scholz et al,
2017). The authors state that the I (5p) — Bi(6p) excitation causes
the stable exciton formation within the octahedral clusters
surrounded by methylammonium. The estimated binding
energy is 300 meV, while the average thermal energy at 300 K
is 26 meV. Above all, the authors clarify that the excitation
kinetics are very different whether it occurs above the band
gap or in the exciton band. Only the population with excess
energy (Aprobe = 465nm) has an ultrafast decay component,
which can be related to the splitting of approximately the 26%
of the excitons (Scholz et al., 2017).

In another work, the pronounced localization of excitons is
attributed to the packing of (Biylo)*” clusters (Ni et al., 2017). In
this work, Bil; and CH3;NH;I were mixed in DMF and heated at
60°C under mechanical stirring until the solution was clear. The
solution was then spin-coated on silica substrates (2000 RPM),
left to rest in air for 30 min, and then annealed on a hot plate at
100°C for 1 h. The absorbance and photoluminescence emission
were highly anisotropic. Using the photoluminescence excitation
(PLE) technique, the authors observed the absorption transitions
between the bands. With excitation at 650 nm, four peaks
(385 nm, 464 nm, 557 nm, 615nm) were detected. The peak
intensities are modulated by the incidence angle of the
excitation beam, and the PLE spectra for different excitation
wavelengths indicate the presence of localized excitons. When the
beam is perpendicular to the sample (0 = 0°), the authors pump at
excitation wavelengths close to the PLE peaks (A, = 375 nm or
450 nm) and probe in the 580-660 nm range. Excitation at
375nm gives 3 PL day components (t; < 1 ps; T, = 10 ps; T3
> 2 ns), while at 450 nm there are only 2 (1, < 1 ps; T, > 12 ns).
The excitons at 375 and 450 nm were located in the clusters of
BiIo> and come from states trapped in two different sites. Due to
the nanosecond duration of some excitons, it is suggested that a
small portion of them is capable of tunnelling through the
CH;NH;" matrix, becoming delocalized. Given the presence of
such long-lived delocalized excitons, the possibility of carrier
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multiplication is predicted. By probing with a different beam
wavelength, between 250 and 400 nm, the authors also highlight a
group of parasitic peaks related to cascade excitations, indicating
that reabsorption and re-emission of photons is possible (Ni et al.,
2017).

Other well-investigated compounds are the Sb-based 0D
HPds. Baranwal and collaborators (Baranwal et al, 2017),
synthesized HPs thin-films based on Sb and Bi, studying them
as the cations vary (CH3;NH,;", Ag" and Cu’). The
CH;NH;I-based solutions were prepared by dissolving the
precursors in a mixture of DMSO and GBL, while the
precursors for the solutions with metal cations were dissolved
in DMSO. All the solutions were heated at 80°C and deposited at
2000 RPM for 30 s in an inert atmosphere. Then the layers were
placed on a hot plate at 80°C for 30 min. The (CH3NHj3);Bi,l,
(CH3NH3;)5Sb,I and (CH3;NH;);SbBily films all belong to the
hexagonal space group P6;/mmc and share the same preferential
crystal orientation. In the ultraviolet-visible (UV-vis) spectra of
(CH3NHj;)3Bi,ly and (CH3NH;3);SbBilg, a peak appears around
500 nm. In the (CH3;NHj;);Sb,]y spectrum, there is instead a
broader feature around 460 nm, but no clear peak. The coating of
the substrates used, TiO, and NiO, is not complete: the surface
morphology is composed of interconnected hexagonal crystals.
Furthermore, energy-dispersive X-ray (EDX) analysis revealed
that the ratio [I/(Sb + Bi)] is not homogeneous. The coverage of
TiO, and NiO substrates is improved compared with the films
made with organic cations, even if it is not yet complete and the
distribution of the elements remains uneven (Baranwal et al,,
2017).

The bandgap of (CH;NH3);(Sby 4Biy),Is can be modulated
by varying the Sb/Bi ratio (Chatterjee et al., 2020). In this work,
Bil;, Sbl; and CH;NH;I were dissolved in DMF, and the
solution stirred at 70°C overnight. Subsequently, it was spin-
coated at 2500 RPM for 30 s; after 12's, 100 pL of CB at 70°C was
dropped onto the spinning substrate. Finally, the sample was
annealed at 100°C for 30 min. The minimum energy gap
obtained was 1.90eV when the two metals were in an
equimolar ratio. This value is significantly lower than the
band gap of pristine compounds, which is 2.36eV for
(CH5NH,)5Sb,Iy and 2.16eV  for (CH,NH,);Bi,I,. The
authors explain the phenomenon suggesting antagonism
between the lattice deformation and the spin-orbit coupling
(Chatterjee et al., 2020). Another work (Hebig et al., 2016)
obtained good thin film coverage of pristine (CH3NH3);Sb,l
(Figure 4C). No excitonic peaks are clearly visible in the
absorption spectrum: the authors attribute this to the
substitution of Bi with Sb, but it should be noted that the
layers analysed were amorphous. Sbl; and CH;NH;I were
dissolved in a mixture of GBL: DMSO (2:3; v/v), and two
spin-coating procedures were adopted. In the first, the
solution was spin-coated at 3000 RPM for 45 s, while in the
second, a multi-step procedure was implemented, where the
spin rate was 3000 RPM for 10 s, then increased to 5000 RPM for
35s, and finally, in the last 20's, toluene was dripped onto the
spinning film. Using the first deposition route, the resulting
layer was composed of hexagonal crystallites with non-
continuous coverage. On the other hand, the second
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deposition procedure, involving the toluene dripping onto
the film during spin-coating, generated a uniform thin-film
whose structure was confirmed by XRD with a strong
orientation of the ¢ axis out-of-plane. Compared to Bi-based
HPs, (CH;NH3;);Sb,1y exhibits lower sub-bandgap absorption,
indicating a lower defect density. The PL emission peaks at
1.58 eV and the Urbach tail energy at 62 meV, indicate that a
substantial amount of disorder is present. A high energetic
disorder implies additional tail states that can give rise to
non-radiative recombination processes. Furthermore, it is
noted that the PL signal is shifted by 560 meV at energies
lower than the band gap (2.14eV), indicating that the
luminescence comes from radiative recombination in sub gap
states. They attributed the PL peak at 2.05 eV to direct band to
band recombination (Hebig et al., 2016).

Excitonic peaks were instead reported in (CH;NH;);Sb,1y by
Scholz and collaborators in polycrystalline thin films (Scholz
et al, 2018). They dissolved Sbl; and CH3;NH;I in different
solvents: GBL, in a mixture of GBL and DMSO (3: 2 or 2: 3
v/v) or DMF. A two-step procedure was performed in the
glovebox: first, the substrates were spin-coated at 500 RPM,
then at 3000 RPM for 30s. CB was dripped onto the films
after 4s for the GBL/DMSO solutions, after 6s for those in
DMF and after 14 s for GBL. The samples were then placed on a
hot plate for 30 min at 80°C (GBL and DMF) and 110°C (GBL/
DMSO). The films were not continuous, but transient UV-vis-
near-infrared (UV-vis-NIR) femtosecond absorption spectra
show marked excitonic characteristics. The time scales of the
different scattering processes were analysed, finding that the
kinetics (recombination time constants, T; = 190 ps, T, = 5 ns)
were pump laser fluence independent, meaning the dynamics
could involve localized excitons. Non-radiative recombination
mechanisms dominate the exciton dynamics. The phononic
dynamics were coherent, showing a strong electron-phonon
coupling. Steady-state Raman spectra were dominated by the
vibrations of (Sb,Io)*” anions. In the steady-state spectra, the
shoulder around 470 nm is assigned to exciton absorption, with a
binding energy >200 meV. The second derivative of the steady-
state absorption spectrum is very similar to the 10 ps broadband
transient absorption spectra. The authors attribute this spectral
signature to the predominant presence of excitons, which can be
generated either by a Stark effect induced by a trapped carrier or
by a biexciton effect. The observed kinetic behaviour is consistent
with locally trapped excitons, recombining non-radiatively over
long time scales. This interpretation is in agreement with a strong
electron-phonon coupling, that is confirmed by the strong
oscillations observed in the kinetics (Scholz et al., 2018).

A possible way to increase the electrical conductivity is
represented by doping. Electrical doping to increase charge
carrier concentration has been used in 3D HPs (Liu et al,,
2019; Tang et al., 2020; Euvrard et al,, 2021b), but remains
relatively unexplored in 0D HPds. Vigneshwaran et al. (2016)
engineered the (CH3NH;);BizIy bandgap by doping it with
sulphur. They obtained a mixed HP with a band gap of
1.45eV, where the charge carrier concentration and
mobility have been increased compared to the pristine
material. The precursor solution was prepared by mixing
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FIGURE 5 | (A) Sulphur-doped (CH3NHzg)3Biolg annealed at 120°C; scale 10 um. Reprinted with permission (Vigneshwaran et al. (2016)). Copyright 2016,
Chemistry of Materials. (B) AFM surface topography of Sn**-doped (CHaNHs)sSbalg layers, varying the tin percentage. Reprinted with permission (Chatterjee and Pal,
2018). Copyright 2018, ACS Applied Materials & Interfaces. (C) AFM surface topography of pin-holes free (NH,)3Sbalg thin-film. Reprinted with permission (Zuo and
Ding, 2017). Copyright 2017, Angewandte Chemie International Edition. (D) SEM images and AFM surface topographies of Cs3Shylg (left), RbsSbylg (centre),
K3Sbolg (right). Reprinted with permission (Correa-Baena et al., 2018). Copyright 2018, Chemistry of Materials. (E) SEM image and AFM surface topography of
Cs3Cu2l5. Reprinted with permission (Zeng et al., 2021). Copyright 2021, The Journal of Physical Chemistry Letters.

Bi(xt); (xt = ethyl xanthate) and CH;NH;I (molar ratio 1: 2)
in DMF. The filtered solution was spin-coated on mesoporous
TiO, (2000 RPM for 15 s). Different annealing temperatures
were tested: 80°C, 120°C and 150°C. The final morphology of
their (CH3;NH3);Bi,l, layers was investigated through SEM
analysis, and image of the sample annealed at 120°C is shown
in Figure 5A. The thermal decomposition of the metal
xanthates eventually leads to the formation of Bi,Ss,
through the formation of volatile intermediates such as
CS,, COS, CO, and CO. When decomposition occurs in
the presence of CH;NH;l, (CH3;NH;);Bily formation is
favoured, with X-ray photoelectron spectroscopy (XPS)
analysis confirming sulphur doping. The band gap was
reduced by increasing the annealing temperature. Fourier-
transform infrared (FTIR) spectroscopy and
thermogravimetry/differential thermal analysis (TG-DTA)
show that the minimum post-heating temperature to
remove impurities and complete the doping is 120°C. Hall
effect measurements showed p-type semiconductor behaviour
with carrier mobility of 2.28 cm® V™1 s™!, and annealed
samples had a carrier concentration of 2.3 X 102Y em ™3,
which is five orders of magnitude higher than the undoped
(CH;3NH;)3Bi,1y (Vigneshwaran et al., 2016).

Bismuth HPs with mixed halides were synthesized to study the
change in crystal structure. Hoefler and co-workers (Hoefler et al.,
2018), partially substituted iodine with chlorine in
(CH3NH;);3Bilo. The incorporation of chloride changed the

crystal structure, moving it to pseudo-stratified 0D (Hoefler
et al,, 2018).

In another work, (CHsNH;);Sb,Iy was doped with Sn**
(Chatterjee and Pal, 2018). The Fermi energy moved towards
the conduction band with the increase of the tin content,
changing the type of conductivity from the p-type to the
n-type. However, the tin substitution degraded the surface
morphology, as shown by atomic force microscopy (AFM)
images in Figure 5B, so the authors varied the Sb/Sn ratio to
obtain the maximum reduction of the band gap and the lowest
surface roughness. CH;NH;], Sbls;, and Snl, were dissolved in
stoichiometric quantities in anhydrous DMF, and the solution left
at 70°C overnight. One drop of the solution was spin-coated at
2500 RPM for 30 s; at 12 s, 100 uL of CB at 70°C was dropped onto
the sample to accelerate the crystallization. Finally, the films were
annealed on a hot plate at 100°C for 30 min. Following the tin
substitution, the spectral absorption region shifts to longer
wavelengths. The Tauc plot reveals that the optical gap
decreased by 0.1eV for every 10% of Sn**. Generally, doping
in semiconductors leads to the Burstein-Moss effect, which
consists of apparent widening of the optical band gap due to
the occupation of states at the band edges by free charge carriers.
However, an opposite behaviour in the 0D HPds has been
recorded. The authors attributed this effect to the introduction
of impurity levels into the band gap: the width and number of
those levels increases as Sn** is added, reducing the effective band
gap (Chatterjee and Pal, 2018). XRD shows that the preferential
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orientation is with the ¢ axis out-of-plane. In samples containing
more than 10% Sn**, an additional peak at about 12.7° appears,
which is attributed to the (111) plane of the secondary phase
(CH3NH;),Snls, a low-order 0D structure. The valence and
conduction bands were determined by scanning tunnelling
spectroscopy (STS). It is noted that the binding energy of the
exciton decreases as the doping increases, reducing from 200 to
110 meV in the case of 50% tin replacement; therefore, the
transport gap is reduced in tandem with the optical gap. The
data show that the gap reduction is due to the modulation of the
conduction band alone. The STS analysis also showed that the
Fermi level shifts towards the CB as the tin content increases.
Therefore, the conductivity changes from type p to type n
(confirmed by Hall effect measurements). However, it was also
observed that the surface roughness increases with dopant
concentration. A good compromise between band gap
reduction and surface roughness was found at 40% Sn doping
(Chatterjee and Pal, 2018).

