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All-inorganic lead halides, including CsPbXs (X = Cl, Br, 1), have become important candidate materials in
the field of optoelectronics. However, the inherent toxicity of metal lead and poor material stability have
hindered further applications of traditional metal halides, CsPbXs. Therefore, copper()-based ternary
metal halides are expected to become promising substitutes for traditional metal halides because of their
nontoxicity, excellent optical properties and good stability under ambient conditions. This article reviews
the recent development of all-inorganic low-dimensional copper(i)-based ternary metal halides by intro-
ducing their various synthesis methods, crystal structures, properties and their optoelectronic appli-
cations. In addition, the prospects for future challenges and the potential significance of copper()-based
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1. Introduction

First discovered in 2014, all-inorganic lead halides, including
CsPbX; (X = Cl, Br, I), have been widely recognized as a prom-
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ternary metal halides in optoelectronic fields are presented.

ising class of semiconductor materials for next-generation
optoelectronics, owing to their high photoluminescence
quantum yield (PLQY), tunable emission, and high absorption
coefficient."™ Considering these merits, great effort has been
devoted to synthesizing various lead halides, investigating
their photophysical properties, and developing their diverse
applications such as solar cells,° light-emitting devices
(LEDs),"* ™ photodetectors,">'® and lasers.’”'® Despite con-
siderable progress being made in the fabrication of lead
halides, the toxicity of the metal lead and the poor stability of
the materials limit their further applications. Under such cir-
cumstances, a strategy has been developed to replace toxic
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lead with non-toxic ions such as tin, germanium and
bismuth.'®">*> However, it was found that Sn*" is easily oxidized
to Sn*" under ambient conditions due to its low chemical
stability. Similarly, Ge- or Bi-based metal halides exhibit low
emission efficiency, which still hampers their further opto-
electronic applications.

According to the spatial arrangement of octahedral metal
halide units, the crystal structure of metal halides can be
divided into three-dimensional (3D) networks, two-dimen-
sional (2D) layers, one-dimensional (1D) chains and zero-
dimensional (0D) isolation structures at the molecular
level.***® Compared with 3D and 2D structures, low-dimen-
sional metal halides exhibit unique photophysical properties
due to their stronger quantum confinement effect (¢f. 3D
CsPbBrj;: exciton binding energy 19-62 meV, 0D Cs,PbBrg: 353
+ 40 meV).”*** The corner-connected [PbX,]*~ octahedral 3D
networks enable excitons to dissociate easily owing to their low
exciton binding energy.?*?* Reduction in the molecular level
dimension is conducive to improving the photophysical pro-
perties and thermal stability of low-dimensional materials,**°
which render them to be promising in various optoelectronic
applications.>” ° Hence, it is imperative to develop all-in-
organic low-dimensional lead-free metal halides with excellent
performance. Since Jun et al.* first reported the synthesis of
0D Cs;Cu,l; single crystals with a high PLQY of 90% and air-
stability, low-dimensional Cu(i)-based ternary metal halides
have attracted great attention due to their excellent photo-
physical properties and good stability. More importantly, to
the best of our knowledge, there is no review article about Cu
(1)-based metal halide materials at present. Therefore, we have
summarized a detailed overview of the current progress made
in the field of Cu(1)-based halides by concentrating on the fol-
lowing topics: (i) the reported fabrication strategies of all-in-
organic Cu(i)}-based ternary metal halides, (ii) their crystal
structures, (iii) optoelectronic properties and stability, and (iv)
related optoelectronic applications including LEDs, photo-
detectors, image sensors, fluorescent inks, and memristors. At
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the end of this review, we discuss the challenges of all-in-
organic Cu(r)-based metal halides with a perspective of this
research area on future directions.

2. Synthesis of copper(i)-based
ternary metal halides

Over the past two years, many synthetic strategies have been
developed to prepare copper(i)-based ternary metal halides
and are introduced in the following sections, namely a hot
injection route, crystal growth methods, a spin-coating
approach and a solid-state reaction technique. In addition,
various synthesis conditions and material sizes are also sum-
marized in Table 1.

