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Abstract: Recently, zero-dimensional luminescent material has attracted researchers because of its
optical properties, which is a possible candidate to replace lead halide perovskite. This review
focused on the recent development of tetrahedrally and octahedrally coordinated inorganic halide
semiconductor luminescent materials. We discuss the synthesis methods and crystal structures of
these materials in this review. The materials are categorized based on the valence of central metal
cations (monovalent, divalent, and trivalent). Finally, we have summarized the applications of these
luminescent materials, such as light-emitting diodes, ultrafast switching memories, photodetectors,
and scintillators. This review article provides an overview of recent progress on zero-dimensional

materials and their applications for further development in the future.
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1. Introduction

Lead halide (CsPbX3) (X = Cl, Br, and I) perovskite draws the attention of researchers
because of its attractive properties for optoelectronics applications such as solar cells, light-
emitting diodes, photodetectors, and scintillators [1-5]. Although these materials are used
for various applications, the presence of lead (Pb) is a source of concern for researchers
because of its toxicity. Several countries restrict the use of heavy metals for electronic
devices, including lead. These concerns encourage researchers to move towards lead-free
technology for these optoelectronics. Tin ion (Sn?*) is an ideal element to substitute for
Pb?* because it is in the same group in the periodic table. However, Sn?* is unstable in the
atmosphere and oxidizes into Sn**, which makes an unstable perovskite structure [6]. It
was initially observed that double perovskites are replaceable but have broadband white
light emission with UV light excitation [7,8]. Several research groups have focused on
developing zero-dimensional inorganic materials (A, By X]), which are ideal to replace lead
halide perovskite [9]. In A, B X;-type compounds, A is the monovalent cations (K*, Cs*,
and Rb*); B can be in monovalent, divalent, or trivalent cations; X can be halides (Cl~, Br~,
and I7); and (1 < h, k, 1 <9). The zero-dimensional structure has isolated tetrahedral [BXy]
(Figure 1a) or octahedral [BX;4] (Figure 1b) coordination units [9,10]. The dimension relates
to the arrangement of the inorganic unit at the molecular level rather than the particle
size [9]. These structures attract researchers because of the isolated polyhedral inorganic
units and extraordinary optical properties [11].

Only a few review articles have been published on zero-dimensional perovskite.
Wang et al. [10] discuss the luminescence mechanism in zero-dimensional lead halide
Cs4PbBrg. Zhou et al. [12] summarized the work on organic-inorganic zero-dimensional
material and their application for optoelectronics. Li et al. [9] discussed the
organic-inorganic hybrid as well as all inorganic zero-dimensional materials with dif-
ferent optoelectronics applications. Recently several research articles have been published
on all inorganic zero-dimensional materials with synthesizing techniques and applications,
which is the focus of this review.
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Figure 1. Crystal structure of electronically zero-dimensional with the isolated (a) tetrahedral and
(b) octahedral.

In this review article, we have summarized recent development in tetrahedrally and oc-
tahedrally coordinated with all inorganic zero-dimensional material and their luminescent
properties. We have deliberated the synthesis method, crystal structure, and luminescence
properties. Finally, we have discussed the application of these materials for optoelectronics.

Luminescence Mechanism of Zero-Dimensional Metal Halide

Figure 2a illustrates the mechanism of light absorption and relaxation to emission
lights Figure 2b—f. The photoluminescence mechanisms are categorized into intrinsic and
extrinsic properties for solids. Intrinsic photoluminescence has band-to-band emission and
exciton emission. In the band-to-band emission, the electron from the conduction band
recombines with the valence band hole, shown in Figure 2b [13,14]. In exciton luminescence,
photogenerated electron-holes attract each other, and the resulting recombination emits
photons, as shown in Figure 2c [13]. On the other hand, for extrinsic luminescence, the
impurities, doping ions, and defects make levels where electrons from the conduction
band transfer and then relax to the ground level via radiative recombination, as shown in
Figure 2d,e [14]. Additionally, in intrinsic and extrinsic photoluminescence, several alkali
halides, metal halides, organic—inorganic halide crystals, and low-dimensional materials
display a self-trap exciton (STE) emission [15]. The STE emission material has a large
Stokes shift and broadband emission [7]. In this material, upon light illumination, the
strong electron—phonon coupling between the excited electron and crystal lattice results
in strong carrier—photon interactions, as shown in Figure 2f. In emission mechanisms,
photogenerated electrons are trapped at different STE states to lower the energy, and holes
also increase the energy [16]. Thus, the emitted energy lowers the excited energy in STE-
derived emission [17]. These types of luminescence have been observed in halide-based
soft lattices [18]. Most zero-dimensional materials also have STE emissions, which we
discuss in the next section.
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Figure 2. The possible emission mechanism for (a) light absorption, (b) band-to-band emission, (c) ex-
citon emission, (d) emission from defects, (e) emission from ions, (f) self-trap exciton (STE) emission.