A novel compound (NH,);Sb,Is can produce pin-holes free
thin-film, with the roughness of 5.5 nm and grains of 40-200 nm
(Figure 5C) (Zuo and Ding, 2017). These can be prepared by
mixing the precursors (NH4I and Sbl;; NH Br and SbBr;) in
ethanol. The layers were made on poly (34-
ethylenedioxythiophene) polystyrene sulfonate (PEDOT:PSS)
by spin coating at 4000 RPM for 30 s. Then the samples were
annealed on a hot plate at 110°C for 2 min. The absorption
spectrum of (NH,);Sb,Is could be gradually modulated by
replacing I with Br. Analysis of the Tauc plot shows that
(NH,);Sb, I, (NH,);Sb,1¢Br3, (NH,);3Sb,13Brg and
(NH,);Sb,Br, films have direct optical gaps of 2.27, 2.49, 2.66
and 2.78 eV, respectively. The XRD diffraction peaks show a
strong orientation of the c-axis out-of-plane, suggesting high
crystallinity (Zuo and Ding, 2017).

Sb-based HPs can also be synthesised when changing the
A-site cations (where A is Cs, Rb, or K) (Correa-Baena et al,,
2018) (Figure 5D). In this case, Sbl; was dissolved in a mixture of
DMF and DMSO (9:1 v/v) and heated at 100°C for 15 min. CsI
was dissolved in DMSO, while RbI and KI in a mixture of DMF
and DMSO (9:1 v/v). The solutions were spin-coated in the
glovebox in two phases, the first at 1000 RPM for 10s, the
second at 5000 RPM for 20 s. During the second phase (after
5s), CB was dripped onto the substrate; then, the film was
annealed on a hot plate at 100°C for 20 min. As expected, the
cation exchange affects the band gap, which ranges from 2.02 to
2.43 eV. The XRD pattern of the thin films based on Cs, Rb and K
show a high preferential orientation of the (003) direction out-of-
plane. Then the authors analysed the powders, concluding that
Cs3Sbyly crystallizes in the space group P63;/mmc (0D), while
K3Sb,Iy and RbsSb,ls form 2D structures. Cs;Sb,ly showed an
excitonic peak at 570 nm. The steady-state PL shows sharp
emission at 774 nm, suggested to be related to a trap-assisted
emission. The time-resolved photoluminescence (TRPL) decays
were composed of initial fast bleaching, followed by a slower one:
they were slower in the 0D structure than in the 2D compounds
due to the high exciton binding energy (166 meV for the 0D HPds
based on Cs; 107 and 120 meV, for the 2D HPs based on Rb and
K, respectively) (Correa-Baena et al, 2018). These results are
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debated: Correa-Baena et al. derived the above exciton binding
energy values based on the default assumption that the observed
PL is associated with free exciton recombination. However, other
investigations of the PL emission of these materials demonstrates
that the observed PL is associated with the recombination of self-
trapped excitons, hence the thermal quenching of the PL cannot
be traced to the exciton binding energy (McCall et al., 2017; Mei
et al,, 2021.). It has to be mentioned that zero-dimensional
Cs3Sb,ly features considerably stronger exciton self-trapping
than the two-dimensional counterparts, reflecting the more
prominent trapping effects taking place with lower structural
dimensionality (Mei et al., 2021).The cation substitution impacts
the films morphology: the Cs;Sb,I, film comprised small grains,
while those of Rb;Sb,1y and K;Sb,I, displayed much larger grains
(Correa-Baena et al., 2018).

Cs3Sb,l, has two polymorphs, one with a 2D structure and the
other 0D, which can be selected according to the deposition
procedure (Singh et al, 2018). The precursor solution was
obtained by dissolving Sbl; and CsI in a mixture of DMSO
and DMF (3:1 v/v), and then kept under continuous stirring
at 70°C for one night. It was spin-coated on PEDOT:PSS-coated
substrates at 6000 RPM for 40 s. Then, the samples were placed
on a hot plate at 150°C to obtain the 0D structure and at 70°C for
the 2D. The 2D HP films were, then, placed in a bottle containing
Sbl; (drops of a solution in DMF), and the system was heated to
250°C to complete the structure formation. The absorption
spectra of both structures have three different absorption
peaks. The authors suggest that they arise from transitions in
the same band. The band gaps were direct, evaluated as 2.3 eV for
the 0D structure and 2.05 eV for the 2D (Singh et al., 2018).

It has been proven that the carrier mobility of 0D Cs;Sb,l, is
considerably lower than the 2D counterparts: the 0D and 2D
carrier mobility, estimated using the space charge limit current
(SCLC) method, are reported to be 3.54 cm? V7! s7! for the 0D
phase and 6.81 cm® V™' s™" for the 2D, suggesting that the layered
structure has a lower defect concentration (Umar et al.,, 2019).
Also Peng and collaborators were able to improve the charge
mobility by tuning the structure (Peng et al., 2020), substituting
some of the iodine in Cs;Sb,l, with chlorine. They found that the
average Hall mobility of the 2D compound (Cs3Sb,Clsls) was
5.7 cm® V' 57!, meanwhile for Cs;Sb,l, in the 0D phase was
0.5cm® V' s7! (Peng et al., 2020).

Recently, the inorganic HP, Cs;Cu,ls, has been deposited on
an indium tin oxide (ITO) substrate inside a glovebox (Zeng et al.,
2021). The precursor solution was spin-coated at 1000 RPM for
10 s before and at 4000 RPM for another 20's 100 pL of methyl
acetate were dropped as anti-solvent at the end of the spin
process. Then, the film was placed on a hot plate at 100°C for
1 h. Different HI amounts (0, 5 and 10 puL) were added to promote
the crystallization of the film. XRD analysis attributes the material
to the orthorhombic space group Pnma. HI affects the peaks
intensity, allowing the authors to conclude that the best
crystallinity is obtained by adding 5pL of HI. All the films
were uniform, with the size of the grains decreasing as the
amount of added HI increases. The surface roughness was
generally less than 20 nm, and the lowest value, 13.3 nm, is
obtained by adding 5uL of HI (Figure 5E). Cracks are seen
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FIGURE 6 | (A) SEM images of Bil (top-left), one-step solution (CH3NHz)3Bilg (top-right), and two-step (CHzNHz)3Bislg prepared with various concentration of
CHsNHgl: 3 mg mi™" (centre-left), 6 mg mI™" (centre-right), 10 mg mi~" (bottom-left), and 20 mg mi~" (bottom-right). Reprinted with permission (Wang et al.,
2017). Copyright 2017, RSC Advances. (B) SEM images of (CHsNH3)3Bislg deposited by single-phase deposition (top) and multistep method. Reprinted with
permission (Ahmad et al., 2019). Copyright 2019, ChemElectroChem. (C) SEM images of (CHzNH3)3Biolg deposited by Hot Air Blow-Assisted Spin-Coating
method and annealed at 130°C (top) and 150°C (bottom). Reprinted with permission (Shirahata, 2020). Copyright 2020, Journal of the Ceramic Society of Japan.

only in the film with 10 uL of HI. The authors conclude that
adding a moderate amount of HI can improve crystallinity and
morphology, but an excess of it can be detrimental due to the
water introduced in the precursor solution by the HI (Zeng et al.,
2021).

The literature indicates that Sb-based 0D HPds have better
film-forming properties and lower exciton binding energy than
those based on Bi. This points to some potential benefits of
employing antimony instead of bismuth when replacing Pb in
thin film applications.

Multistep Sequential Solution Processes

To produce uniform (CH3NH;);Bily films, some groups have
designed multistep depositions, in which Bil; is deposited first
and, subsequently, CH;NH;I is provided in various ways to
complete the synthesis. Wang et al. (2017) spin-coated the Bil;
solution and, soon after, a CH;NH,I drop placed on the surface then
the excess spun-off. The synthesis was completed by annealing on a
hot plate. Bil; had been dissolved in DMF, sonicated for 30 min, and
then filtered. The deposition was performed in a glove box in a two-
step procedure (2000 RPM for 5 s and 5000 RPM for 10 s). Then the
sample was placed on a hot plate at 100°C for 30 min. Soon after,
100 uL of CHsNH;lI in IPA (3 mgml ™, 6 mg ml™*; 10 mg ml™"; and
20 mg ml "), was spread on the Bils film and left to rest for 30 s, then
spin-coated at 4000 RPM for 20 s. Finally, the sample was annealed
at 100°C for 60 min. All the synthesis was performed in the glovebox.
For comparison, a one-step method was also implemented: the
(CH3NHj;)3Bi,], solution was obtained by mixing the precursors in
DMEF, sonicated for 30 min, and filtered. 35 uL were deposited and
spin-coated at 4000 RPM for 30 s, and the sample placed on a hot

plate at 100°C for 30 min. The two-step methodology offered better
coverage than the one-step method (Figure 6A). Furthermore, the
authors highlighted that the film morphology was strongly
correlated to the concentration of the CH;NHj;I solution. The
best compromise between substrate coverage surface and
roughness was found to be 6 mg ml™1 (Wang et al,, 2017).

The organic cation can instead be introduced through an
organic solution of metal salts (Chen M. et al., 2018). In this
case, the Bil; was dissolved in DMF, and the solution sonicated
and filtered. 15 pL were dripped onto the substrate; then, spin
coated at 3,000 rpm for 6 s, followed by 6,000 rpm for 10 s. The
samples were placed on a hot plate at 100°C for 10 min in a
protected atmosphere, after resting in air for 30 min. The
sample was then immersed in a CH3;NH;I bath in anhydrous
IPA and annealed at 100°C for 30 min. However, the resulting
layer was discontinuous, made of hexagonal crystals with a
random orientation (Chen M. et al.,, 2018). Recently, Ahmad
and collaborators designed a two-step deposition to obtain a
thin film with a compact and smooth surface (Figure 6B)
(Ahmad et al., 2019). First, they deposited the Bil; dissolved
in DMF (5000 RPM for 30 s) on mesoporous TiO, and annealed
it at 70°C for 10 min CH3;NH;I in 2-propanol was dropped onto
the film and spin-coated (2000 RPM for 30 s); then, the film was
annealed on a hot plate at 120°C for 20 min. For comparison,
they prepared a precursor ink in DMF, and spin-coated it at
5000 RPM for 30s. The film made by the single-phase
deposition had a very rough hexagonal flake morphology
(7.57 um grain size). Instead, the film prepared by the
multistep method had a much more compact surface, made
up of large grains (size 17.25 um). The films show the typical
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absorption features, and the calculated optical band gap was
2.2eV. XRD analysis indicated remarkable stability up to
2 months (Ahmad et al.,, 2019).

A Hot Air Blow-Assisted Spin-Coating method was
introduced recently to deposit (CH3NH;);Bixly (Shirahata,
2020). SEM images are displayed in Figure 6C. The precursor
solution was deposited on mesoporous TiO, and spin-coated at
2000 RPM for 30 s, without hot air blowing. Then, the deposition
was repeated with the substrate at 60°C and with blowing. Finally,
the samples were placed on a hot plate at temperatures between
120 and 150°C for 30 min. The surface morphology, the I/Bi ratio,
and the lattice constants were dependent on the annealing
temperature. The best sample was obtained with annealing at
130°C (Shirahata, 2020). Hence, the subsequent spin coating of
the two precursors appears to be a winning method to produce
good quality and continuous (CH;NH;);Bi,Io thin films.

Drop Casting

Drop casting is a simple deposition method, where a precursor
solution is spread and dried by controlling temperature and
pressure. The final thickness depends on the volume of the
dispersed solution and its concentration. The thin-film
structure is defined by the substrate wettability, the solvent
evaporation rate, and the capillary forces associated with
drying. A disadvantage of this method is that uniform thin
films can only be produced on relatively small substrates (in
the order of a few cm?). Pious et al. (2017) used this method to
produce (CH3NH;)3Bi], film with a suitable substrate coverage.
Bil; and CH3NH;I were dissolved in DMF and continuously
stirred at 70°C overnight. Then the precursor solution was poured
into a Petri dish and heated to 100°C for 4 h to evaporate the
solvent completely. The produced powders were mixed with
PTFE and activated carbon in a weight ratio of 85:10:5. Then
the compound was dispersed in ethanol, and it was homogenized
by sonication. The ink was dripped onto the substrate, followed
by drying at 60°C for 12 h in a vacuum oven. The film comprised
interconnected crystals, and the XRD suggested that the material
is highly crystalline (Pious et al., 2017). Although the deposition
process is barely used to synthesize 0D HPd, the reported results
seem encouraging. The limitation comes from the difficulty to
control the drying process to obtain films of suitable thickness
and uniformity for many applications.