2.1 A hot-injection route

In 2014, Kovalenko’s group pioneered to prepare all-inorganic
cesium lead halides (CsPbX;, X = Cl, Br, I and mixed halide
systems) based on the hot-injection procedure.” Generally,
under anhydrous and anaerobic conditions, cesium oleate is
quickly injected into a 1-octadecene solution containing PbX,,
oleic acid and oleylamine at high temperature to form CsPbX;
nanocrystals (NCs). Among them, oleic acid and oleylamine
are used as cosolvents to change the kinetic process of the
reaction, and on the other hand as surface ligands to passivate
the NCs. Currently, as the most widely adopted procedure for
the fabrication of CsPbX; NCs, the researchers further
extended this approach to the synthesis of all-inorganic Cu(i)-
based metal halides, as depicted in Fig. 1a. Cheng et al*'
showed the colloidal synthesis of all-inorganic low-dimen-
sional cesium copper halide NCs and demonstrated that reac-
tion temperature is decisive for the final products. At a high
reaction temperature (ca. 110 °C), the final products can be
indexed as yellow-emitting CsCu,I; NCs, while blue-emitting
Cs3Cu,l; NCs are the final products at low temperature (ca.
70 °C). Almost simultaneously, Vashishtha et al.** described
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Table 1 Summary of various synthetic approaches of Cu(i)-based ternary metal halides
Reacting
Methods Reactants temperature Size Material Ref.
Hot-injection route Cs,CO3, CuX (X =1, Br, Cl), oleic acid and oleylamine 70 °C 20 + 2.5 nm Cs;Cu,l; NCs 41
(stabilizer), 1-octadecene (solvent) 110 °C >1 pm CsCu,l; NCs 41
~43 nm Cs3Cu,ls NPs 42
150 °C 0.06 pm Cs;Cu,l;s 43
0.5-1 pm Cs3Cu,Cls 46
160 °C ~68 X CsCu,I; NRs 42
201 nm*
17.5 nm Cs3Cu,l5 NCs 45
180 °C ~1 um Cs3Cu,Cls 43
~0.99 x Cs;Cu,Brs 43
0.22 pm”
Add InX; (X =1, Br, Cl) 180 °C 30 x 20 x Cs;Cu,I; NCs 79
10 nm*
21-28 nm Cs;Cu,Cl; NCs 79
200 °C 12-15 nm Cs3Cu,Br5; NCs 79
Replace CuX with Cu(OAc),, I, and HX acid (X = Br, 120 °C 21 x14nm?>  Cs;Cu,ls NCs 44
Cl) 21x11nm>  Cs;Cu,Brs NCs 44
13 nm Cs3Cu,Cl; NCs 44
Antisolvent vapor-assisted ~ CsI, Cul, DMF and DMSO (solvent), MeOH 60 °C ~5 mm Cs;Cu,l5 SCs 40
crystallization (antisolvent) 10 x 1.5 mm”>  CsCu,l; SCs 48
Rapid antisolvent CsI, Cul, GBL (solvent), and isopropanol (antisolvent) ~RT N.A. Cs;Cu,ls and 50
crystallization CsCu,l;
CsI, Cul, acetonitrile (solvent), and ether 35 nm- CsCu,I; NWs 49
(antisolvent) 6.0 pm
Inverse temperature Csl, Cul, DMF (solvent), and toluene (titrant) 100 °C ~2 mm CsCu,l; SCs 52
crystallization
Temperature-lowering RbX, CuX, HX acid (X = Cl, Br) (solvent), and 95 °C N.A. Rb,CuCl; SCs 55
crystallization hypophosphorus acid (antioxidant) 135°C ~3 cm Rb,CuCl; SCs 56
100 °C ~200 pm Rb,CuBr; SCs 57
Csl, Cul, HI acid (solvent), and hypophosphorus acid 80 °C N.A. CsCu,I; SCs 54
(antioxidant)
Solvent evaporation CsI, Cul, and DMF (solvent) RT 1-5 mm CsCu,l; 59
crystallization
Solid-state reaction RbX and CuX (X = Cl, Br) 225 °C N.A. Rb,CuX; 55
technique CsX and CuX (X =1, Br, Cl) RT N.A. Cs;Cu,Xs and 62
CsCuyX3
410 °C N.A. CsCu,Xs 69
Csl, Cul and MnCl, 450 °C N.A. Mn doped 70
Cs3Cu,l;

the synthesis of Cs;Cu,l; nanoplates (NPs) and CsCu,l; nano-
rods (NRs) with controlled shape and composition, and regu-
lated their functions by adjusting the reaction temperature

and ligand proportions.
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Subsequently, several groups employed similar hot-injec-
tion routes to synthesize Cs;Cu,Xs (X = Cl, Br, I) NCs with

different optical properties and chemical compositions.

43-46

For instance, Luo et al.** investigated the photophysical pro-
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Fig. 1 Hot-injection route for the synthesis of Cu(l)-based metal halides. (a) Schematic diagram for the colloidal synthesis of CszCu,ls NCs (top),
photographs of CszCu,ls NCs colloidal solution under ambient conditions and 254 nm excitation, and the corresponding TEM images (bottom).
Reproduced with permission from ref. 45. Copyright 2020, American Chemical Society. Typical TEM images of (b) CszCusls, (c) CssCu,Brs and (d)
Cs3Cu,Cls NCs. Reproduced with permission from ref. 44. Copyright 2020, Wiley-VCH.

perties and stability of the synthesized Cs;Cu,Xs and found
that Cs;Cu,Cls NCs have the highest PLQY and exhibit excel-
lent PL stability in air. The typical transmission electron
microscopy (TEM) images of the as-prepared Cs;Cu,Xs NCs are
illustrated in Fig. 1b-d. Both Cs;Cu,ls and Cs;Cu,Brs NCs
show a rod-like morphology, while Cs;Cu,Cls NCs exhibit a
cube-like shape. In addition, Lian et al.*® synthesized a series
of Cs3Cu,Xs NCs. They demonstrated that the addition of ethyl
acetate to the crude solution during the purification process
was a key parameter to improve blue emission efficiency.
Notably, the PL emission shows a gradual redshift with
halogen, which is contrary to the general trend found in
CsPbX; NCs. They illustrated that the abnormal PL spectra of
Cs;Cu,Xs are attributed to the synergetic combination of the
significant change in the bandgap associated with structural
deformation and large excitonic effect.