2. Zero-Dimensional Metal Halide Luminescent Materials

We have discussed in the introduction the general formula of compound ABX. This
section discusses the coordination environment of B with monovalent, divalent, and
trivalent coordination.

2.1. Mono-Valent Coordinated Zero-Dimensional Materials
2.1.1. Cu-Based

Copper-based CsCuyl3, Cs3Cuyls, and Cs3CuyBrs_yIx are studied because of the high
quantum yield for lighting and scintillation [19-22]. Liu et al. [19] used thermal evaporation
to deposit Cs3Cuyl5 for deep blue light emission at 440 nm. This method is suitable for
making uniform and highly crystalline thin films. CszCu,l5 has an orthorhombic phase,
with Cu* having two tetragonal and trigonal sites. The thermal evaporation was carried out
using heating CsI and Cul above the melting point and deposited on a quartz/ITO substrate.
The uniform thin film has a photoluminescence quantum yield of up to 58% [19]. In the past,
several researchers reported using solution process synthesis nanocrystals first, followed by
the deposition of these nanocrystals on the substrate. Wang et al. [20] synthesized Cs3Cusls
nanocrystals by hot injection for blue light-emitting application. The crystal structure of
Cs3Cuyls has an orthorhombic phase, the same as thermal evaporated fabricated thin films.
The photoluminescence quantum yield of this nanocrystal reached up to 87%, which is
higher than the thin film and further applied for the blue LED [20]. Along with this, a
solid-state reaction was used to synthesize Cs3Cuyl5 bulk crystal with a quantum efficiency
of up to 80% for white light emission on a 310 nm UV chip with green and red-emissive
phosphors [23]. Roccanova et al. [21] used a solid solution to synthesize Cs3CuyBrs_,Iy
and achieved a PLQY of up to 98.7% for Cs3Cuyls. So far, all these studies have found that
the bulk Cs3Cuyls5 has high photoluminescence quantum yield compared to nanocrystals.
Cs3Cuyls is well synthesized for single crystals, nanocrystals, and microcrystals and used
for blue light-emitting diodes and x-ray imaging applications, which we discuss in the
application sections.

2.1.2. Ag-Based

Ag-based compounds are reported with tunable emissions such as Cs, AgCls, Csy AgBrs,
CsAgCly, CsAgBry and RbyAgBrs [24,25]. Zhang et al. [24] used the ball milling method to
synthesize bimetallic compound with tunable emission Cs-Ag-X(x = Cl and Br). Cs;AgX3
has an orthorhombic crystal system with a Pnma space group. These materials are excited
with high energy photons and give emissions for CspAgCl;, CspAgBrs, CsAgCl,, and
CsAgBr; at 397, 524, 620, and 820 nm, respectively. Resultantly these materials are unsuit-
able for WLED application and need further research to improve the issue. Defect-free
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single crystals with this system can be used for X-ray scintillators with enhancing quantum
yield. Toward the application of scintillation, Zhang et al. [25] synthesized a single crystal
of Rby AgBr3. Rby AgBr; has broadband emissions centered at 468 nm. This system achieved
a scintillation yield of up to 25,600 photons MeV ! for x-ray imaging. These results suggest
the possible tunable emission with Ag-based compounds is attributed to a change in crystal
structure and halides. We have added comparative photo-physical properties of 0D metal
halide with monovalent units in Table 1.

Table 1. Properties of 0D metal halide with monovalent units.

Isolated Em. FWHM  PLQY

Formula Method Species Wave. (nm) (nm) %) Ref.
Cs3Cusl5 Film Thermal evaporation [CusI3]™ 440 70 58 [19]
Cs3Cuyls NC Hot injection [CusI5]3~ 445 63 87 [20]

CsyAgCls Ball Milling [AgCly]*~ 397 . 17 [24]

CspAgBrs Ball Milling [AgBry]*~ 524 . 21 [24]
Rb,AgBr3 SC Cooling crystallization [AgBry]®~ 488 . 27 [25]