Vapour Deposition

Vapour deposition covers techniques where materials are
transported to a substrate in the vapour phases on which they
condense or undergo a chemical reaction. The techniques include
chemical vapour deposition (CVD) and physical vapour
deposition methods (PVD). As CVD uses a chemical reaction
on or near the substrate to form the thin film, it is typically
performed at a high temperature. It is highly scalable and includes
a number of variants on the core technique, including aerosol-
assisted CVD (Ratnasingham et al, 2021), atomic layer
deposition (ALD) (Seo et al, 2019), low-pressure CVD
(LPCVD) (Luo et al, 2015), plasma enhanced CVD (PECVD)
(Qiu et al., 2019), and others. PVD includes a range of techniques
such as thermal evaporation (Liu et al., 2019), sputtering, e-beam
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PVD and pulsed laser deposition. In the 0D HPd literature,
vapour deposition has been used both to provide just the
organic salt, or to deposit all the precursors sequentially or in
parallel.

Hoye et al. (2016) compared (CH3NH;3);Biyly thin films
synthesised by solution processing and vapour-assisted
techniques on borosilicate glass and quartz substrates. In the
solution-assisted conversion, they first prepared the Bil; solution
in DMF, sonicated for 1 h and filtered. 10 pL was spread on the
substrate (spin-coated first at 3000 RPM for 5 s and then 6000
RPM for 5 s) in a nitrogen-filled glovebox. The Bil; film was left
to rest for 30 min and then placed on a hot plate at 100°C for
30 min CH;3NH;I was dissolved in anhydrous IPA, and 200 pL of
the solution was deposited on the Bil; film and allowed to rest for
60 s before spinning (4000 RPM for 20 s). In the vapour assisted
conversion, the substrates were heated to 150°C for 15 min, 20 uL
of the Bil; solution were dropped onto the substrate and spin-
coated at 4000 RPM for 10 s. Then the film was placed on a hot
plate at 100°C. The conversion of the metal halide to a 0D HPd
was achieved by suspending the film in a vacuum chamber above
some CH;3;NH;I powder which was heated to 150°C for 4 h. After
naturally cooling the system to room temperature, the film was
annealed at 100°C for 1h in a nitrogen-filled glove box. The
largest crystallites were obtained with the vapour-assisted
conversion method, even though the layer is composed of
tightly packed flat crystals resulting in a rough, non-
continuous thin film (Figure 7A). Transient PL analysis shows
that films made by vapour assisted process have longer decay
times and therefore lower rates of non-radiative recombination
which you would expect from a material with low defect density
(Hoye et al., 2016). Ran et al. (2017) managed to create a smooth
and compact layer with low surface roughness. First, the Bil; layer
was thermally evaporated under a vacuum of 10> mbar, then
CH;NH;I solution in IPA was coated by spinning at 4000 RPM
for 30 s, and the film annealed at 120°C for 1-5 h. IPA in excess
was dripped onto the sample and spin-coated to remove the
residual CH;NH;I. Bil; had a preferential orientation of the (006)
parallel to the substrate, and (CH3NHj3);Bi,], exhibits the typical
peaks of the hexagonal space group P6;/mmc. In the UV-vis
spectrum, absorption peaks at 2.47 eV, at 2.95 and 3.58 eV are
observed that relate to the electron transitions from the ground
state 'S, to the excited states >P}, *P, and 'P, of Bi*" in the isolated
Bilo>~ clusters. The calculated diffusion lengths for electron and
hole are 46.0 and 21.6 nm, respectively. Furthermore, the trap
density of the charge carriers was assessed as 5.29 x 10'” cm ™ and
their mobility 3.47 x 107 em®* V™' s7h (Ran et al, 2017). A
vapour-assisted solution process was also used by Jain et al.
(2018) where Bil; was dissolved in DMF:DMSO (6:4 v/v), and
the solution was spin-coated at 4000 RPM. The sample was
placed on a hot plate at 100°C for 30 min. The samples were
then placed in a closed Petri dish containing CH;NH;I powder
and heated to 150°C. The critical step to produce compact films is
the reaction time between the Bil; film and the methylamine in
the gaseous phase. The grain size increased with the exposure
time to the CH3NH;I vapours. In the UV-Vis spectra, a peak at
495-516 nm appears as the reaction time increases, which is
attributed to the exciton peak. This peak has a shoulder at
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FIGURE 7 | (A) SEM image of vapour assisted synthesized (CHgNH3)3Bizlg layer (scale 2 pm). Reprinted with permission (Hoye et al., 2016). Copyright 2016,
Chemistry—A European Journal. (B) SEM image of S-doped (CH3NHz)3Bizlg grown by low-pressure vapour-assisted solution process (scale 500 nm). Reprinted with
permission (Li et al., 2019b). Copyright 2019, ACS Energy Letters. (C) SEM image of (CHzNH3)3Bizlg thin-films grown by the precursors co-evaporation: deposited for
360 min once (top) and twice (bottom); scale bar 2 um. Reprinted with permission (Chen et al., 2017). Copyright 2017, Royal Society of Chemistry.

625 nm, decreasing with increasing reaction time, suggesting that
two bands are involved in the electronic transition (Jain et al,,
2018). Also, Huang and collaborators applied the sequential
deposition method to obtain uniform layers of
(CH3NHj;);3Bi,lo: first, the Bil; was evaporated on ITO and
immediately after the CH;NH;]; then, the sample was heated
at 100°C for 30 min in a nitrogen atmosphere. By varying the
deposition ratios of the two precursors, the authors obtained an
excellent coverage of the substrate (Huang et al., 2018).

A novel and successful synthesis path to obtain compact and
uniform (CH3;NH;)3Bi,ly thin-films has been proposed by Li and
co-workers (Li F. et al,, 2019). They used vapour deposition to
perform organic cation exchange, transforming
(CH;CH,CH,NH;);Bi,ly to (CH3NH;3);Bi]l; when it was
exposed to CH3NH;I gas. The precursor film was made by
spin-coating a solution of Bil; and CH;CH,CH,NH;l in
DMSO. The cation exchange was carried out in methylamine
gas, generated by the reaction of methylammonium chloride and
sodium hydroxide (CaO was used as a desiccant). The reaction
was carried out in a closed container at 100°C for 5 min. The
(CH;CH,CH,NHj3)3BiIo thin-film has a dense and uniform
morphology with grain sizes between 300 and 1,000 nm.
Therefore, CH;CH,CH,NH;I assists the reaction and creates
large well interconnected grains, and after conversion the layer
compactness is kept although the grain size is reduced to about
100nm (Li F. et al, 2019). A low-pressure vapour-assisted
solution process was also developed to grow bismuth-based
HP films with iodine partially substituted by sulphur (Li et al.,
2019b). The Bi(xt); precursor solution in DMF was spin-coated

on mesoporous TiO, at 3000 RPM for 30 s; then, the sample was
heated to 70°C for 30 min in a nitrogen-filled glove box. The
Bi(xt); layers covered with CH;NH;I powder were closed in a
Petri dish and placed in an oven under vacuum (10 kPa) at 150°C.
After 30min, the film had become dense and uniform
(Figure 7B); the absorption edge was at 743 nm (1.67 eV). By
increasing the reaction time, the absorption edge was blue-
shifted. The bandgap increased to 2.10 eV when the samples
were annealed for 90 min, because prolonged exposure to
CH;3NH;I vapours causes an excessive substitution of $* with
I', bringing the structure closer to that of the pristine compound
(Li et al.,, 2019b).

A deposition process involving the gas phase of both the
precursors was designed by Zhang et al. to obtain highly
compact films with large grains (Zhang Z. et al.,, 2017) first
Bil; was deposited in high vacuum, then (CH3NH3);Bi,ls was
synthesised in CH3;NH;I gas in low vacuum. The reaction
between Bil; and CH3;NH;I takes place in a closed ceramic
vessel (reaction space of 3,600 cm®) in a low vacuum oven at
140°C-180°C for 6-10 h. Final annealing in air was applied to
remove residual CH;NH;I. The optical bandgap, with a direct
transition, is 2.26 eV. The excitonic absorption peak is visible at
498 nm. The spectrum of PL shows four signals: 488 nm
(2.53 eV, linked to the energy absorption edge at 2.62¢V),
519nm (2.39eV, relative to the exciton PL peak of
absorption at 2.62 eV), 575 nm (2.15eV, consistent with the
optical bandgap) and 603 nm (2.05eV, attributed to the
excitonic irradiative luminescence at the band edge) (Zhang
Z. et al,, 2017).

Frontiers in Electronics | www.frontiersin.org

21

October 2021 | Volume 2 | Article 758603


https://www.frontiersin.org/journals/electronics
www.frontiersin.org
https://www.frontiersin.org/journals/electronics#articles

Trifiletti et al.

Quasi-Zero Dimensional Halide Perovskites

FIGURE 8 | (A) SEM image of electrospray deposited Cs,Tels (scale 2 um). Reprinted with permission. (Xu et al., 2018). Copyright 2019, ACS Photonics. (B) SEM
images of electrospray deposited Cs,Tels, without (left) and with (right) post deposition thermal treatment in a DMF atmosphere at 160°C for 5 h (scale 500 nm).
Reprinted with permission (Guo et al., 2019). Copyright 2019, Journal of Materials Chemistry C.

Co-evaporation of precursors has been widely used for 3D HP
films as it can lead to a high-quality film (Liu et al., 2019; Li et al,,
2020; Rofs et al., 2020). In the context of 0D HPds this method has
shown good coverage but with a high roughness (Figure 7C)
(Chen et al., 2017). The thin films produced had an indirect
optical bandgap of 1.80 eV and an excitonic peak at 511 nm. In
contrast to other published reports, the films exhibit the
characteristics of n-type semiconductors. The conductivity of a
775 nm film shows a rather high value of 9.7 S cm™". Moreover,
the concentration of the charge carriers was 3.36 10'® cm™ with a
mobility of 18 cm® V™' s, Through thermogravimetric analysis
and the precise positioning of the sources in the reactor, the
authors could co-sublime the precursors. CH;NH;I and Bil; are
co-sublimed at 199°C and 230°C, respectively, in argon flow inside
a tubular oven. The substrate (silicon or glass) was kept at a
temperature of 160°C. Bil; quickly condensed on the substrate,
where it nucleated and grew. The condensation of CH;NH;I
determines the kinetics of the final film formation. After 480 min
of crystal evolution, the substrate coverage was inadequate.
However, two 360-min depositions could be used to fuse the
intergranular regions, thus producing a dense layer. The authors
calculated that the indirect band gap to be 1.77 eV from K (1/3, 1/
3, 0) in the valence band to (0.05, 0.05, 0) in the conduction band,
while the calculated direct one is 1.89 eV and occurs at (0.075,
0.075, 0). The bands are relatively flat because the connection
between the octahedra is broken along all three crystallographic
directions. After 5days of exposure to air, the films begin to
oxidize: first, N is lost, and then the excitonic peaks are
extinguished. Resistivity increases along with oxidation. The
conductivity decay is bi-exponential, and the time constants
suggest a fast surface degradation mechanism, followed by a
slower one in bulk (Chen et al., 2017).

Electrospray

This method is used to deposit layers over large areas with high
reproducibility, and it is easily applicable to industrial
production. The solution is loaded into a syringe with a
stainless-steel needle. An electric field is applied between the
needle and the substrate. A syringe pump manages the spraying
speed. The spray time adjusts the thickness. The electrospray can
be divided into four processes: solution injection, spraying on the
substrate, substrate wettability, and drop diffusion. The first two
are controlled by varying the electric field, meanwhile the last two
by tuning the solvent and the substrate temperature. Xu and

collaborators have used it to synthesise Cs,Tels (Xu et al., 2018).
SEM image is shown in Figure 8A. CsI and Tel, were solved in a
mixture of DMF, ethanol, and hydroiodic acid. The substrate
temperature was varied between 110°C and 175°C. At 110°C, the
films show a dendritic structure, but the defects are reduced by
increasing the deposition temperature. Around 175°C, large Csl
crystals form. The authors indicated temperatures between 150°C
and 165°C as optimal. Since the solvent evaporation and
crystallization rates must be well balanced, the authors varied
the applied bias, the nozzle-substrate distance and the flow rate to
obtain sufficiently small spray droplets. The first deposited
droplets form the first nucleation seeds that partially dissolve
and recrystallize each new spray. Gradually the crystalline seeds
grow with solvent evaporation. XPS reveals that only a negligible
amount of oxygen is present, despite being prepared in air (Xu
et al., 2018).