2.2 Crystal growth methods

2.2.1 Antisolvent vapor-assisted crystallization. The antisol-
vent vapor-assisted crystallization method is based on the
different solubility behaviors of metal halide materials in
different solvents to grow crystals.”” In general, metal halides
show high solubility in solvents such as N,N-dimethyl-

This journal is © The Royal Society of Chemistry 2020

formamide (DMF) and dimethyl sulfoxide (DMSO), and low
solubility in toluene and chloroform. These solvents with low
solubility for metal halides are called antisolvents. Typically,
the slow diffusion of antisolvent vapor into the precursor solu-
tion (consisting of metal halides dissolved in good solvents)
leads to solution supersaturation and initiates crystal for-
mation and growth. Jun et al.* reported for the first time that
lead-free 0D Cu;Cu,l5 single crystals (SCs) with a size of about
5 mm were produced by this method. Inspired by this, Lin
et al.*® obtained other CsCu,l; phase SCs, which were effec-
tively controlled by easily changing the ratio of cesium iodide
(CsI) and copper(i) iodide (Cul) in the precursor solution.
Generally, heating the antisolvent can accelerate the growth of
crystals. However, it takes relatively a longer time for single-
crystal growth (e.g., temperature: 60 °C, time: 48 h) and it is
difficult to obtain large sized SCs.

2.2.2 Rapid antisolvent crystallization. Rapid antisolvent
crystallization is another method of rapid synthesis of crystals
evolved on the basis of the antisolvent vapor-assisted crystalli-
zation method. The reaction is usually carried out at room
temperature and does not require a long time to grow crystals.
Li’s group synthesized high-quality, adjustable-size ternary
copper-based halide CsCu,l; nanowires (NWs) and applied

Nanoscale, 2020, 12, 15560-15576 | 15563
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them to polarization-sensitive and flexible ultraviolet photo-
detectors.”” Fang et al®® dissolved CsI and Cul in
y-butyrolactone (GBL) at a specific molar ratio to form the pre-
cursor solution, and then rapidly injected the precursor solu-
tion into the antisolvent isopropanol to obtain crystals
(Fig. 2a). They successfully demonstrated that chemical conver-
sion between CuzCu,l; and CsCu,l; can be realized by a
simple mechanical grinding method. To be specific, the con-
version process can be described as the following two reac-
tions: (i) CuzCu,ls + 4Cul — 3CsCu,l; and (ii) CsCu,l; + 2CslI
— CuzCu,l;, and the reaction mechanism is described as
shown in Fig. 2b. They found that addition of water, ethanol
or propanol during the grinding process can promote the
abovementioned two reactions, but it is more difficult to
achieve complete conversion for the second reaction.’® Overall,
choosing of appropriate precursors or additives for the
mechanochemical reaction can further tune the emitting wave-
length of Cu(i)-based metal halides, which may provide a new
pathway for future applications of white LEDs.

a Molar ratio 1:2

Csl and Cul in GBL

Molar ratio 3:2
b
+ Cul i
+I-(Csl)
Cc
DMF Transfer
Ultrasonic
Csl
QLcul

mixed powder solution solution in Petri dish
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2.2.3 Inverse temperature crystallization. Metal halides
possess inverse temperature solubility behavior in some
certain solvents with increasing temperature.®® Based on this,
the inverse temperature crystallization method can be
implemented through heating of the precursor solution with
an appropriate concentration. Jun’s group manufactured 1D
CsCu,l; SCs with a size of ~2 mm through this method.”* The
CsI-Cul solution with a concentration of 0.25 M was prepared
using DMF as a solvent, and the precursor solution after
toluene titration and filtration treatment was then maintained
at a temperature of 100 °C for 30 min to grow crystals.
Importantly, such crystallization possesses a simple procedure
and an order of magnitude faster crystallization rate compared
to those previously reported classical growth approaches,
which makes it a relatively common method for preparing
metal halide crystals.”