2.2. Di-Valent Coordinated Zero-Dimensional Materials
2.2.1. Sn-Based

Tin ion (Sn?*) is an ideal element to replace the lead ion (Pb?*) in a three-dimensional
APbXj3 perovskite system because they belong to the same group in the periodic table.
However, Sn?* is unstable and oxidizes into Sn** in moisture and water. Although sev-
eral research groups have tried to make Sn-based three-dimensional perovskites, they are
still not sufficiently stable for industrial applications. Recently several groups reported
zero-dimensional Sn-based Cs;SnX¢ (x = Cl, Br, and I) systems that can stabilize structures
with Sn?* for lighting applications. Both nanocrystal and bulk crystals are synthesized
for Cs4SnX4, which gives emission via the STE mechanism [26]. Cs4SnBrg has a trigonal
crystal system with the space group of R-3c, where [SnBrg]* is in isolated octahedral
coordination [27]. Nanocrystals of Cs4SnXg are synthesized by the hot-injection method in
oleic acid and oleylamine in octadecene solvents. In the hot-injection method, Cs,CO3 and
SnBr, precursors are dissolved in the nonpolar solvent 1-octadecene with ligands oleic acid
and oleylamine at 120-150 °C in a vacuum separately. After that, Cs precursor is injected
into Sn precursor in a nitrogen atmosphere at >160 °C. Further, the reaction is quenched by
an ice or water bath to complete the formation of nanocrystals. Tan et al. [28] synthesized
Cs4SnBrg with partial and complete substitution with halide by the hot-injection method.
The synthesized CssSnBrg shows emission at 534 nm with an excitation wavelength of
365 nm. Partial substitution with iodide shifts emissions to 546 nm and complete substitu-
tion to 578 nm in Cs4SnBryl¢.«, as shown in Figure 3a. Moreover, with substitutions, the
PLQY for Cs4SnBrg, Cs4SnBryls , and CsySnlg are 21%, 6.6%, and 0.7%, respectively. These
three systems have a large Stokes shift with high FWHM, confirming the STE-derived
emission. Xu et al. [29] modified the hot-injection method to improve luminescence prop-
erties, as shown in Figure 3b for CssSnBrg, CsySnBrzlz and CsySnlg. The synthesized
Cs45nBrg compound has an emission at 537 nm with a PLQY of 52%. It is the highest
PLQY reported for the nanocrystals to date. However, the Cs4SnBr3I3 nanocrystals have
emission at 601 nm and Cs4Snlg at 578 nm. The possible reason for the unusual redshift
of Cs4SnBr3l; is mixed halogen, which increases the lattice deformation energy [29]. Syn-
thesized Cs4Snlg nanocrystals have a PLQY of 27%. In this article, the thermodynamic
stability of zero-dimensional and three-dimensional Sn-based materials are also studied
comparatively. Density functional theory simulation is used to calculate enthalpies of
formation (AfHp). Zero-dimensional Cs4SnBrg and Cs4Snly have negative values of —1721,
and —1496 k] mol 1, respectively, and three-dimensional CsSnBr; and CsSnl; have —642
and —522 k] mol~!, respectively. Therefore, zero-dimensional luminescent materials have
more negative value than three-dimensional materials, making them more stable.
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Figure 3. (a) Absorbance, photoluminescence excitation and emission spectra of CssSnBrg
Cs45nBrglg and CsySnlg. Reproduced with permission from [28], Copyright 2020, The Royal Society
of Chemistry. (b) Normal and UV light images of Cs;SnBrg, Cs4SnBrzI3 and CssSnlg. Reproduced
with permission from [29], Copyright 2022, The Royal Society of Chemistry. (c) Photoluminescence
excitation and emission spectra of Cs4Sn(Br,I)s. (d) Photoluminescence excitation and emission
spectra of Csy_xAxSn(Br,I)g, where A = K*, Rb*. (e) UV light image of CssxA«Sn(Br, I)s powders.
Reproduced with permission from [27], Copyright 2022, Wiley-VCH. (f) Normal and UV light image
of Cs4SnBrg and Cs4SnBrg-SnFj. Reproduced with permission from [26], Copyright 2022, Wiley-VCH.
(g) Schematic illustration of STE emission. Reproduced with permission from [29], Copyright 2022,
The Royal Society of Chemistry.

Several studies have been carried out to understand the bulk of zero-dimensional
Cs45nXg. The Kovalenko group used a solid-state synthesis method for Cs4SnBrg and
mixed it with cations (Rb* and K*) and anions (I7) [27]. In this method, CsBr and SnBr,
were mixed in a stoichiometric ratio and heated in a vacuum at 360 °C in the pellet.
With tuning from the Br~ to I7, the excitation and emission band redshift until the 50%
substitution, as presented in Figure 3c. The emission band shifted from 540 to 620 nm
for CsySnBrg of CsySnBrsls respectively, although no emission was observed at room
temperature with more than 50% of substitutions. These results are similar to the reported
results for nanocrystals in Figure 3b. The substitution of monovalent cations (Rb* and K*)
at the Cs™ site blue shift the emission peak, as shown Figure 3d. Moreover, 25% substitution
of Rb* and K* shift emission bands to 519 and 510 nm, respectively. They have studied
the tunable emission in CssSnBrg with different amounts of Rb*, K*, and I~ in UV light, as
shown in Figure 3e. They obtained the highest quantum efficiency of 15% for Cs4SnBrg.
Recently Zhang et al. [26] synthesized Cs4SnBrg powder by the ball mill method, and
further oxidation was reduced by partial substitution by F~, as shown in Figure 3f. The
PLQY was enhanced from 2.8% to 62.8% after a partial substitution of F, which is the
highest PLQY achieved for the bulk compound. F substitution at the Br site breaks the
lattice symmetry by introducing lattice distortion in the octahedral, a possible reason for
enhancing emission. Moreover, this research finds the reduction in charge transfer between
oxygen and Sn?* by calculating the Bader atomic charge [26]. The Bader charge gives
information about the charge transfer between O, and Sn2* [26]. CssSnBry has a Bader
charge of 0.421e, and after F~ substitution, it changes to 0.299e, which accomplishes that
charge transfer inhibition and resultantly suppresses oxidation.
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Both nanocrystal and bulk crystals exhibit the possible emission mechanism of lumi-
nescence Cs4SnBrg via STE in Figure 3g, and the emission energy can describe by the given
equation for the mechanism.