The effects of spraying parameters on Cs,Tels film
morphology was studied by Guo et al. (2019), who produced
dense and compact thin films between 2 and 6 pm thick
(Figure 8B). The authors varied the solvents, the jet electrical
polarization and the substrate temperature. The films were
deposited on mesoporous TiO, and placed on aluminium foil
under the syringe filled with the precursor solution and connected
to a pump. The flow rate was set at 1 ml h™'. Solutions were
prepared in DMF alone and in mixtures of DMF and n-butanol
(1:1 v/v), DMF and IPA (1:1 v/v), DMF and ethanol (1:1 v/v),
DMEF and DMSO (1:1 v/v). The electrical polarizations applied
were 6 kV, 8kV, 10kV and 12 kV. The substrate temperatures
considered were: 145°C, 150°C, 155°C, 160°C and 165°C. After
annealing, the samples were placed under a glass bell together
with a 10 ml beaker filled with DMF and heated to 160°C for 5 h.
The authors found that for a stable single conical jet, the electrical
polarization to be applied is 10 kV. To find a suitable solvent, the
authors evaluated the contact angle. A good surface wettability
favours the growth of a smooth film. Furthermore, considering
the boiling point of the solvent, they managed to obtain a dense
film. DMF was found to be the most appropriate for wettability
and evaporation rate. The nucleation rate influences the initial
stage of film growth. To control it, the authors varied the substrate
temperature. Evaluating the grains size, the film quality and
crystallinity, the suggested temperature is equal to 160°C. DMF
vapour treatment was implemented to improve the film quality.
XRD analysis confirmed the formation of the pure phase with an
indirect band gap of 1.88 eV (Guo et al,, 2019).
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FIGURE 9 | (A) Cartoons of the main PV architectures: conventional (left) and inverted (right) (B) Schematic representation of a HP-LED. Reprinted with
permission (Ji et al., 2021). Copyright 2021, Advanced Optical Materials. (C) Schematic representation of a HP-based laser diode. Reprinted with permission (Colella
et al., 2016). Copyright 2016, The Journal of Physical Chemistry Letters. (D) HP photodetector architectures. Reprinted with permission (Gu et al., 2020). Copyright

APPLICATIONS OF ZERO-DIMENSIONAL
HALIDE PEROVSKITES

Optoelectronics

Lead-based HPs have been brought to international prominence
for their unique optoelectronic properties: high absorption
coefficient, bright photoluminescence, balanced electron-hole
mobility, tuneable exciton binding energy, and long exciton
diffusion (Kang and Cho, 2020). Lead-based HPs, as stand-
alone devices, are nowadays competing with established silicon
photovoltaic (PV) technologies on efficiency. However, the
presence of toxic metals and instability in air (Christians et al,
2018; Su P. et al., 2020), have pushed research towards replacing
them with safer elements such as bismuth, which improves
stability and reduces toxicity. So, the spotlight has turned to
0D HPds. Compared to 3D HPs, their 0D counterparts have
optoelectronic properties that result from quantum confinement.
For example, electron-hole pairs have higher binding energy than
in 3D HPs, and therefore a higher photoluminescent efficiency,
attractive for luminescence applications (Zhu and Zhu, 2020).
Single-junction PV devices are limited in efficiency by the size of
their band-gap relative to the solar spectrum. This is known as the
Shockley-Queisser limit and it arises because photons with energy
less than the band gap cannot be absorbed, and charge carriers
excited by photons with energy exceeding the band gap lose a
large portion of this energy through heat dissipation when
charges relax thermally to the band edge before extraction. If
photogenerated carriers could be extracted before they relax, the
Shockley-Queisser could be exceeded. In nanostructures, this
thermal relaxation is much slower due to phonon
confinement, giving the possibility of hot carrier extraction
(Konig et al.,, 2010). Therefore, developing such structures in
bulk or thin-film self-assembled materials is highly desirable.
Accordingly, it has shown that hot carriers last 10x longer in 2D
HPs than in 3D HPs (Jia et al., 2018), inviting the possibility of hot

carrier extraction from lower dimensional HPs. In this chapter,
we start by analysing the results obtained in PVs, being the field
that initially prompted the research on these compounds. After
that, we address the promising results obtained using them in
light-emitting diodes and laser. Finally, we describe their use as
photodetectors. Applications are summarised in Figure 9.

Solar Cells

In 2009, the HP CH;NH;PbI; was successfully employed as a
sensitizer for electrochemical solar cells (Kojima et al., 2009).
Only 3 years later, the efficiency of the PV devices was pushed up
to 10%, using it as a light absorber layer in thin-film solar cells
(Kim et al., 2012; Lee et al., 2012). Since that time, the race for
high efficiencies has become feverish. In less than a decade,
interdisciplinary collaboration and immense interest have
pushed HPs to the current efficiency record of 25.6%, thus
surpassing many other well-established technologies (such as
CdTe and Cu(In,Ga)Se;) and flanking monocrystalline Si solar
cells (Song et al., 2021).

The principal figure of merit of a solar cell is the PV efficiency,
PCE, and this is defined as the efficiency with which the device
converts solar irradiance into available electrical power. It is given
by the ratio between the output and input power. The output
power is obtained by multiplying the short-circuit current, J, the
open-circuit voltage, V,., and the fill factor, FF. The FF is a
measure of the deviation from the ideal case (FF = (Jinp Vinp)/(Jsc
Vo), where ], and V.., are respectively the current density and
the voltage at the maximum power point) (Smets et al., 2016).
Various device architectures were employed, but basically, they
can be divided into two main categories related to the substrate
conduction: n-type or p-type. The n-type configuration is
commonly named the conventional architecture because it was
the first employed. The electron transport material (ETM) is
deposited onto a transparent conductive electrode (TCO) such as
FTO. The ETM could be, for example, a single TiO, compact
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layer or, alternatively, a bilayer in which a mesoporous TiO, film
covers the compact TiO,. The HP is grown on the ETM. The most
common hole transport material (HTM) is spiro-MeOTAD, a
small molecule primarily employed in solid-state dye-sensitised
solar cells (DSCs) and organic light-emitting diodes (OLEDs).
Nowadays, it is considered as the reference HTM for HP-based
solar cells. In the p-type configuration, called inverted
architecture, the TCO used is typically indium tin oxide
(ITO), and the HTM (usually NiO or PEDOT:PSS) is
deposited before the HP layer. Phenyl-C61-butyric acid methyl
ester (PCBM) is commonly employed as ETM (Roy et al., 2020).

For a long time, however, the toxicity of lead-based HPs has
worried researchers engaged in scaling up. Therefore, low-
toxicity alternatives, such as Ge or Sn-based HPs, have been
proposed. However, their easy oxidation in air limited their
prospects. Bi seemed the ideal candidate to substitute Pb, in
this scenario, due to its low toxicity and high chemical stability
(Hu et al,, 2017; Zhang L. et al., 2019). Park and collaborators
tested bismuth-based hybrid HPs Cs;Bi,ls, (CH3NH3);Bi,Is and
(CH3NH;);3Bi,lo Cl, in conventional solar cells, using spiro-
MeOTAD as a hole HTM. The metal electrodes were made of
silver. Cs3;Bi,Io provided the best performance with conversion
efficiency higher than 1%, (FF = 0.60, V,. = 0.85 V, and J,.
2.15 mA cm™2); the authors attributed the low performance to the
layer roughness and lack of compactness. Furthermore, they
suggest that the charge transport materials employed are not
the most suitable. However, stability tests revealed that Bi-based
solar cells are stable for 1 month (Park et al., 2015b). Also, Singh
and collaborators used (CH3NHj;3);Biylg as a light absorber in
classical n-type architecture, reporting low but very stable
performance (PCE = 0.2%, stable for 10 weeks under ambient
conditions) (Singh et al., 2016). Devices prepared by Abulikemu
and co-workers were also poorly efficient (PCE = 0.11%).
According to the authors, the low efficiency was due to the
film morphology and the inadequate alignment of the
(CH3NH;)3Bi,ly and HTM bands. Through the analysis of the
surface photovoltage spectroscopy (SPS) data, the authors were
able to calculate the mobility of the charge carriers (29.7 cm® V"1
s!) which is in the same order of magnitude as CH;NH;Pbl,
(38 cm® V1 s7'). The trap density is also quite low, even lower
than CH;NH;Pbl;. Therefore, the authors attribute the low
performance obtained to the high recombination of the
photogenerated carriers, caused by the surface inhomogeneity
and discontinuities (Abulikemu et al, 2016). Wang et
collaborators tried to improve the surface morphology and
thin film compactness using a two-step solution method, but
the efficiencies produced did not go beyond 0.27%.

The authors once again stressed the critical importance of
synthesising a stoichiometrically uniform, hole-free layer (Wang
et al., 2017). On the other hand, Zhang and co-workers could
make (CH3NH3)3Bi,ly compact layers composed of large grains.
They managed to achieve 1.64% conversion efficiency. The films
seen in the cross-section appear compact, and the optimal
thickness turned out to be 300 nm. The carrier lifetime was
calculated from the transient PL decay measurements and
ranged from 2.0 to 2.8 ns depending on the film thickness.
The electron diffusion length was 189 nm, while that of the
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holes was 113 nm. Both are in the order of magnitude of those
of the CH3NH;PbI;. Nevertheless, the charge mobility was found
to be 7.91 x 10™* cm® V™' s}, which is four orders of magnitude
less than CH3;NH;PbI;. The authors attribute the low charge
mobility to mixed conduction along with the crystallographic
directions. In fact, along the ¢ axis, there is a highly effective
charge mass and relatively low dielectric constants (Zhang Z.
et al.,, 2017). Also, Li and collaborators made a (CH3NH3);Bi,Iq
film with smooth, uniform, and compact surface morphology, but
nevertheless they achieved the maximum conversion efficiency of
just 0.33% (Li F. et al,, 2019).

Exciting results came from solar cells in conventional
architecture using the poly (3-hexylthiophene-2,5-diyl) (P3HT)
as the HTM, even if the first attempt was not rousing (PCE =
0.19%) (Lyu et al, 2016). The authors attributed the poor
efficiency to the large band gap and strong exciton binding
energy. However, the device was stable for 40 days in air
when exposed to humidity (50% RH) at room temperature
(Lyu et al,, 2016). But, later on, Jain and co-workers prepared
the solar cells by depositing (CH;NHj;);Bi,Io with a vapor-
assisted technique on mesoporous TiO, substrates, and P3HT
as HTM. They managed to produce a record efficiency of 3.17%.
The remarkable performance was attributed to the homogeneous
surface coverage and improved stoichiometry. Solar cells only had
a0.1% drop in efficiencies in 60 days. The best devices provided a
decent current density (4.02 mA cm?), a good FF (0.78), and an
impressive V. of 1.01V (Jain et al., 2018).

It should be noted that there have also been some attempts to
replace TiO, in bismuth-based HP devices, although not
successful. When it was replaced with fluorinated perylene
diimide, a maximum efficiency of just 0.06% was recorded
(Huang et al., 2018). Chen and co-workers replaced the titania
in anatase phase with a rutile TiO, nanorod array. The best
conversion efficiency (0.14%) was obtained with a titania
thickness of 564 nm. The authors attribute the poor PV
performance to the surface roughness and the high exciton
binding energy (Chen M. et al., 2018).

Even when 0D HPds were used in inverted architecture,
performances that could be competitive with 3D HPs was not
obtained. Oz used the p-type architecture: ITO/PEDOT:PSS/HP/
PCgsBM/Ca/Al. The conversion efficiency obtained was 0.1%.
The authors stated that the low conversion efficiency was due to
the large band gap (2.9 eV) and the inadequate alignment of the
energy levels of the charge transport materials. Furthermore, they
pointed out that the low short circuit current was caused by the
configuration used, failing to split the exciton with a binding
energy of 400 meV (Oz et al., 2016). Baranwal and co-workers
compared different HP compositions based on bismuth and
antimony conventional and inverted architectures
(Baranwal et al., 2017). Since the substrate impacts the growth
of the layer itself (Trifiletti et al., 2018), the performance in the
final device is also different. The best performance for the hybrid
compositions was obtained with (CH;NH;);Bily in the
conventional configuration, thanks to better substrate coverage
(Baranwal et al., 2017). In inverted architecture, a performance of
0.39% has been achieved. Again, the low performance was
attributed to the strong exciton binding energy. However, the
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authors added that other detrimental effects are the short carrier
diffusion length, their low mobility, and the high density of the
trap states (Ran et al., 2017). Even the deviation from the pristine
Bi-based compound could not increase the PV performances:
(CH3NH;)¢Bil55,Cls 7  reached a maximum conversion
efficiency of 0.18% (Hoefler et al., 2018), and (CH3NH;)3Bils.
2x5x achieved an efficiency of 0.15% (Li et al., 2019¢).