2.2.4 Temperature-lowering crystallization. The tempera-
ture-lowering crystallization method is implemented based on
the principle that the solubility of metal halides in an aqueous

" Cs3Cuyls

DMF ;
Vaponze

mlllmeter—sazed crystais under UV-254 nm

Fig. 2 Crystal growth methods for the synthesis of Cu(l)-based metal halides. Schematic illustration of (a) the synthetic process for cesium copper
jodide with different stoichiometric ratios and (b) conversion between the 0D site of [Cu,ls]*~ and the 1D structure of [Cu,ls]~. Reproduced with per-
mission from ref. 50. Copyright 2020, the Royal Society of Chemistry. (c) Schematic diagram of the room temperature solvent evaporation crystalli-
zation process to synthesize Cs3;Cu,ls crystals, and the corresponding photographs under day light and the UV lamp. Reproduced with permission

from ref. 59. Copyright 2020, Wiley-VCH.
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solution of hydrohalic acid decreases with the decrease in
solution temperature.’® Typically, a saturated solution of metal
halides is prepared at a higher temperature, and then the pre-
cursor solution is cooled to a certain level at a slow rate to
supersaturate the solution and precipitate the crystals.
Through this method, Li et al.®* successfully synthesized 1D
CsCu,l; by slowly cooling the precursor solution (formed by
dissolving CsI and Cul in hydroiodic acid at 100 °C) at a rate
of 1 °C h™". In particular, the addition of hypophosphorus
acid to the precursor solution avoids oxidation of Cu’ during
the heating procedure. Also, they investigated the pressure-
induced enhancement of PL behavior in 1D CsCu,l;, which
showed a new strategy for low-dimensional metal halide emis-
sion modulation. Furthermore, another low-dimensional Cu(1)-
based metal halide Rb,CuX; (X = Cl, Br) has also been reported
by some researchers.”®” Among them, Creason’s group pio-
neered to investigate the up-conversion PL behavior of lead-
free metal halide Rb,CuCl; and the optical cooling efficiency
can be estimated to be about 32%. Hence, this method is a
convenient and effective approach for crystal growth, and we
look forward to extending it to the synthesis of other phases
(e.g., 0D Cs3Cu,Xs).

2.2.5 Solvent evaporation crystallization. Based on evapor-
ation and concentration of the precursor solution to induce
crystallization, the solvent evaporation crystallization method
is a conventional and simple strategy to grow crystals.”® Zhang
et al.”® ultrasonically dissolved Cul and CsI (molar ratio of
2:3) in DMF, and then placed the precursor solution under a
fume hood to evaporate the solvent, resulting in the formation
of Cs;Cu,l; crystals (Fig. 2¢). The size of the obtained Cs;Cu,ls

Review

crystals can be adjusted by the concentration of the precursor
in the DMF solution. Specifically, Cs;Cu,l5 crystals with a size
larger than 5 mm were obtained by evaporating high concen-
tration (0.4 M) of the precursor solution, while the crystals
with a size smaller than 1 mm were produced at low concen-
tration (0.125 M). The solvent evaporation crystallization
method can also be extended to fabricate yellow-emitting
CsCu,l; crystals by adjusting the molar ratio of CsI:Cul to
1:2.°° Although this method is convenient and efficient to
grow crystals, it is difficult to precisely control the growth of
large crystals.

2.3 A spin-coating approach

The most typical method to prepare metal halide films is the
one-step spin-coating technique, in which the resulting precur-
sor solution is spin-coated on the substrate and is then ther-
mally annealed to obtain thin films.*® Typically, the precursor
solution is obtained by dissolving metal halides (molar ratio of
Csl: Cul: 3:2 for Cs;Cu,ls and 1:2 for CsCu,l;) sequentially
into a mixed solvent of DMSO and DMF.***>%0"¢? Besides,
another modified one-step method called antisolvent engin-
eering was developed to prepare dense and uniform halide
films, which has been reported in traditional Pb-based
halides.®>®* Ma et al.®® evaluated the influences of antisolvent
dripping time on the morphology of CsCu,l; films, in which
appropriately prolonged dripping time helped to obtain a
dense and uniform surface, but further increasing the drip-
ping time would lead to morphology deterioration (Fig. 3). The
CsCu,l; films with better luminous performance can be
obtained by precisely controlling the dripping time of the anti-

Ol + Cul Toluene < Fiy
DMF/DMSO Amtlsolvent & e
p ary
=
&
8
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-
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Fig. 3 Spin-coating approach for the synthesis of Cu(l)-based metal halides. (a) Schematic diagram of synthesis of CsCu,lz thin films with different
dripping time of toluene antisolvent. (b) Absorption, PL spectra and (c) PLQYs of the CsCus,ls thin films. Insets: Photographs of the CsCusls thin films
under 254 nm excitation. (d) Scanning-electron microscopy images of the CsCu,ls thin films. Reproduced with permission from ref. 65. Copyright

2020, American Chemical Society.
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solvent. In a typical procedure, the antisolvent was quickly
added dropwise onto the precursor-coated substrate to reduce
the solubility of the precursor solution, thus promoting crystal
nucleation and film formation.®® Overall, as a universal
method of preparing high quality dense and pinhole-free
halide films, dripping antisolvent after spin coating is vital to
precisely control the dripping time to adjust the film
morphology.