Ey =Eg—Ey — Este — E4

E, is the photoluminescence energy, Eq is the bandgap, Ej, binding energy, Esrg is
self-trapping exciton energy, and E; is lattice deformation energy.

All these studies regarding the Sn-based confirm that Cs4,SnBrg has green-emissive
luminescent properties and can be a possible candidate for lighting applications.

2.2.2. Zn-Based

Zn-derived zero-dimensional luminescence materials are synthesized with different
dopants. In CspZnCly, [ZnCl4]* presents in the tetrahedral coordination with cation
Cs* in the void. Although Cs;ZnCly does not emit light, doping induces the emission
via self-trapped exciton emission. Wang et al. [30] used the acid precipitation method to
synthesize Sn**-doped into Cs,ZnCly. Sn?* has an outer cell electronic configuration of ns?
which resultantly have the possible transition from 'P; to 'S and 3Py to 'Sy. They observed
the emission centered at 648 nm because of the transition from 3P; to !Sj. The theoretical
calculation found isolated tetrahedral [ZnCl4]*~ possesses almost regular arrangement in
CspZnCly. Sn-doped CspZnCly has disphenoidal [SnC14]*~ units to capture the exciton
for STE. Moreover, these systems have a binding energy of 15 meV, which is lower and
insufficient for lighting applications. Although introducing organic cations increases the
binding energy in a Zn-based system, we do not cover articles related to organic-inorganic
hybrid materials in this review.

Zero-dimensional Cs3ZnXs5 compounds are also developed in areas for lighting ap-
plications. Cs3ZnX5 (x = Cl and Br) has a tetragonal crystal system with a space group
of I4/mcm where [ZnX4]?~ is in tetrahedral coordination [31]. The hot-injection method
is used to synthesize the nanocrystals Cs3ZnCls and Cs3ZnBrs. Cs3ZnCls emits 468 nm
at the excitation wavelength of 275 nm, which shifts to 484 nm in Cs3ZnBrs. Recently
Liu et al. [32] used doping of Sb*" in Cs3ZnCls where Sb partially occupies the Zn po-
sitions. Doping of Sb®* gives an emission from red to orange with increased dopant
concentrations, as shown in Figure 4a. The compound has two excitation peaks because
of the transition of 'Sy — 3P; and 'Sy — 3P; at 275 nm and 320 nm in Figure 4b. The
emission after Sb>" causes a broadband emission with large stock because of the STE at the
emission center at 640 nm in Figure 4c. It is well-studied that the emission occurred via
triplet self-trapped excitons in Sb3*-doped systems. The PLQY of the Sb3*-doped system
achieved up to 34.18% at the excitation wavelength of 320 nm. However, this system can
still be excitable by UV light and stability of this compound needs to be studied in detail.
We have added comparative photo-physical properties of 0D metal halide with divalent
units in Table 2.

2.2.3. Mn-Based

Manganese-derived luminescence material already attracts the researcher to green-
and red-emissive materials CssMnBrs and CsMnBr3. CsMnBrj are in one-dimensional
electronic configuration with octahedral coordination and CszMnBrs5 in zero-dimensional
electronic configurations with tetrahedral coordination. Several groups used different types
of nanocrystals, single crystals, and bulk crystals for Cs3MnBrs and CsMnBrz. Nanocrystals
are synthesized by hot injection, where cesium acetate and manganese acetate dissolve
in a nonpolar solvent with organic ligands. Organic bromide ligand precursors were
further added for complete reaction at a high temperature in the inert atmosphere to
complete the reaction. It is noted that all nanocrystals are stored in a nonpolar solvent with
additional organic ligands to stabilize them. Prof. Manna’s group synthesized CsMnBrj,
and Cs3MnBrs5 nanocrystals doped with rare earth elements and found that CsMnBr; is
the ideal compound to use as a sensitizer for energy transfer in rare earth elements [33].
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They tuned the temperature and stoichiometric ratio of Cs;CO3, manganese(II) acetate, and
benzoyl bromide for the synthesizing of CsMnBrz and Cs3MnBr5 separately. The quantum
efficiency for NIR-1 is very low, and it needs to be enhanced. Recently Almutlaq et al.
synthesized CsMnBr; nanocrystals and achieved a PLQY of up to 56% [34]. Kong et al. used
phase engineering to change the crystal structure with different emissions [35]. They used
the hot-injection method with different ratios of precursors to synthesize Cs;MnBrs and
CsMnBr3 emissions at 520 and 660 nm, respectively, as shown in Figure 5a. However, they
found that the CsMnBrj can transform into Cs3MnBrs after a reaction with isopropanol,
and both the nanocrystals of CsMnBr; and Cs3MnBrs can absorb water and transform into
blue-emissive Cs;MnBr,-2H,0O at 440 nm. Although the PLQY of Cs;MnBr4-2H,0O is low,
it can further transform into the mixture of Cs3MnBr5 and CsMnBrj after dehydration,
as shown in Figure 5b,c. These recent studies found that the Mn-based material can be a
possible candidate to replace lead halide perovskites for future optoelectronics applications.
However, several studies needed to be carried out for industrial applications, such as the
low PLQY of nanocrystals and the stability of these compounds.