Unfortunately, also, the HP based on Sb could not provide
performances comparable with their lead-based counterparts.
Solar cells in a p-type configuration, have been manufactured
using (CH;NH;);Sb,1o, obtaining a maximum power conversion
efficiency of 0.5%. The low maximum EQE value, 12%, indicates
that charge carrier collection in this architecture is inefficient
(Hebig et al,, 2016). An important result, which could open up
new study paths, was reported by Chatterjee and Pal (2018). They
completely revolutionized the components of the device, adapting
them to the light absorbing layer. Thus, they obtained a PCE of
2.69% with a (CH3NH3)5(Sbg¢Sng 4),1o-based solar cell, in the
configuration: ITO/Cu:NiO/HP/ZnO/Al. The optimum Sb:Sn
ratio in terms of band gap and surface roughness was found
to be 6:4. STS studies established good band alignment with both
Cw:NiO and ZnO. Pristine Sb-based HP provided a maximum
conversion efficiency of 0.57%. In devices employing HP
substituted with Sn, the current increases as the tin content
increases, thanks to the band gap narrowing, which increases
the photogenerated charge. In addition, band tuning can promote
the alignment with the charge transport materials’ bands,
improving charge extraction and, therefore, the FF. Also, the
decrease in V. is a consequence of the band gap narrowing.
Increasing the Sn amount over 40%, the PV parameters were
lowered due to an increase in the charge carriers’ recombination.
Moreover, a notable increase in roughness and impurities occurs,
acting as recombination centres for the charge carriers. The
devices were left in air for 15 days, at an average temperature
of 24°C and average relative humidity of 60%. Samples with Sn-
doped 0D HPd saw performance drop by 80%, while those with
pristine Sb remained stable. Since the XRD spectra did not show
HP degradation processes, the authors attribute the loss to the Al
contact degradation. The devices stored in glove boxes, on the
other hand, maintained their initial performance (Chatterjee and
Pal, 2018). Some of the same authors studied the effect of bandgap
variation with composition modulation in (CH3NH;);(Sb;.
xBix)2ls. The best conversion efficiency, 1%, was obtained for
(CH3NH3)3(Sbg 4Bigs)-Is, which generates the best balance
between surface roughness, bandgap, and excitons binding
energy (Chatterjee et al., 2020).

The few reports on Cs;Sb,I, faced the same limits of the hybrid
compounds. Correa-Baena and co-workers tested it in
conventional architecture solar cells. Despite the excellent
surface roughness, the devices showed low photocurrents
(0.1 mA cm™?) and PCE (0.03%). The authors blame the large
exciton binding energy, therefore the high degree of charge
confinement in the low dimensional structures, and the large
carrier effective masses (m*, = 1.55 and m*. = 1.40; calculated
from DFT) (Correa-Baena et al., 2018). Singh and collaborators
compared the Cs;Sb,Iy 0D and 2D form and employed them in
reverse architecture solar cells. Notably, the best result (0.89%) for
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the 0D structure was obtained by removing the HTM, with the
aluminium contact directly deposited on the HP film, to raise the
short circuit current. The authors explain this with a mirror effect
from the back contact, which enhances the light collected (Singh
et al., 2018).

Later on, also Peng et al. compared the two phases in the
conventional architecture: spiro-MeOTAD was substituted by
poly (N,N’-bis-4-butylphenyl-N,N’-bisphenyl)benzidine (poly-
TPD). The 0D Cs;Sb,ly absorber gave an efficiency of 0.24%,
meanwhile the 2D Cl-substituted Cs;Sb,Cl;I¢ reached a PCE
value of about 1.56% (Peng et al., 2020).

In Table 4, the PV parameters of the reviewed devices are
listed. Even in the best performing device (Jain et al., 2018), where
the V. and FF are comparable with the lead-based HPs devices,
the current density is relatively low. As highlighted in this section,
even when a pin-hole free layer is deposited, the large optical
band gap and the high exciton binding energy dramatically limit
the application of the 0D HPds in PV, although the motivation to
replace lead ensures that work in this area is ongoing. Recently
(Pengetal., 2021), their low toxicity and large band gap have been
motivating the investigation of these compounds as indoor light
harvesters. The bandgap values around 2 eV are, indeed, optimal
for indoor PV, because the spectra of indoor light sources are
blue-shifted compared to the reference spectrum used for
outdoor PV (Peng et al.,, 2021).

Light Emitting Diodes

Light-emitting diodes (LEDs) are used in solid-state lighting
(SSL) applications to convert electricity into light (Tsao and
Coltrin, 2006). Today, SSL is used in our homes, streets, and
many technological devices due to its high energy efficiency,
low cost, low energy consumption, and long lifetime compared
to conventional lighting sources such as fluorescent, high-
intensity discharge lamps or incandescent (De Almeida et al,,
2014). The performance of LEDs and thus the efficiency of SSL
strongly depends on the material used in the active region (or
light-emitting layer). The active region should exhibit high
internal quantum efficiency (or quantum yield) (IQE) and the
device as a whole should achieve a high external quantum
efficiency (EQE). These two quantities are proportional to each
other, modulated by the probability of injected charges
combining in the active region and the probability of a
generated photon from the active region exiting the device.
The other important parameters for the determination of LED
performance are stability, maximum luminance, power
efficiency (PE), current efficiency (CE) and turn-on voltage
(Van Le et al,, 2018). Work on HP-based LEDs began with the
mixed halide 3D HP, CH;NH;PbI;_.Cl,, in 2014 (Tan et al,,
2014), and HPs are now considered as promising candidates
for LEDs due to their widely tuneable bandgaps, high
photoluminescence quantum yield (PLQY) and high charge
carrier mobilities (Colella et al., 2016; Liu et al., 2021). 3D HP-
based LEDs with high EQE of 10.43% and brightness of
91,000cd m™> were prepared by using green-emitting
inorganic CsPbBr;, mixed with a small amount of organic
methylammonium cation (Zhang L. et al., 2017). Nevertheless,
the device’s instability caused significant decay of efficiency
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TABLE 4 | Summary of PV parameters, in the reverse scan direction, of the champion devices published employing 0D HPds.

HP Device architecture Jsc (MA Vi (V) FF PCE (%) Ref
(HTM) cm™?)
(CH3NH3)3Bi2loCly conventional (spiro-OMeTAD) 0.18 0.04 0.38 0.03 Park et al. (2015b)
(CH3NH3)6Bils 22Cls 78 conventional (spiro-OMeTAD) 0.66 0.45 0.58 0.18 Hoefler et al. (2018)
(CH3NHg)3Bislg conventional (spiro-OMeTAD) 0.52 0.68 0.33 0.12 Park et al. (2015b)
conventional (P3HT) 1.16 0.35 0.46 0.19 Lyu et al. (2016)
conventional (spiro-OMeTAD) 0.83 0.56 0.48 0.26 Singh et al. (2016)
conventional (spiro-OMeTAD) 0.49 0.72 0.32 0.1 Abulikemu et al. (2016)
inverted (PEDOT:PSS) 0.22 0.66 0.49 0.07 Oz et al. (2016)
inverted (PEDOT:PSS) 1.39 0.83 0.34 0.39 Ran et al. (2017)
conventional (spiro-OMeTAD) 0.38 0.68 0.88 0.22 Baranwal et al. (2017)
conventional (spiro-OMeTAD) 1.06 0.60 0.42 0.27 Wang et al. (2017)
conventional (spiro-OMeTAD) 2.95 0.81 0.69 1.64 Zhang et al. (2017e)
conventional (spiro-OMeTAD; FPDI instead of TiO2) 0.37 0.61 0.28 0.06 Huang et al. (2018)
conventional (spiro-OMeTAD; rutile nanorod array instead of TiO2) 0.64 0.50 0.43 0.14 Chen et al. (2018a)
conventional (P3HT) 4.02 1.01 0.78 3.17 Jain et al. (2018)
conventional (spiro-OMeTAD) 1.60 0.87 0.34 0.41 Ahmad et al. (2019)
conventional (spiro-OMeTAD) 1.18 0.59 0.48 0.33 Li et al. (2019a)
conventional (spiro-OMeTAD) 1.04 0.58 0.41 0.25 Hoefler et al. (2018)
conventional (spiro-OMeTAD) 0.36 0.57 0.30 0.06 Shirahata, (2020)
(CH3NHz)3Bislg xSy conventional (spiro-OMeTAD) 0.58 0.54 0.48 0.15 Li et al. (2019¢)
Cs3Bialg conventional (spiro-OMeTAD) 2.15 0.85 0.60 1.09 Park et al. (2015b)
(CH3NHz)3Sbolg conventional (spiro-OMeTAD) 0.31 0.57 0.62 0.11 Baranwal et al. (2017)
inverted (PEDOT:PSS) 0.46 0.50 0.44 0.10 Baranwal et al. (2017)
inverted (PEDOT:PSS) 1.00 0.90 0.55 0.49 Hebig et al. (2016)
(CH3NHz)3SbBilg conventional (spiro-OMeTAD) 0.31 0.57 0.62 0.11 Baranwal et al. (2017)
inverted (PEDOT:PSS) 0.46 0.50 0.44 0.10 Baranwal et al. (2017)
(CH3NHg)3(Sbo sSno.4)2lg  inverted (Cu:NiO instead of PEDOT:PSS and ZnO instead of C60) 8.32 0.56 0.58 2.70 Chatterjee and Pal, (2018)
(NH,4)3Sbolg inverted (PEDOT:PSS) 1.15 1.08 0.43 0.51 Zuo and Ding, (2017)
(NH4)3SbslgBrg inverted (PEDOT:PSS) 0.77 0.76 0.32 0.19 Zuo and Ding, (2017)
(NH_,)3Sbol3Brg inverted (PEDOT:PSS) 0.20 0.67 0.43 0.06 Zuo and Ding, (2017)
(NH4)3Sb2Brg inverted (PEDOT:PSS) 0.09 0.29 0.28 0.01 Zuo and Ding, (2017)
Cs3Sbalg conventional (spiro-OMeTAD) 0.13 0.58 0.40 0.03 Correa-Baena et al. (2018)
inverted (no HTM) 2.32 0.73 0.38 0.83 Singh et al. (2018)
conventional (poly-TPD) 1.37 0.51 0.34 0.24 Peng et al. (2020)

and brightness within a few hours. 3D HPs suffer from
instabilities, either inherent or triggered during device
operation (Almutlaq et al., 2018b). On the other hand, low
dimensional HPds (corrugated-2D, 1D and 0D) provide higher
stability as well as broadband emission due to efficient exciton
self-trapping in quantum-confined structures (Zhou et al,
2017; Zhang F. et al., 2020; Liu et al., 2020b). Though HP
nanocrystal-based LED devices achieved great successes, their
fragility and difficult fabrication process limit their usability
(Chen X. et al., 2018). Large-size crystals offer higher stability
and ease the fabrication process. However, their high density
of traps and defects and long exciton diffusion lengths result in
weak PLQE (Stranks et al., 2014). Saidaminov et al. synthesized
pure Cs,PbBry microcrystals which exhibited PLQY (45%) of
two orders of magnitude higher than 3D CsPbBr; (Saidaminov
et al., 2016). Later on, Chen et al. reported centimetre sized
Cs,PbBrs crystals with embedded CsPbBr; nanocrystals as
green emitters with extremely high PLQY (97%) and good
thermal stability. They explored the use of Cs4PbBrg crystals
with embedded CsPbBr; nanocrystals for wide colour gamut
WLEDs (white light-emitting diodes) (Chen X. et al., 2018).
Chiara et al. presented Cs,SnBry NCs that emission in the
green region of the visible spectrum with a PLQY (~65%)
higher than those of the corresponding tin-based 3D HPs