2.4 The solid-state reaction technique

As a way of the solid-state reaction technique, mechanochem-
ical synthesis has emerged as an attractive synthetic procedure
with obvious simplicity, rapidity, reproducibility, and environ-
ment friendliness and possesses tremendous potential for the
extension of the design of various metal halide structures.®”*®
In such green chemistry, Sebastia-Luna et al.®®> conveniently
obtained CsCu,X; and Cs;Cu,Xs compounds by stoichiometric
ball milling or grinding of CsX and CuX (X = Cl, Br, I or their
mixture) at room temperature without dissolving them in solu-
tion. The composition of metal halides can be flexibly adjusted
through various combinations of Cl, Br, and I contents,
thereby actualizing emission modulation. In addition, high-
temperature sintering of stoichiometric-grinding precursors is
also designed to produce Cu(i)-based halides and Mn-doped
halides.”””® A series of novel Mn-doped dual-emitting
Cs;Cu,ls thermochromic halides were prepared by Du’s
group.”® Under irradiation of 300 nm, these obtained micro-

a CS3CU2I5‘ b
_“;T ®cs
L\ oY | o
Cl" ’ /|
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particles not only exhibit the featured emission of Cu" but also
a green emission at 556 nm from the *T,, — °A,, transition of
Mn>". Induced by the thermal quenching effect, the emission
intensities of both Cu* and Mn”>" decreased with increasing
temperature, and Cu'-related emission was more sensitive to
the temperature compared with that of the Mn**, which was
described as the origin of thermochromism.

3. Crystal structures

As early as 2004, Hull et al.”' systematically studied crystal
structures of ternary derivatives of copper monohalides.
Fig. 4a-c show three typical schematic crystal structures of Cu
(1)-based halides. To be specific, 0D Cs;Cu,]; crystallized in the
Pnma space group of the orthorhombic crystal system, in
which Cu'l, tetrahedra and a Cu'l; triangle that are edge-con-
nected to form isolated [Cu,Is]’” units were separated by the
surrounding Cs’ ions. In contrast, 1D CsCu,l; belongs to the
orthorhombic space group of CmCm, where Cu'l, tetrahedra
share common edges thereby forming infinite double chains
of composition of Cu,l; interspersed by Cs' ions.
Furthermore, Rb,CuX; (X = Br and Cl) is crystallized in the
orthorhombic space group Pnma, featuring 1D [CuX;]*~ chains
separated by Rb" ions. CuX, tetrahedra share a common
corner thus forming [CuX;]>~ chains along the h-axis and
resulting in a 1D structure. Sebastia-Luna’s group demon-
strated that a continuous shift in the Bragg’s reflection peaks

Rb,CuCl,

@®Rb
s Cu
* Cl

e o ‘L'—’-a
d 850 e
i 1-100% 00 b F100% 7o .
¢ 1-75%| __ s00} o Nos F75% 3 o
e T .o ;..s_s._':.---'.‘i"m E Pnma
} 1-50% = bbbt M Atinamnd =0 ;
P A i ..g i w - 51
a | Br-100%|S e g °
(3] - o ] (¥ - 214
" Cl-25Y% D 700+ . ° " ]
i fo| g @ o °
__CI-50%/E ° =7
i 650 @
4 Cl-75% ° | . 1200
) CI-100% | C1-100% °|
' 1
10 40 10 40 o~

0
Tk ALRISLEE

R

20 20 (o) 30

Fig. 4 Crystal Structures of Cu()-based metal halides (a) Cs3Cusls, (b) CsCu,ls and (c) Rb,CuCls. X-ray diffraction patterns (left) and unit cell volume
(right) of (d) CsCu,X3 and (e) Cs3Cu,Xs compounds. Reproduced with permission from ref. 62. Copyright 2019, American Chemical Society.
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is linearly dependent on the composition, indicating the for-
mation of high phase purity compounds (Fig. 4d).°?
Exceptionally, Cl-rich mixed Br-Cl compounds reveal minor
phase segregation between CsCu,Br; and CsCu,Cl; domains.
In addition, unit cell volumes derived from Le Bail fits show a
rather linear expansion from 633 A* (X = Cl) to 710 A* (X = Br)
and 838 A’ (X = 1), due to lattice expansion or contraction
caused by the insertion of the larger I" ion or the smaller C1™
ion.®” similarly, for the crystal structures of Cs;Cu,Xs, diffrac-
tograms are fitted by the Pnma space group (Fig. 4e). In this
work, they found that the Cl-rich compounds (75 and 100%)
are better fitted by the space group CmCm, which may lead to
distinguishable optical properties of Cl-rich compounds con-
sistent with their different crystalline phases.®> Obviously, the
inability to clarify what drives the crystallization in this struc-
ture seems to hinder the understanding of the relationship
between the lattice structure and the optical properties of the
Cu(i)-based metal halides. Therefore, further experimental
studies to elucidate the structural characteristics and mecha-
nism of metal halides are essential for a better understanding
of these materials.