@ [Sb*]3% 5% 10% 30% 50%

(b) ()
8.0x10°f Aem =620 nm 3% 1.0x10°F 3 =320 nm 8%
5% * oo
= — 10% ~8.0x10°
=6.0x10* — 30% =
< 50% <
= ’ < 6.0x10°*
g4.0x1o z . ;
5 S 4.0x10
= =
4
m—2.0x10 = oot / \ \
0.0 — 0.0 , . : B
250 300 350 400 450 500 400 500 600 700 800
Wavelength (nm) Wavelength (nm)

Figure 4. (a) Sunlight and UV light image of different amount of Sb3* in Cs3ZnCls. (b) Photolumi-
nescence excitation and (c) emission spectra for Cs3ZnCl5:Sb?* at 620 nm and 320 nm, respectively.
Reproduced with permission from [32], Copyright 2022, The Royal Society of Chemistry.

Table 2. Properties of 0D metal halide with divalent units.

Method Isolated Em. FWHM PLQY

Formula Species Wave. (nm) (nm) (%) Ref.
Cs4SnBrg NC Hot injection [SnBrg]*~ 537 52 [29]
Cs4Snlg NC Hot injection [Snlg]*~ 578 27 [29]
Cs4SnBrs-SnF, Ball Milling [SnBrg]*~ 540 62.8 [26]
Cs3ZnCl5 Hot injection [ZnCl4]* 484 79 [31]
Cs3ZnBrs Hot injection [ZnBrg]*~ 468 76 7.98 [31]
Cs3MnBrs NC Hot injection [MnBry]?~ 520 43 48 [35]
Hot
CsyMnBry-2H,0 injection/Humid [MnBry(H,0),]2~ 440 1.29 [35]

environment
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Figure 5. (a) Synthesis process for CsMnBr; and Cs3MnBrs and their crystal structures, respectively.
(b) Transformation of CsMnBr; to Cs;MnBr4-2H,0 in moisture (99%) and further transformation
by dehydration to CsMnBrz and Cs3MnBrs. (¢) Transformation of CszMnBrs to CspMnBry-2H,0O in
moisture (99%) and further transformation by dehydration to CsMnBr3 and Cs3MnBrs. Reproduced
with permission from [35], Copyright 2021, Wiley-VCH.