(Jellicoe et al., 2016; Chiara et al.,, 2020). Cs;Cu,Is HP
materials are considered good candidates in light-emitting
applications as they are lead-free, air-stable and non-toxic
(Jun et al., 2018). Single crystals of Cs;Cu,I5 with high PLQY
(89% for crystals and 60% for powder) were prepared by Zhang
et al. Cs3Cu,ls powder served as a blue-emitting phosphor in
UV pumped down conversion LEDs, while the precursor
solution of these Cs;Cu,ls crystals was used as a fluorescent
ink. In addition to that, they used direct laser writing
technology to demonstrate the ability to produce patterned
composite Cs;Cu,Is/PVDF (polyvinylidenefluoride) films for
displays applications (Zhang F. et al., 2020). In another study
reported by Jun et al. Cs;Cuyls blue emitting materials
exhibited similar PLQYs (91% for single crystal and 62% for
thin film) and were incorporated into blue LEDs (Jun et al,,
2018). Roccanova et al. reported Cs;Cu,Brs_xI, (0 < x < 5)
polycrystalline powders, which showed bright blue emission.
Cs3Cu,Brs_xI, (0 < x < 5) single crystals showed high PLQY
ranging from ~99 to 50% with descending values of x. They
also noted that the small variation between all reported PLQY
values of Cs;Cu,ls might be due to the different synthesis
method and the purity of the compounds (Roccanova et al,,
2019). Cs3Cu,Brs and Cs;Cu,I5 showed ambient stability over
1 month. Recently, 0D HPds are also considered efficient light-
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emitting materials due to their host-guest systems where light-
emitting species are localized in an inert host matrix (Zhou
et al., 2018c). Zhou et al. synthesized (CyNH,,),SnBr, light-
emitting bulk crystals as efficient broadband deep-red
emission and with a quantum efficiency of around 46%
(Zhou et al., 2018b). Subsequently, they reported perfect
host-guest concepts with single crystalline materials
(C4N,H,,X),SnX¢ (X = Br or I) and (CoNH,(),SbX;5 (X =
Cl). Gaussian-shaped and strongly Stokes shifted broadband
emissions with extremely high photoluminescence quantum
efficiencies (PLQEs) of 95 + 5% for (C4;N,H4Br),SnBrg, 75 +
4% for (C4,N,H,,I),Snlg and 98 + 2% for (CoNH,,),SbCls)
were obtained. The WLED consisted of yellow emitting
(C4N,H;4Br),SnBrg blended with commercial blue emitting
europium-doped phosphor (weight ratio of 1:1). It showed
decent white emission with colour rendering index (CRI) of 70
and great stability in air, without any change of light brightness
and colour for more than 6 hours (Zhou et al., 2018a; Zhou
et al., 2018c). Later on, the same group reported the 0D tin-
based mixed-halide HP (C4,N,H, Br),SnBr,Is_x (x = 3) with
much broader yellow emission but lower PLQE of ~85% than
that of (C4N,H;,Br),SnBrs. WLEDs, made of the yellow
phosphor (C4;N,H,,Br),SnBr,Is_x blended with a europium-
doped blue phosphor, showed a higher CRI of 85 due to the
extended emission of this yellow phosphor into the visible red
region. They also showed good stability in air with minimal
change in the emission colour for more than 12 h (Zhou et al,,
2017). Another efficient light-emitting 0D material,
(PhyP),SbCl5; with high thermostability, was reported by
Zhou et al.: single crystals exhibited yellow emission with
close to the unity PLQE of 99 + 1% (Zhou et al., 2018d).
Wang et al. prepared [Bmim],SbCls (where Bmim is 1-butyl-3-
methylimidazolium) polycrystals and thin films which
exhibited tuneable yellow/white emission with quantum
efficiencies of 86.3 and 82.6% for polycrystals and thin film,
respectively. When the excitation wavelength is about 250 and
450 nm, the compound emits in the yellow range, meanwhile
with an excitation wavelength of 350 nm the emission is white
[Bmim],SbCls containing LEDs were demonstrated as a
temperature sensing colour changing LED that may be used
as a high-temperature warning device (Wang Z.-P. et al,
2015). Green light-emitting diodes containing 0D
(Ph4P),(MnBr,), was prepared by Xu et al. for OLED
applications (Xu et al, 2017). The compound displayed
high thermal stability without degradation (higher than
400°C) with an EQE of 7.2 and 9.6% (for non-doped four-
layer OLEDs and doped three-layer OLEDs, respectively) that
are higher than usual external efficiency (less than 5%) (Hui,
2020). (1-CsH14N,Br),MnBr, single crystals were synthesized
as potential materials for light emitting applications. These
green phosphors exhibited PLQY of 60.70% and thermal
stability up to 300°C (Jiang et al., 2020).

In summary, the outstanding optical and charge transport
properties of 0D HPds have enabled their use as the active layer in
rather efficient LEDs. This field is relatively young compared to
HP PVs, and it is expected that, with further investigations and
experimental effort, these materials could be widely used in future
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light emitting applications such as lighting, phototherapy, and
indoor farming (Bispo-Jr et al., 2021; Li et al., 2021b).

Laser (Light Amplification by the Stimulated Emission
of Radiation)

In materials capable of laser emission, the generated radiation,
coherent and nearly monochromatic, comes from the
amplification of a stimulated emission using confinement of
the active material in a cavity or a periodic structure. The
laser beams are closely collimated and can have high power;
therefore, they are widely used in scientific research and various
technological fields, such as health care and telecommunications.
Research on semiconductor lasers has led to the development of
micro- and nano-lasers for high-speed communication and
display devices. However, industrially applicable
semiconductor lasers (InP, GaN and GaAs) involve rare
elements and are produced by expensive methods (CVD and
molecular beam epitaxy) (Zhang Q. et al., 2021). In the last twenty
years, research on organic semiconductors has opened the study
of an alternative and low-cost production way, although the poor
electrical properties hinder their industrial development. In this
context, research on the lasing properties of HPs was born, with
both green and red lasing having been observed at room
temperature (Zhang Q. et al., 2021). However, 3D HPs usually
have weakly bonded excitons, which is advantageous for PV
applications, but it is a limitation for achieving high
electroluminescence efficiencies. On the other hand, a not too
high binding energy favours good charge transport. So, to have an
efficient emission, the excitons should be confined, and
recombination should occur within short time regimes (Colella
et al., 2016). To do this, the most followed approach is to try to
reduce the system dimensionality by engineering the chemical
composition, the particle size or employing nanocrystals acting as
quantum dots (Colella et al., 2016; Stylianakis et al., 2019). Lately,
Sun and co-workers studied the 0D HPds Cs,PbBrs and they
pointed out that the compound has the advantage of suppressing
the photoluminescence, which reduces the emission in the 3D HPs.
The sharing of octahedra in three-dimensional structures limits the
confinement of the charge. In the 0D HPds, the partial isolation of
the octahedra of [PbBrg]*™ leads to the higher binding energy of the
excitons (Sun et al., 2019). The authors state that green emission is
intrinsic to the material because it is correlated to the localized
optical absorption of Pb*" in the isolated octahedra. Upon optical
pumping, they demonstrated the presence of single and multimode
laser resonances and used the emission to obtain good images of
micrometric objects (Sun et al., 2019).

The 0D HPds application in lasers is in infancy, but the first
results are promising. They can self-assemble into materials with
quantum confinement characteristics, and the exciton binding
energy in 0D compounds can be modulated by varying the
chemical composition. For electrically-pumped lasing, the
charge mobility can be tuned by engineering the synthesis
method as described in earlier chapters of this review.

Photodetectors
Photodetectors (PDs) are sensors that transform optical into
electrical signals and are widely used in imaging, optical
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communications, and motion detection (Nasiri and Tricoli,
2019). Compared to conventional PD materials, such as Si and
groups III-V compounds, solution-processed HPs are more easily
produced and the lead-free versions can be considered more
environmentally friendly (Garcia de Arquer et al., 2017). Previous
reports have shown many attractive properties of 3D HPs, which
justify their potential for photodetection use (Fang and Huang,
2015; Bao et al, 2018; Wu et al, 2019). However, the
photocurrent hysteresis, caused by the ion migration assisted
by grain boundaries (Seol et al., 2017), reduced the reliability and
moisture stability of 3D HPs, limiting their practical applications.
0D HPds, including QDs, NCs, and nanoparticles (NPs), have
tenable sizes, significant extinction coefficients, high PLQYs with
narrow emission bandwidth and better stability than their 3D
counterparts. All these properties make them potential
candidates for photodetector applications (Shang et al., 2019;
Wang H. P. et al,, 2021). Generally, HP-based photodetectors can
be divided into two-terminal (photodiodes and photoconductors)
and three-terminal devices (phototransistors) (Gu et al., 2020).
Many parameters define the characteristics of photodetectors
such as responsivity (R), detectivity (D*), noise equivalent
power (NEP), linear dynamic range (LDR) and response speed
(Dou et al,, 2014). The desired performances can be different
according to the application. Generally, photodiodes should have
a low driving voltage and a fast temporal response due to an
engineered p-n or p-i-n junction and a narrow electrode spacing
(Shang et al.,, 2019). They should also have low dark current due
to the junction barrier. However, they usually show low EQE and
low responsivity since photodiodes with blocking/rectifying
contacts do not undergo additional charge injection under
reverse bias. Contrarily, photoconductors and phototransistors
usually have high EQE and responsivity with high driving voltage
and slow temporal response due to the large electrode spacing.

Low dimensional HPs have been extensively tested for
photodetection (Wang Y. et al, 2015; Saidaminov et al., 2016;
Bessonov et al., 2017; Li et al., 2017; Gui et al,, 2019; Liu T. et al.,
2020; Chen J. et al., 2020; Wang H. P. et al., 2021). Those based on
iodine or bromine have response located in the visible region due
to the bandgap which is typically less than 2.5 eV. Those based on
chlorine have a wider bandgap, so they can be used in UV or near-
ultraviolet (NUV) detection. Unfortunately, the poor quality of
the films hindered the charge transport (Gui et al., 2019). Gui
et al. synthesized single crystals of CsPbCl;, which demonstrated
an R of 0.45 AW at 5V for NUV, with an on/off ratio of 5.6 x
10° (Gui et al,, 2019). Thanks to the high crystallinity, both the
noise and the dark current are low, while D* is of the order of
1,011 Jones. However, the performance of photodetectors based
on 0D HPds is limited by the strong excitonic bond, which makes
it challenging to extract the charge. It is possible to modify the
surfaces and control the structure to overcome these limitations.
Some authors have, for example, passivated the surface to reduce
interface defects (Pan et al., 2016; Koscher et al., 2017; Pan et al.,
2018; Gong et al, 2019). Furthermore, manipulation of the
morphology or size of the synthesized compounds can
increase the lifetime of the charge carriers and the diffusion
coefficient (Saidaminov et al., 2016; Liu X. et al., 2017; Yang et al.,
2017; Li et al, 2018; Zhang et al, 2018). The micrometric
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HC(NH,),PbBr; crystals synthesized by Zhang et al. (2018)
have a low trap density (6.98 x 10" c¢m™). The CsPbBrs
microcrystals synthesized by Yang et al. (2017) have a good
trap density (10> cm™) and remarkable charge mobility
(100 cm? V™! s71). Thanks to efficient charge transfer, CsPbBr;
has an R of 6 x 10* AW ™, a fast response time of about 1 ms, a D*
value of 10" and a gain of 10° (Yang et al, 2017).

Therefore, photodetectors based on 0D HPds have the
advantage of having a light collection comparable with 3D
HPs, but the most important challenge is improving the
charge extraction to make them competitive with conventional
materials. In addition, unique features might be possible to
implement, such as direct linearly or circularly-polarised light
detection that can be induced by nano-structuring (Gao et al,
2016) or by incorporation of chiral organic cations (Chen C. et al.,
2019; Wang L. et al., 2020; Ishii and Miyasaka, 2020).

Beyond Optoelectronics

In the mid-20th century, the shift to an information driven
economy pushed society into the so-called information age.
Common and industrial electronic devices have had to adapt to
meet the demands of faster data processing, higher density
storage, energy consumption, multifunctionality,
flexibility, scalability and simple, economical and eco-friendly
production (Choi et al., 2018). Since silicon, unfortunately,
cannot meet all these demands, research on materials science
and engineering has explored various paths, such as the use of
organic semiconductors, metal oxides and low-dimensional
materials (Orton, 2009). HPs have been shown to have
electronic properties that can be easily controlled with the
composition or deposition method, which in general
guarantees simple and compatible fabrication with flexible
electronics (Lee et al., 2021). In particular, 0D HPds have
certain properties that make them interesting to investigate
in devices beyond optoelectronics, for reasons that will be
outlined below. This section focuses on recent advances in
radiation detectors, memristors, capacitors, and thermal
energy harvesters and thermal sensors, Figure 10).

lower

Radiation Detectors

X-ray detectors are essential for various applications such as
medical radiography, industrial inspection, and security
screening (Zheng et al., 2020). X-ray detection is provided
either by directly converting X-ray photons into electronic
signals (Zhang et al., 2020c), or by indirect conversion using
scintillators that convert X-ray photons into UV-visible photons
(Li Y. et al, 2019). The broad range usability of X-ray detectors,
especially in therapeutic radiation, has motivated researchers to
minimize X-ray dose rate (or limit of detection, LoD) by
developing high-sensitive X-ray detectors. A high signal-to-
noise ratio is needed, which is related to low dark current
(high resistivity). 3D HPs have shown improved sensitivity
compared to conventional X-ray detectors, but they are
limited by long-term operational stability due to their high
dark carrier concentration and ion migration (Zheng et al,
2020). On the other hand, 0D HPds may remove this
limitation as isolated metal-halide units prevent ion migration
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FIGURE 10 | (A) Device stack of a HPs-based X-ray detector. (B) HP-based resistive switching random access memory (ReRAM) device. Reprinted with
permission (Zeng et al., 2021). Copyright 2021, The Journal of Physical Chemistry Letters. (C) Cartoon of a HP-based symmetrical capacitor. (D) General structure of a
thermoelectric generator (TEG). Reprinted with permission (Siouane et al., 2017). Copyright 2017, Energies. (E) Scheme of a thermal imaging system.