4. Properties
4.1 Electronic structures

Most properties (such as charge transfer and optical pro-
perties) of metal halide systems are determined by their elec-
tronic structures, including the spatial and energy distribution
of electrons. Up to now, a lot of comprehensive research work
has been conducted on the band structures, density of states
(DOS) and many other electronic properties of Cu(i)-based
metal halides. The valence band (VB) is predominantly com-
posed of the Cu 3d orbital hybridized with the halide np orbi-

Review

tals (n is the principal quantum number, n = 3, 4, and 5 for Cl,
Br, and I, respectively), while the conduction band (CB) is
mainly contributed by admixed Cu 4s and the halide np
orbitals.****>> Cs" ions are far away from valence and conduc-
tion bands, so their contribution to the VB and CB is too small
to be considered.’®*® Fig. 5 shows the typical electronic struc-
tures and projected DOS of Cu(i)-based halides, in which the
colloidal 0D Cs;Cu,l; and 1D CsCu,l; NCs are calculated to
possess direct band gaps from density functional theory
(DFT).*" 1t was notable that the highest valence band of
Cs;Cu,l;s is flatter than that of CsCu,lz, symbolizing heavier
electron and hole effective masses and strong quantum con-
finement, thereby resulting in a strong emission.*®>*

In addition, the electronic structure of Cu(i)-based halides
will change significantly upon photoexcitation, which is
closely linked to their optical properties. Fig. 6a—c reflect the
projected DOS of Cs;Cu,X;s before and after photoexcitation,
and additional peaks were observed above the valence band
(VB) in the photoexcited state when compared to the pristine
structure, indicating stronger coupling in the low-dimensional
structure.”® Such charge localization can be attributed to the
obvious structural deformation that occurs when the [Cu,X;]*~
cluster transitions from the ground state to the excited state.
As a result, the length of the Cu;-Cu, bond decreases from
2.53 t0 2.33 A, while the Cl-Cu;-Cu, angle increases from 147°
to 177°.** The phenomenon of lattice structure deformation of
Cu(1)-based halides upon photoexcitation is consistent with
that reported in ref. 45, as illustrated in Fig. 6d. Similarly, the
excitons of 1D CsCu,l; tend to localize due to the large struc-
tural distortion of [Cu,le]*” tetrahedra upon photoexcitation.
Specifically, I; and I; will stretch in opposite directions, while
Cu, and Cu, will shrink toward the center (Fig. 6€).°® Besides,
due to the lattice deformation of metal halide structures, the
broad band PL emission with a large Stokes shift is usually
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Fig. 5 Electronic band structure (top) and computed DOS (bottom) of Cu(i)-based metal halides. (a) 1D CsCus,ls, (b) 0D Cs3Cusls. Reproduced with
permission from ref. 41. Copyright 2019, Wiley-VCH. (c) 1D Ru,CuCls and (d) 1D Ru,CuBrs. Reproduced with permission from ref. 55. Copyright
2019, Wiley-VCH. Note that the band gap is underestimated by the PBE calculations.

This journal is © The Royal Society of Chemistry 2020

Nanoscale, 2020, 12, 15560-15576 | 15567



Review
a b —] C ——=m
- = —Eedp 5 Po—isp
E £ —onsk £ ~Cuds
: % i iy
g TV AL S
- S54-3-2-101234 543210123485
Energy (eV) Energy {6V} Energy (6]
T —tu3
E - i —erap - — 1%
5 i H Cuds] S ——Cudy
w 3 3
: £l B,
g ; i B
5432101234 S5-4-3-2-10123 4 S4329012345
E (eV) Enongy (V) Eneegy (8V]
d Excited structure
¥,
0 \
Q it
> 4644
Ground state Ky l
275A—

Fig. 6 Changes in the electronic structure of Cu(l)-based metal halides
upon photoexcitation. Projected DOS for pristine (top) and distorted
(bottom) structures of (a) Cs3zCu,Cls, (b) CszCu,Brs and (c) CszCusls.
Reproduced with permission from ref. 43. Copyright 2020, American
Chemical Society. Geometric ground state and excited state structures
of (d) the [Cu,ls]*~ cluster. Reproduced with permission from ref. 45.
Copyright 2020, American Chemical Society. (e) CsCu,ls. Reproduced
with permission from ref. 65. Copyright 2020, American Chemical
Society.

Nanoscale

characteristic of the self-trapped exciton (STE) emission for Cu
(1)-based halides.***%%3

4.2 Optical properties

4.2.1 Composition-related PL emission. Similar to that of
lead-based halides, the emission peak of Cu(i)-based halides
could also be conveniently regulated by controlling the reac-
tion temperature and stoichiometry of the precursor halide
compositions.*'~**>>62:5% The PL spectra of the as-prepared 0D
Cs3Cu,X;5 (X = Cl, Br, and I) NCs, as depicted in Fig. 7a, show
an abnormal blueshift from the green to blue region when
halogen goes from ClI to I. Such a blueshift is attributed to the
synergetic combination of the significant change in the
bandgap associated with the structural deformation and large
excitonic effect.”* Both Cs;Cu,Cls and Cs;Cu,l; exhibit quite a
long lifetime, reaching 135.97 and 1.56 pus, respectively
(Fig. 7b).**