2.3. Tri-Valent Coordinated Zero-Dimensional Materials
2.3.1. Bi-Based

Different kinds of Bi-derived inorganic luminescence materials are reported, such as
zero-dimensional (Cs3BiXg) and two-dimensional (Cs3BiyXg) materials [36,37]. In Cs3BiXg,
[BiXg]®?~ are in isolated octahedral coordination, and in Cs3BipXg, the [BiXg]®~ octahedral
coordination is attached to each other’s to form layers. Cs3BiClg has a monoclinic phase
with the C2/c space group [38]. In this work, they also find the decomposition of Cs3BiXg
to Cs3Bix X9 at heating to 220 °C. Cs3BiClg has broadband with emission centered at 391 nm.
Cs3BiClg can further transform into an anion exchange reaction to Cs3BiBrg; by iodide ex-
change, it transforms into Cs3Bisly. Along with it, zero-dimensional Cs3BiXg can transform
into Cs3Biy Xy after the insertion of BiX3. So far, Bi-based zero-dimensional material is not
able to make tunable emissions. We have added comparative photo-physical properties of
0D metal halide with trivalent units in Table 3.
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Indium (In)-based zero-dimensional materials, such as CszInBrg, Cs,InCl5(H,O),
RbyInCl5(H,0), and CsyInBrs(H,0), and doping with different dopants are reported
in [39-43]. Cs3InBrg nanocrystals were synthesized by the hot-injection method, and
the material exhibits broadband luminescence at an emission of 450 nm in Figure 6a [42].
The emission was due to distortions in the [InBrg]>~ octahedral. Recently Cs,InCl5 (HO),
Rb;,InCl5(H0), and CsyInBrs (HpO) compounds have also attracted interest, which makes
them tunable emission with dopants. Rb,InCl5(H,O) has [InCl5(H,0)]?~ an isolated octa-
hedral coordinate (In) with the orthorhombic crystal system of the Pnma space group [39].
The material has low photoluminescence quantum yield due to parity forbidden transition
and parity broken after substitution of Sb3" at the In3* site. Resultantly, the PLQY of
Rb,InCl5(H,0) enhances from 1 to 90% after Sb>* doping at the emission center at 600 nm,
which makes a yellow emission. Furthermore, Rb3InCls:Sb shows a green emission at
497 nm with a PLQY of 95%, as shown in Figure 6b. These results attribute the blue shift in
the STE state of Rb3InCl4:Sb compared to RbyInCls-H,O: Sb. The luminescence shifts with
the change in STE states. Zhou et al. [40] synthesized a Cs3InBrs(H,0O) single crystal with a
quantum yield of 33%, as shown in Figure 6¢. Figure 6d shows red light emission centered
at 695 nm with UV excitation.
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Figure 6. (a) UV-vis, photoluminescence excitation, and emission spectra of Cs3InBrg nanocrystals in
solution. Reproduced with permission from [42], Copyright 2021, Elsevier. (b) Photoluminescence
emission spectra of Rb3InCls:Sb and RbyInCl5(H0O):Sb. Reproduced with permission from [39],
Copyright 2020, Wiley—VCH (c) Ambient and UV light image of Cs;InBrs.H,O (d) Photoluminescence
excitation (Aem = 695 nm) and emission(Aex = 355 nm) spectra of CsyInBrs.H,O. Reproduced with
permission from [40], Copyright 2019, Wiley-VCH. (e) Photoluminescence emission spectra of
K3SbClg with Mn2* doping (0.12%, 1.5%, 3.7%, 4.2%, and 5.8%). (f) Mechanism of energy transfer
of self-trapped exciton emission to Mn?2+, Reproduced with permission from [44], Copyright 2021,
Elsevier. (g) Photoluminescence excitation (Aem = 429 nm) and emission (Aex = 355 nm) spectra
of Cs3YbBrg nanocrystal. Reproduced with permission from [45], Copyright 2022, Wiley—VCH.
(h) Photoluminescence excitation and emission spectra of Cs3CeBrg nanocrystals at different excitation
and emission wavelength. Reproduced with permission from [16], Copyright 2021, the American
Chemical Society.
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Table 3. Properties of 0D metal halide with trivalent units.
Isolated Em. FWHM PLQY

Formula Method Species Wave. (nm) (nm) (%) Ref.

Cs3BiClg NC Hot injection [BiClg >~ 391 60 [38]

Cs3BiyBrg Hot injection [BiBrg]®~ 468 40 4.5% [37]

Cs3InBrg NC Hot injection [InBrg]?~ 450 ~100 22.3% [42]
Temperature-

CsyInBrs(H,O) lowering [InBrs(H,0)]%~ 695 33% [40]
crystallization

K3SbClg NC Hot injection [SbCls]?~ 440 102 22.3% [44]

Cs3YbClg Heating-up [YbCls]?~ 429 76 59.8% [45]

Cs3CeBrg SC Solid state [CeBre P~ o 925%  [16]

2.3.3. Sb-Based

Antimony (Sb)-based zero-dimensional materials such as K3SbClg and Rb7Sb3Clyg
doping with different dopants are reported [44,46,47]. K3SbClg nanocrystals were synthe-
sized by hot-injection method with Mn?2* dopant [44]. Pristine K3SbClg nanocrystal has
a monoclinic crystal system where isolated [SbCly]?>~ octahedral are surrounded by K*
ions. Pristine K3SbClg has blue emission centered at 440 nm with a quantum yield of 22.3%.
Mn?* substitute Sb3* in octahedral coordination gives emission at 600 nm by 4T — A,
transition by energy transfer (Figure 6e). Figure 6f represents the possible energy transfer
from STE to Mn?*. The white LED was fabricated further on a UV chip with K3SbClg:
Mn?2+ nanocrystals with single materials. Also, zero-dimensional Rb;Sb3Cl;¢ nanocrystals
are synthesized, exhibiting yellow broadband emission at 567 nm [46]. Pinchetti et al.
used Rb;Sb3Cly¢ nanocrystals doped with Mn?* showing energy transfer and magnetic
properties [47]. These results are attributed to the STE-derived energy transfer to Mn?*.
The material with low doping shows paramagnetic nature, and an increased amount of
dopant changes it to antiferromagnetic nature.

2.3.4. Rare-Earth-Based

Rare earth trivalent cations can occupy the B site with the octahedral units. So far,
only articles report the synthesis of Cs3LnClg (Ln =Y, Ce, Gd, Er, Tm, and Yb) nanocrystals
by the heating-up method [45]. In this method, both precursors are mixed with oleic acid
and oleylamine ligand with the nonpolar solvent. The reaction was first heated at 130 °C
to remove water content from nonpolar solvent and then heated at 270 °C to complete
the formation of nanocrystals. All compound shows the highest quantum efficiency for
blue light. Figure 6g shows the emission of Cs3YbClg centered at 429 nm at the excitation
of 355 nm with the quantum efficiency of 59.8%. These results suggest zero-dimensional
compounds are materials that can be made with rare earth elements. However, further
study is needed on their characteristic emissions in the infrared region. So far, only CsMnBr3
is the ideal sensitizer material to transfer energy to rare-earth elements [33].