and provide more localized electronic structures resulting in low
dark current. HP single crystals offer a platform to study intrinsic
optoelectronic properties for X-ray detection due to their low
defect density and grain boundary-free properties (Xu X. et al,
2020). Recently, Zhang et al. (Zhang et al., 2020c) synthesized all-
inorganic HP Cs;Bi,] single crystals (12 mm x 12 mm x 3 mm)
by nucleation control growth method. The single crystal exhibited
large resistivity of 2.8 x 10" Q cm, and a high pt product of 7.97
x 107* cm® V™' leading to a sensitivity of 1,652.3 uC Gy,;, ' cm™2,
which is about 4 times higher than conventional a-Se detectors
(440 uC Gy.;, ' cm™2), with LoD of 130 nGy,;, ' ', that is two
orders of magnitude lower than state-of-the-art 3D CH;NH;PbI;
single crystals (19.1 Gy s™') (Zhang et al., 2020c). Very
recently, Xu et al. synthesized a very sensitive and stable 0D
Cs4Pbl single crystal with a ut product of 9.7 x 10™* cm* V™" and
45149 uC Gy™' ecm™ (Xu et al,, 2021). Moreover, having all-
inorganic components instead of volatile organic cations gave rise
to high operational and thermal stability. Liu et al. (2020c)
reported higher carrier mobility-lifetime (pt) (2.87 x 107
cm®> V™Y with 0D (CH;NH;);Bi,lo single crystals (26 mm x
26 mm X 8mm) grown by the same strategy. The single
crystals with excellent operational stability had a similar
resistivity of 3.74 x 10'°Q cm, and the detector generated
higher sensitivity of 1947 uC Gy,, ' cm™ but a lower LoD of
83 nGyar s L They also revealed that 0D (CH3NH3);Bi I showed
the lowest dark current (~8 pA), compared with the 2D
(PEA),Pbl, (~41 pA) and 3D CH;3NH;PbI; (0.5 uA). Similarly,

Zheng et al. (2020) performed measurements on 0D
(CH5NH3;)3BiyIo single crystals (27 mm X 23 mm X 13 mm),
which exhibited extremely large resistivities of 5.27 x 10'' Q
cm (out of plane) and 5.52 X 10'°°Q cm (in-plane) with
suppressed ion migration. The carrier mobility lifetimes (pt)
for out-of-plane and in-plane directions were obtained as 2.8
x 1073 and 1.2 x 107 cm® V™', respectively. The detector
generated a high sensitivity of 10,620 uC Gy, 1 cm™> (out-of-
plane), which is in the same range as state-of-the-art 3D
CH5NH;Pbl; (1.1 x 10*pC Gy, 1 cm™), with LoD of
0.62nGy,;; s 1. Low dark current resulted in LoD of
0.62 nGy,;, s 1, which is 8,800 times lower than the dose rate
required for X-ray diagnostics used currently and is the lowest
value among all reported HP-based X-ray detectors. It also
showed outstanding operational stability under high bias and
high X-ray dose (~24 mGy,,).

On the other hand, polycrystalline HPs are favourable from a
processing perspective since they can be readily deposited over a
large area. A high electric field can be applied to the detector,
eliminating the signal cross-talk between neighbouring pixels as
charge transport materials can be assembled at both sides of
polycrystalline HPs (Xu X. et al., 2020). Recently, a 0D Cs,Telg
all-inorganic HP film was grown by the electrospray method for
X-ray detection with high stability (Xu et al., 2018; Guo et al.,
2019). The resistivity of well-defined, thick films was increased
from 4.2 x 10'°Q cm to 5.06 x 10'°Q cm by tailoring the
electrospray parameters such as electric field, solvent,
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TABLE 5 | OD HPd X-ray detectors’ key parameters made of single crystals and polycrystalline 0D HPds.

Device structure Epn” (kV) L® (mm) E (V mm™)
AU/Cs3Bisle/Au —40 1.2 mm 50
Au/Cs4Pblg/Au -30

AU/CHaNH,Bisl/Au —40 1.0 mm 60
AU/CHaBislo/Au ~100 2.5 mm 48
Au/Cs,Telg/Au -40 2 mm 2.76
ITO/TIO/CsTely/PTAAYAU —40 25 %10 40
ITO/TiO,/Cs,Telg/PTAA/Au -60 6.0 x 107° 50

“Epn: acceleration voltage of the X-ray source.
Perystallites’ dimension.
°PTAA: poly[bis(4-phenyl) (2,4,6-trimethylphenyl)-amine.

temperature. The resistivities were lower than in its single crystal
form that was 9.92 x 10" Q cm. The higher resistivity of single
crystals was attributed to the low defect density compared to
polycrystal thick films. The formation energy of defects such as
iodine vacancies, linked to the shallow-level defects (source of free
charge carriers), is higher in single crystals, so their formation is
hindered (Xiao B. et al., 2020). The Cs,Tel single crystal-based
device shows an X-ray sensitivity of 27.8 uC G, cm™” and a LoD
of 72.5nG, s™'. However, they showed lower sensitivity than
Cs,Tel, single crystals (27.8 uC Gyair ' ¢cm™ at 2.76 Vmm™")
with values of 192nC R'cm™ under 40 kVp X-rays (19.2 uC
Gyair™' cm™? at 40 V mm™") and the charge mobility-lifetime (ut)
was measured as 5.2 x 107> cm® V' that is relatively lower than
aforementioned 0D HPd single crystals. Table 5 summarizes all
0D X-ray detector’s key parameters made of single crystals and
polycrystalline HPds.

In conclusion, recent studies showed that 0D HPds might be
the right candidate for X-ray detection applications. However,
there are relatively few reported studies on 0D HPd-based X-ray
detectors to date. To better understand the efficacy of these HPs
in X-ray detection, novel compounds are needed to be developed.
Besides that, the application of single crystals is limited to the
small active area due to their sizes, and other technologies should
be developed to use single crystals in commercial devices. On the
one hand, it is challenging to fabricate polycrystalline materials
with high uniformity and adequate thicknesses, which affect the
sensitivity and X-ray attenuation, respectively (Xu X. et al., 2020).
Additionally, the defect effects of polycrystalline films have not
been well-understood. Thus, many scientific efforts are needed
for the fabrication of commercial 0D HPd-based X-ray detectors.

Besides X-ray detectors, HPds are used as scintillators due to
their favourable detection efficiency, high energy response, and
large absorption cross-section (Zhou F. et al., 2020). More
specifically, this is due to their efficient luminescence, high
stability, and considerable X-ray stopping power enabled by
little to no self-absorption (Zhou C. et al.,, 2020; Zhou et al,
2021). Recently, studies focused on developing new HPd
scintillators with high irradiation yield and sensitivity (He
et al,, 2020). For example, Cao et al. (2020) increased the
sensitivity and stability of CsPbBr; scintillators by employing
emissive NCs embedded in a Cs,PbBrg thin film (CsPbBr;@
Cs,PbBrg), fabricated by a blade-coating technique. Similarly, Xu

pr (cm? V) S (uCGyair'ecm™?) LoD (nGy.ir s7)) Ref
7.97 x 107 1,652.3 130 Zhang et al. (20200)
9.7 x 107 451.49
2.87 x 107° 10,620 83 Liu et al. (2020c)
2.8 x 1078 1947 0.62 Zheng et al. (2020)
- 27.8 725 Xiao et al. (2020a)
52 x107° 19.2 - Xu et al. (2018)
- 0.24 - Guo et al. (2019)

Q. et al. (2020) reported the same composition, which exhibited
high light yield and long term stability in air. Cs;Cu,ls single
crystals synthesized by Cheng S. et al. (2020) demonstrated high
light yield, 32,000 photons MeV " and a low afterglow of 0.03% at
10 ms under X-ray radiation, something that is required for high-
quality images. Moreover, they exhibited a light yield of 29,000
photons MeV " under gamma-ray radiation. Furthermore, Yuan
et al. discovered that doping of Cs;Cu,I5 with 1% Tl resulted in a
higher light yield of ~51,000 MeV™"' due to the self-trapped
excitons and TI centres. Tl is already widely used as doping in
commercial halide single-crystal scintillators (e.g. Nal:Tl, CsI:T1),
to widen the broadband emission: the pristine compound showed
a single blue emission, correlated to the STEs, meanwhile the T1-
doped crystal had an emission covering the visible range, with
stronger luminescence intensity (Yuan, 2020). Cs;Cuyls
nanocrystals prepared by Lian et al. with the drop-casting
method resulted in large-area, self-absorption free with an
extremely high light yield of 79,279 photons MeV ™'
scintillators (Lian et al., 2020). CsyEuBrs and Cs,Eulg single
crystals prepared by Wu et al. also demonstrated high light
yields; 78,000 + 4,000 photons MeV™' and 53,000 + 3,000
photons MeV™' under gamma-ray irradiation, respectively
(Wu et al, 2018). Rustrom et al. reported Eu** doped (7%)
Cs,Srlg: Eu and Cs,Calg: Eu single crystal scintillators, which
exhibited similar results as scintillators as mentioned above; the
light yields of Cs,Srls:Eu and Cs,Cals:Eu were 71,000 photons
MeV ™1 and 69,000 photons MeV ™", respectively (Rutstrom et al.,
2019). Recently, He and co-workers reported (PPN),SbCl; (PPN
bis(triphenylphosphoranylidene)ammonium cation) single
crystals with relatively lower light yield of 49,000 MeV ™1,
however remarkable stability under ambient conditions even
after 2 years. They also displayed a much lower detection limit
(1914 nGy,;, s1) than required for medical diagnostics
(5.5 uGyair s 1) (He et al, 2020). Lastly, the same group
developed a (CsgHj34P,)MnBr, single crystal scintillator, which
exhibited a superior light yield of about 80,000 photons MeV ™1
with a much lower detection limit 72.8 nGy,;, s™ 1. (C3sH34P5)
MnBr, based flexible scintillators with a high spatial resolution
(0.322 mm) could be prepared by blending (Cs;gH34P,)MnBry
powder and polydimethylsiloxane (Xu L. J. et al, 2020). All
reported studies showed that 0D HPd materials are excellent
candidates for irradiation detection applications. However,
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further investigations need to be conducted to optimise them for
future applications, such as in the field of medical imaging. In this
sector, the use of inaccurate detectors requires to increase
radiation dose and exposure times in order to have an
accurate diagnosis, thus increasing the risk for the patient. 0D
HPds could make a difference in developing the new X-ray
detection devices, cheaper and with improved performance,
that are demanded by the market and society.

Memristors

Memristors (i.e., memories plus resistors) have the potential to
be the basis for data-centric computing technology,
substituting the transistor and capacitor based systems
currently in place. A memristor is a passive two-terminal
device formed of an insulating or semiconducting material
sandwiched between two electrodes. It has resistance states
that application of an electric field can tune. Two principal
memristor mechanisms have been identified: conductive
filament (CF) and the memristive interface mechanisms. The
CF mechanism occurs when conduction pathways form or
annihilate in the insulating layer, under an applied field. If a
CF bridges the electrodes, a low resistance state (LRS) is
formed, and if the CF recedes, a high resistance state (HRS)
is formed. The memristive interface mechanism occurs when
the Schottky contact between the semiconductor and the
electrode is modulated. In this case, the LRS is reached
when ijon migration (or charge trapping/de-trapping)
reduces the build-in potential. Conversely, the HRS is
achieved when a reverse bias is applied to inject charges
and recover the Schottky barrier. The two primary
memristor operations depend on the resistance switching
type. Discrete switching between HRS and LRS allows
digital operation, with applications in non-volatile memory
for information storage and logic operations, requiring highly
stable resistive switching. Continuous switching delivers
continuously tuneable resistance states and analogue
operation; devices resemble biological synapses and have
application in novel neuromorphic computing systems. The
repeated annihilation and formation of filaments affects the
cycle-to-cycle variability and cycling endurance. These
deviations from ideal behaviour prevent achievement of
high accuracy and need to be addressed to push memristor
technology to maturity. (Joksas et al., 2020).

HPs have been regarded as promising materials for
memristors, thanks to their mixed ionic-electronic conduction
(Xiao et al., 2015). Whilst ion migration in HPs solar cells has
been a significant issue (Snaith et al., 2014; Trifiletti et al., 2016),
the phenomenon can be exploited to generate the memristive
behaviour. Moreover, HP-based memristors can pave the way to
investigate novel functions such as light accelerated learning
capacity, thanks to efficiently light harvesting. Light
illumination was found to produce a tuneable memristive
behaviour, enabling multilevel logic applications well suited for
sensor networks (Zhao et al., 2019). The most studied 3D HP is
CH;NH;Pbl;, but it shows poor air stability and high electrical
conductivity. Meanwhile, the 0D HPds have shown improved
stability with low power consumption (Xiao X. et al., 2020). Zeng
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and co-workers found that resistance states in Cs;Cu,ls result
from the accumulation and migration of iodine ions.