Apart from modulation of the precursor halide compo-
sitions, it was found that adjusting the reaction temperature
for synthesis from 110 to 160 °C allowed the emission peak to
be tuned from 444 to 561 nm, which is due to the phase tran-
sition of 0D Cs;Cu,l5 to 1D CsCu,l;.** In contrast, the emis-
sion peak of single halides CsCu,X; (X = Cl, Br, I) shows a con-
tinuous redshift, while the mixed halides CsCu,Cl, sBr; 5 and
CsCu,Br; 5I; 5 do not follow a linear trend (Fig. 7c-e).®®
Particularly, the PL lifetime of CsCu,X; shows the opposite
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change trend to that of Cs;Cu,Xs, increasing from 13.8 ns for
CsCu,Cl; to 62 ns for CsCu,l;. The substitution of metal Rb
ions for Cs ions results in the formation of strong violet emis-
sion halides Rb,CuX; (X = Br and Cl), which is an additional
strategy for modulating PL.>*>*® Furthermore, Kentsch et al.”>
provided direct experimental evidence of the exciton self-trap-
ping mechanism through the femtosecond UV-vis transient
absorption experiments of CsCu,l; thin films.

4.2.2 Temperature-dependent PL emission. The thermal
quenching phenomenon inevitably occurs in various lumines-
cent materials, and the PL intensity gradually decreases with
increasing temperature.””’* Research on the temperature-depen-
dent PL behavior of semiconductors is very useful for us to
understand the photophysical processes of materials. To get
further information about the emission mechanisms, the temp-
erature-dependent PL properties of the Cs;Cu,ls NCs and
CsCu,l; thin film were explored.*>® It was observed that the PL
intensity of Cs;Cu,ls NCs continually decreased as the tempera-
ture was increased from 10 K to 300 K, whereas the emission
peak positions remained almost unchanged (Fig. 8a). However,
as shown in Fig. 8b, yellow-emitting CsCu,I; exhibits a continu-
ous blue-shift trend with increasing temperature.”> A similar
blue-shift was also observed in almost all the CsCu,X; com-
pounds by Roccanova and his colleagues (Fig. 8c).®” Such an
abnormal blue-shift phenomenon could be attributed to the
high  lattice  distortion and the electron-phonon
renormalization.®>® In addition, owing to the emission inten-
sity associated with Cu' ions that is more sensitive to tempera-
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2020, American Chemical Society. (b) CsCuslz thin films. Reproduced
with permission from ref. 65. Copyright 2020, American Chemical
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with permission from ref. 43. Copyright 2020, American Chemical
Society.

This journal is © The Royal Society of Chemistry 2020

Review

ture than that associated with Mn>" ions, the emission color of
Mn(u)-doped Cs;Cu,l; microparticles changes from cyan to
green when increasing the temperature from 298 to 498 K.”°
Furthermore, Lian et al*® investigated the time-resolved PL
decay lifetimes of Cs;Cu,Cls at various temperatures (Fig. 8d).
They found that the change rate of lifetime with respect to temp-
erature was as high as 2.7 ps °C™". In fact, through the measure-
ments of temperature-dependent PL spectra of semiconductor
materials, their corresponding photophysical parameters (such
as exciton binding energy, optical phonon energy, exciton-
phonon coupling constant, etc.) can be obtained, which is also
vital for us to analyze the relevant mechanism,*%*>*8°26569
However, further efforts could be focused on the temperature
dependent transient PL spectra, which can reveal more physical
chemistry processes in Cu(i)-based halides.

4.2.3 Pressure-induced enhanced PL emission. Pressure-
induced emission of low-dimensional metal halides has
already been reported by Ma’s group.””> Most recently, as a
unique mechanism to regulate the luminescence of metal
halides, Li et al.>® investigated the pressure-induced enhanced
PL emission of 1D Cu(i)-based halide CsCu,l;. As shown in
Fig. 9a-c, the emission color of the CsCu,l; crystal gradually
changes from yellow to green with the increase in pressure to
4.1 GPa. With continuous compression to 8.0 GPa, the emis-
sion intensity is significantly enhanced under ambient con-
ditions, whereas further compression leads to quenching of
emission intensity.>® The major reason for this phenomenon
is due to the large structural distortions from intra- and inter-
tetrahedra, which has been proved through high-pressure
angle-dispersive X-ray diffraction.®® In short, the in-depth
study of pressure-induced enhanced PL behavior of Cu()-
based halides is essential for further understanding the struc-
ture-property relationships, which in turn depends on the
effect of pressure on the lattice structure.