Wang et al. also report the synthesis of Cs3CeBrs with a quantum efficiency of up
to 90% for powder and thin film [16]. Cs3CeBrg has orthorhombic crystal systems with
the Pbcm space group. The solid-state method is used to synthesize powder of Cs3CeBrg
with isolated [CeBrg]?~ in octahedral coordination. Thin films of Cs3CeBry were fabricated
by thermal evaporation of CsBr and CeBrs;. The Cs3CeBrg system has dual emissions at
391 and 421 nm due to the transition between Ce 5d Figure 6h, and the external quantum
efficiency of Cs3CeBrg was recorded at a maximum of up to 0.46%.

3. Application of Zero-Dimensional Materials

The zero-dimensional materials are used for several optoelectronics applications, such
as a light-emitting diode, ultrafast switching memory, photodetector, and scintillators.
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3.1. Light-Emitting Diode

The white light-emitting diode is fabricated on a UV chip using zero-dimensional
materials, as shown in Figure 7a,b. High luminescence green-emissive Cs4SnBrg are mixed
with blue- and red-emissive phosphors BaMgAlloOly:Eu2+ and CaAlSiN3:Eu?* to generate
white light, as shown in Figure 7b, respectively. The fabricated devices have a color-
rendering index of 96% with CIE coordinates of (0.34, 0.33) at 20 mA. The driving current
increased to 200 mA, and only the color rendering index was reduced to 86%, making
the device stable. The device was continuously operated at 1000 h, the color rendering
index remained unchanged, and the relative luminous efficiency was reduced by up to
79%. Along with it, the CIE coordinate only shift from (0.34, 0.33) to (0.33, 0.32) after
1000 h. These results show that the CssSnBrg-prepared device has excellent operation
stability. Xu et al. [29] also reported a device using Cs4,SnBrg nanocrystals with red- and
green-emissive phosphors and achieved a color rendering index of 92%.
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Figure 7. (a) Schematic diagram of LED devices based on Cs4SnBrg-SnF,. (b) Emission spectra
of the fabricated white light diode (WLED) by blue-emissive BaMgAlloolyzEu2+, green-emissive
Cs4SnBrg-SnF, sand red-emissive CaAlSiN3:Eu?* phosphors. Reproduced with permission from [26],
Copyright 2022, Wiley-VCH. (c) Schematic diagram of blue light-emitting diode (LED) made by
Cs3Cuyl5 nanocrystals. (d) Electroluminescence spectra of Cs3CuyIs nanocrystals made blue LED
device for fresh and at different time intervals. Reproduced with permission from [20], Copyright
2020, the American Chemical Society. (e) Schematic diagram of resistive switching memory made by
Cs3Sbyly. I-V curve of resistive switching memory made (f) set pulse (g) reset pulse. Reproduced
with permission from [48], Copyright 2021, the Nature Publishing Group. (h) Schematic diagram of
Photodetector device made by Cs3BiBrg. (i) I-V characteristic of photodetector device at different
power densities. Reproduced with permission from [49], Copyright 2019, Royal Society of Chemistry)
(j) TI-doped Cs3Cuyl5 crystal grown by Bridgman method. (k) Comparison with different scintillators.
Reproduced with permission from [50], Copyright 2021, Wiley-VCH.
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Lead-free copper-based zero-dimensional material is a possible candidate for blue
light-emitting diode application because of the high quantum yield at the emission center
at ~450 nm [20]. Cs3Cuyls nanocrystals are used for deep blue LED and have achieved
external quantum efficiency of up to 1.12%. As shown in Figure 7c,d, the device was
fabricated with an active layer of Cs3Cuyls nanocrystal with 1,3,5-tri(phenyl-2-benzimi-
dazolyl)-benzene (TP) as the electron injecting layer and NiO as the hole injecting layer
for the device. The fabricated device has a coordinate of (0.16, 0.07) for blue LED with
NTSC standards. The device was operated for 170 h, and after 1 h of relaxation, electrolu-
minescence almost recovered to the initial level, which indicates the stability of the devices.
These recent studies suggest the use of zero-dimensional material for WLED and blue LED.