They tuned the iodine content by varying the concentration of
hydroiodic acid (HI) in the precursor solution. With 5 pL HI, the
authors created AI/HP/ITO devices with an electroforming/set/
reset voltage of 1.44 V, retention time of 104 s, and an on/off ratio
of about 65. When a negative voltage is applied, the iodine ions
are attracted to the interface with ITO, and CFs are formed as the
iodine vacancy increases. By applying a positive voltage, the
mobile iodine jons can migrate back to recombine with
vacancies, interrupting the conductive path. An appropriate HI
concentration in the precursor solution improves crystallization
and reduces the defect concentration. Furthermore, the addition
of mobile iodine increases ionic migration. Three conduction
levels have been identified, applying three compliance currents (1,
3, 5mA): the HRS current remains unaffected, but LRS current
increased as the compliance current increase, implying potential
use in multilevel devices. The I-V curves in logarithmic scale
provide information on the conduction mechanisms: in the LRS
region, ohmic conduction is dominant. The authors concluded
that adding iodine ions increases vacancy, hence ion migration,
triggering RS behaviour (Zeng et al., 2021).

The research field is still in infancy; for instance, little is known
about ferroelectric and interface effects or how the processes
involved change as material dimensionality is decreased from 3D
to 0D. Nonetheless, by combining electronic, ionic, and photonic
processes, HP-based neuromorphic devices with high computing
power could be produced. Due to the easy processability, the
technology can also be easily transferred to printable electronics.

Capacitors

The development of materials for sustainable energy production
must go hand in hand with the study of environmentally friendly
materials that can store it. Research is currently focused on the
study of electrochemical capacitors with fast charge-discharge,
high power density and long life to replace the current batteries
(Koohi-Fayegh and Rosen, 2020). However, their low power
makes them not very common in practical applications. One
way to increase the energy density is to use HPs, which are
considered promising due to their high ionic conductivity (Zhang
et al,, 2020d). In 3D (CH3NHj;);Pbl;, the ionic conductivity is
higher than the electronic one (Zhang T. et al, 2019). An
electrochemical double-layer capacitor based on a thin film of
(CH;3NH3)3Pbl; provided a capacitance of 5.89 pF cm ™2 (Zhou
et al., 2016).

Lately, to have a high energy density, fast charge-discharge
capability and low manufacturing cost, symmetrical capacitors
have been investigated. Pious et al. (2017) fabricated one based on
(CH;3NH3)3Bi,lo. The maximum areal capacity was 5.5 mF cm™%
the device tested for 10,000 charge-discharge cycles maintained
85% of initial performance. Impedance spectroscopy showed that
the film has a high surface area available to the electrolyte,
reflecting a low resistance to ionic charge transport. The
authors exploited the isolated Bi,lo>" bi-octahedra to increase
the surface available for the electrolyte penetration, thus
increasing the transport of jonic charge, and therefore the
energy density. (CH3;NH;);Bi,lo was deposited on a carbon
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fabric substrate. A polymer, soaked in an electrolytic solution of
methylammonium iodide in butanol (30 mg ml™), was inserted
between the symmetrical electrodes. During the electrode
preparation, activated carbon and PTFE were added to ensure
the adhesion of the HP to the substrate. During the charging
process, CH;NH;" and I” from the electrolyte access the active
material, while during the discharge process, these ions leave the
HP and move towards the electrolyte. The Bi,I,> octahedra are
rigid enough to provide a negligible ionic contribution.
(CH3NHj;);3Bi o provided a capacity of 55 mF cm 2 (Pious
et al., 2017).

Moreover, the reported result is auspicious, considering that
the performance could be increased by varying the device
architecture, the electrolyte composition, and the HP chemical
composition.

Thermal Energy Harvesters

HPs are classified as phononic glass and electronic crystal because
the heat transport is hindered by intense phonon scattering asin a
glass, while the charge transport can be as efficient as in a good
semiconductor (Balaz et al., 2013). In this section, we will see how
0D HPds have been applied in transforming absorbed heat into
electrical (Nolas et al., 2013) or optical energy (Gaussorgues and
Chomet, 1993).

Thermoelectric Generators

Concerning the conversion between heat and electricity, the
thermoelectric phenomenon has the potential to play an
increasingly important role in meeting the energy challenge
of the future. However, growth of the market share is challenged
by the high price and low efficiency of current thermoelectric
generators (TEGs). The figure of merit, ZT, is a material
property that expresses the maximum thermal to electrical
energy conversion efficiency that could be achieved in a
device containing that material. Typical commercial
thermoelectric materials have ZT = 1.5, but to open up large
new markets for thermoelectric technology, where it can
compete in efficiency with other heat engines, a step-change
in the ZT value is needed up to values greater than 4. This target
is challenging, and optimisation of ZT (that can be calculated as
S%6T/\) is difficult when the Seebeck coefficient (S), the
electrical (o) and the thermal (M) conductivities are
interconnected. New approaches are needed, and one way
out would be to employ low-dimensional materials to
decouple the variables on which ZT depends and, so, to
control these key parameters independently (Hinterleitner
et al,, 2019). Nanoscale phenomena could increase phonon
scattering to reduce lattice thermal conductivity, or increase
the Seebeck coefficient, as it is determined by the sharpness of
the density of states near the Fermi level, which is maximized
when the energy levels are discrete. Low thermal conductivity
and high Seebeck coefficients are critical for developing efficient
thermoelectric materials. Low-dimensional structures have
experimentally ~ demonstrated  significant  gains  in
performance, but they have only provided proof of concept
(Goldsmid, 2016; Long et al., 2019). HPs have the potential to be
scalable and cost-effective, but they have relatively low power
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factor due to their electrically resistive nature. Relatively little is
known about electrical doping to reach the levels required for
thermoelectric applications (Liu et al., 2019; Haque et al., 2020;
Tang et al., 2020).

Lately, extrinsic doping using Bi’" has been used in 3D
CH;NH;PbBr; to increase the charge carrier density by more
than three orders of magnitude and switch it from p-type to
n-type (Tang et al.,, 2020). Higher ZT was obtained in tin-based
HPs, where oxidation of Sn** to Sn*" can lead to a self-doping
effect that increases the high electrical conductivity. ZT > 0.1 has
been measured in CsSnl; (Lee et al., 2017; Liu et al., 2019; Saini
etal., 2019). In the 0D HPd, the reported works are still devoted to
preliminary studies. Haque and co-workers discovered a low
thermal conductivity of 0.15W m™ K™ in [Mn(C,HsOS)s]Ls,
confirming that 0D compounds can express ultra-low thermal
conductivity (Haque et al., 2019). Ma and collaborators measured
the phonon dispersion of (CH3;NH3);3Bi,Io. The authors point out
that the acoustic frequency range is the smallest of the reported
crystalline materials. These ultra-low frequency
phononic modes originate from the weak bond
between the organic and inorganic units. Their research
reveals that (CH3NHj;);Biyly is remarkably soft, too. The low
thermal conductivity, 0.23 + 0.02W m™' K™' at 300K, was
measured using the laser flash technique (Ma et al., 2019).

Long and co-workers built up a system to measure
thermoelectric parameters in high-resistive samples and made
pellets of the CH3;NH;PbI; and (CH;NH;)3Bixlo (Long et al.,
2019). The Seebeck coefficient was measured under ambient
conditions in the dark. From the microhardness analysis, the
authors confirm that (CH3;NH;);BiIy is much softer than
CH;3NH;Pbl;. The resistivities of (CH3NH;3);3Bilg  and
CH;NH;Pbl; were estimated at 20 MQ c¢cm and 2 GQ cm,
respectively. The measured Seebeck coefficients were extremely
high: + 2.6 mV K1 and 1.3 mV K for (CH;NH3)3Bi,Is and
CH;3NH,;PbI;, respectively. With the laser flash method, the
authors obtained the thermal conductivities of 0.21 W m'1
K™ for (CH;NH;);Bily, and 038W m'1 K' for
CH;3NH;PbI;. Since in (CH3NH;);Bizl the metal-halogen
bonds are weaker than those established in CH;NH;Pbl;, 0D
HPd compounds have even lower thermal conductivity than 3D
one. The microhardness of a material is affected by the bond
strength and the phonon transport. The (CH3;NHj;);Bil,
hardness was equal to 960 MPa, much lower than
CH;3;NH;Pbl; (5,561 MPa). As a reference, the authors
measured the hardness of a resin (phenol formaldehyde),
which, under the same conditions, was 1861 MPa, almost
double that of (CH3NH;);Bils. Therefore, the authors
conclude that the bonds in (CH3;NH;);Bi,lo are indeed very
soft (Long et al., 2019). Also, in all inorganic compounds, the
thermal conductivity is reduced with the decrease of
dimensionality. For example, CsPbCl; has a thermal
conductivity of 0.53 W m™1 K™' when it is in the 3D phase,
0.40 W m™" K" in the 2D CsPb,Cls phase, and 0.30 W m™1 K™
in the phase 0D Cs,PbClg (Haeger et al., 2020).

The first results are exciting; the next step, to push the power
factor up, should be to doping the pristine materials in order to
increase the charge carrier density. Inspired by the investigations
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made on 3D materials, many paths could be followed, such as
molecular doping (Euvrard et al., 2021a), self-doping (Liu et al.,
2019), and substitutional doping (Lu C.-H. et al., 2020; Tang et al.,
2020).

Thermographic Imaging

Thermography, or remote thermography, is used in biological
research, medicine, diagnosis of technical failures, and defence.
There are two main detection categories: visible and infrared (IR).
The latter are sensitive to thermal emissions, which are recorded
by an array of photodetectors. An obstacle to IR thermography is
integrating active materials in devices where there are media that
absorb in the same range of interest, limiting integration with
optical systems. One way to solve the problem is to use
luminophores, to temperature and having
photoluminescence in the visible range of light. A pulsed
source illuminates the active material, and the PL decay time,
which is influenced by the temperature of the observed object, is
analysed. The PL intensity can be modulated by the excitation
power and adjusted to the emission to be measured. Furthermore,
this technology can be integrated with optical spectroscopy
(Gaussorgues and Chomet, 1993).

Yakunin and collaborators (Yakunin et al., 2019), studied
Cs,4SnBrg low-dimensional HP for remote thermography. The
devices had a thermometric accuracy of 0.013°C, over a wide
temperature detection range (from —100°C to 110°C). The
electronic structure evolves from dispersed electronic bands
in localized levels (similar to molecular levels), ranging from
3D to 0D HPds. Therefore, the luminescence also varies,
changing from Wannier-type and delocalized excitons in 3D
compounds to STEs like Frenkel in 0D materials. The authors
found that the process of removing STE entrapment in 0D tin
halides is strongly dependent from temperature. Furthermore,
they point out that the sensitivity range can be modulated by
varying the composition (Yakunin et al, 2019). They
successfully succeeded in achieving a high-speed and low-
cost PL-lifetime thermographic imaging device, opening the
research field on low-dimensional HP temperature imaging (Lu
Z. et al., 2020).

sensitive

CONCLUSION AND OUTLOOK

This review work aimed to spotlight the enthusiastic discussion
that is currently focussed on 0D HPds. In the last 5 years, more
and more work has been dedicated to studying them because they
combine the already unique HP properties with the phenomena
derived from electronic confinement. Interest first arose in
solving the toxicity and stability issues of Pb-based HP,
employed in PVs. However, when early characterization
highlighted quantum confinement phenomena, research on 0D
HPds split-off from the main HP field. They share easy
processability with their 3D counterparts, meaning that the 0D
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HPds family could help move some emerging technology from
the lab to market.

The strong emission coming from the self-trapped excitons
makes 0D HPds suitable for LED applications, and, lately, it has
been proved that laser emission is possible. The temperature
dependence of the optical properties makes them a suitable
candidate for thermal imaging and sensors, and, thanks to fast
ion exchange, stable and high-performing capacitors can be
produced. The ultra-low thermal conductivity and the high
Seebeck coefficient suggest that they could be revolutionary in
thermoelectrics, too. Combining electronic, ionic, and photonic
processes, 0D HPds could even be implemented in neuromorphic
devices to register light and temperature variations.

The field is still in its infancy, and many issues must be faced.
Thin-film production is challenging compared to 3D HPs, so
crystallization kinetics must considered as a critical factor. The
ambipolar charge transport must be well controlled, and it can be
done with fine-tuning of the synthesis process. As a small portion
of the trapped exciton can tunnel, electrical or substitutional
doping strategies should be designed to increase the charge
concentration and mobility. For certain applications like storage
devices (capacitors and memristors), low resistance is needed,
whereas in others, such as thermoelectrics, high charge carrier
densities are required, but both point to a need for strategies to
control doping and defect concentrations in these materials.

The field is multidisciplinary, and this collection has the
ambition of bringing different fields and expertise into contact
to develop a more multifaceted discussion. The highlights and
challenges, the successes and the failures have been discussed
because we believe that the 0D HPds can be the protagonists of
the next generation of technologies.
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