3.2. Ultrafast Switching Memory

Lead halide perovskite is developed as the ideal candidate for resistive switching
memory because of multilevel data storage and low operational voltage [51,52]. Halide
perovskites have applied resistive switching because of the presence of halide defects or
migration of ions [48]. Toxicity and stability issues mean that lead is not environment
friendly for further application. Cs3Sbyls-based resistive switching memory was fabricated,
as shown in Figure 7e [48]. The electrical signals are recorded by applying a voltage at Au
when ITO is grounded. Figure 7f,g showed the I-V characteristics of the device when the
applied voltage was set at 6 V with a width of 20 ns and a reset voltage of —6 V with a
width of 20 ns. To find the fast switching, bias voltage was used from 0 to 0.4 V to find the
resistance state before and after the pulse. With the applied positive voltage pulse, the state
changes from a high-resistance state to a low-resistance state, and further negative voltage
pulse shifts the state and vice versa. All these results confirm that the Cs3Sb,ls.based device
can be operated with a fast switching speed of 20 ns. So far, only Cs3Sb,I5 has been applied
for fast-switching memory applications.

3.3. Photodetectors and Scintillators

After using CsPbX3 and lead-free double perovskite for photodetector applications,
zero-dimensional Cs3BiBrg lead-free luminescent materials were used to detect UV-Vis
light [49]. Cs3BiBrg was deposited on the ITO substrate, and the photocurrent was measured
at the bias voltage of 6V by 400 nm monochromatic illumination, as shown in Figure 7h.
The fabricated device has 0.3 nA dark current and increases with an increasing power
density, as shown in Figure 7i. The fabricated device has responsivity and detectivity of
~25 mA W~ and ~0.8 x 10° Jones, respectively. Highly crystalline zero-dimensional
materials could be ideal for detection application in UV light with a high PLQY.

Scintillators convert high energy x-ray, y-ray, and o particles into low energy
UV- visible light. Recently doped and un-doped Cs3Cu,I5 were used for x-ray and y-
ray detections [22,50,53]. Perovskite has high photoluminescence quantum yield and
high effective atomic number, making it a more suitable candidate for scintillator ap-
plication. The Bridgman method is used to synthesize the single crystal, as shown in
Figure 7j [50]. Cs3CuyI5 has a high quantum yield of 68% at an emission center of ~450 nm,
and further doping with Tl and In-enhanced it to 79.2% and 88.4%, respectively. Single
crystal of Cs3Cuyl5:T1 has a scintillation yield of 1,50,000 photons/MeV with a detection
limit of 66.3 nGy,;;s~!. Additionally, Cs3Cusl5:Tl single crystal has a scintillation yield
of 87,000 photons/MeV under 137¢Cs y-ray detection, as shown in Figure 7k [50]. The
In-doped Cs3Cu,l5 obtained a scintillation yield of 53,000 photons/MeV for x-ray [22].
These results show that Cs3Cuyls highly crystalline materials can be used for high-energy
photon detections.

4. Conclusions and Outlook

Lead halide perovskite’s toxicity and stability issues concern finding an alternative
with similar properties. Tin could be alternative to replace Pb, although it is not stable
and oxidizes in contact with the environment. Several research groups worked on Lead-
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free double perovskite, which has broadband emission and is excitable by UV light. So
far, octahedral and tetrahedral coordinated luminescence materials have been reported
with different applications. The challenges and perspectives regarding zero-dimensional
discussed as follows:

1.  Copper-derived Cs3Cu,l5 has emission at ~445 nm, and the quantum yield increased
to ~88%. This system also exhibits external quantum efficiency of ~1.12% and further
improvement will make it a promising candidate for deep blue LEDs. However,
further improvement in the future is needed to improve the quantum efficiency.
Along with LED, these compounds are widely applied for x-ray scintillation, where
Cs3Cuyls: Tl has a higher scintillation yield than CsI: TL

2. Bimetallic Cs-Ag-X systems emission can be tuned with the change in the crystallo-
graphic dimensions and halides. However, these systems achieved high quantum
yields between 17 and 68% but need to be excited by the UV light. This concern re-
stricts the use of the material for LED. Along with these bi-metallic systems, Bi-based
Cs3Biy X9 nanocrystals are reported but suffer from a very low quantum yield of up to
4.5% only.

3.  The Quantum efficiency of CsySnBrg enhanced achieved up to ~62%, making it the
ideal material for LED applications with high stability. However, the material can
only be excitable by UV chip for WLED, so the stability of the Cs4SnX4 needed to be
detail study.

4. CsgMnBrs and CsMnBrj; have green and red light emissions with tetrahedral and oc-
tahedral coordination, respectively. These materials have emissions around ~520 nm
and ~620 nm, which are ideal for lighting applications. However, further research
is needed to enhance quantum efficiency and stability for industrial applications.
The hot-injection method is complicated for the nanocrystal, and further research is
needed to improve the process.

5. So far, these zero-dimensional materials are applied for several applications discussed
in the application sections. However, these materials could be applied for solar cells,
photo-catalysis, and sensing applications.

Finally, several zero-dimensional materials are studied but still need deep fundamental
research to develop materials for optoelectronics industries in the future. Ag, Bi, and Mn-
based compounds have tunable emissions but must improve the emission properties for
real applications.
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