4.2.4 Polarization-dependent PL emission. Recently, semi-
conductor NWs, with a facile-engineered dimension and well-
defined structural anisotropy, have demonstrated remarkable
light polarization characteristics from various aspects of emis-
sion, absorption, and photoconductivity.”® As stated in the
crystal structure section, CsCu,l; has a 1D anisotropic crystal
structure, which makes it tend to grow into a 1D linear mor-
phology.*® Fig. 9d illustrates the variation in the PL intensity of
1D CsCu,l; NWs with respect to the polarization angle.*® The
PL intensity shows the maximum value at an angle of 0° then
decreases gradually with a change in the polarization angle
and reaches the minimum at 90° polarization (Fig. 9¢). In
addition, the emission polarization ratio is calculated to be
~1.7:1, which results from the anisotropic crystal structure
and morphology simultaneously.*® The polarization-depen-
dent PL properties of the Cu(i)-based CsCu,l; NWs possess
high potential for being applied in polarization-sensitive UV
photodetectors.

4.3 Stability

The air-, photo- and thermal-stability issues of metal halides
in an atmospheric environment and over a wide temperature
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range are essential for further long-term commercial
implementation. However, due to the low exciton binding
energy, traditional metal halides possess physical instability,
resulting in easy diffusion and decomposition of ions into
various dimensional phases.”®>* In addition, these materials
are chemically unstable and can easily react with water and
oxygen molecules in the air environment, and the phase separ-
ation also occurs upon photoexcitation.>”” Fortunately, low-
dimensional Cu(i)-based metal halides exhibit excellent stabi-
lity, in which CsCu,X; (X = Cl, Br, I) and Cs;Cu,ls both show
good ambient air stability for more than two months.*®*"%°
However, as a result of the oxidation of Cu" to Cu**, Cs;Cu,Cls
with high PLQY exhibits poor air stability, whereas moisture-
induced oxidation does not occur with copper iodide, resulting
in favorable stability of Cs;Cu,l5.®> Furthermore, as for blue-

emitting halide Cs;Cu,I5 and yellow-emitting halide CsCu,l3, a

15570 | Nanoscale, 2020, 12, 15560-15576

tiny decay was generated after continuous UV light irradiation
for a long time (¢f. Cs3Cu,ls: the attenuation is 2% after 8 h,
CsCu,l3: 5% after 750 min).*®*®" The inherent excellent stabi-
lity of Cu(i)-based halides shows them to possess broad pro-
spects in optoelectronic applications, which will be discussed
in the next section.

5. Applications
5.1 LEDs

LEDs based on metal halides have attracted extensive research
interest due to their potential applications in lighting and dis-
plays. Cu(1)-Based metal halide LEDs are emerging due to their
nontoxicity and excellent stability.*>*>*>%° Typically, these
LEDs consist of a hole-providing and electron-blocking layer,

This journal is © The Royal Society of Chemistry 2020
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the emitting layer and an electron-providing and hole-blocking
layer. The emitting film layer is usually fabricated either by
spin-coating the NCs dispersion onto the substrate, or by
adding dropwise the anti-solvent onto the substrate coated
with stoichiometric CsI and Cul precursors, which has been
discussed in the Synthesis section. Considering the inherent
phase instability of Pb-based mixed halide yellow LEDs caused
by halide separation under continuous operating bias, Ma’s
group for the first time fabricated highly stable yellow LEDs
based on all-inorganic Cu(i)-based halides CsCu,I;.°® This
device structure contains multiple layers as described below:
ITO (anode), PEDOT:PSS (hole-injecting layer), poly-TPD (hole-
transporting layer), CsCu,l; thin films (emitting layer), TPBi
(electron-transporting and hole-blocking layer), and LiF/Al
(cathode), as shown in Fig. 10a and b. This as-designed LED
has a relatively high turn-on voltage (~5.0 V) and a maximum
luminance value of 47.5 cd m™> at an applied bias voltage of
9.2 V (Fig. 10¢).®® In addition, they also investigated the EL
spectra under various applied biases, the external quantum
efficiency (EQE) and current efficiency, and half-lifetime (Ts,)
of the LEDs.

Review

In terms of lifetimes, for all-inorganic metal halide LEDs,
Cs;Cu,l; NCs were used by Wang et al.*® to manufacture high-
efficiency deep-blue LEDs with a half-lifetime above 100 h
(Fig. 10d). This blue LED has a turn-on voltage (~4.5 V) and a
maximum luminance (L) value of 262.6 cd m™> at 7.5 V
with the Commission Internationale de L’Eclairage (CIE)
chromaticity diagram of (0.16, 0.07). The EQE of the Cs;Cu,I5-
based device was found to reach as high as ~1.12% at an
applied bias voltage of 7.5 V (Fig. 10e) and is comparable with
that of the best performing blue LEDs based on lead halides.*?
Additionally, they demonstrated that the reproducible and
stable performances of the proposed device can serve as a
reliable excitation source to convert the visible emission
(Fig. 10f).*® A detailed comparison of the parameters of these
two Cu(1)-based LEDs is shown in Table 2.

5.2 Photodetectors

Ultraviolet (UV) photodetectors with high spectral selectivity
have important applications in fluorescence detection,
imaging, ultraviolet phototherapy and biomedical sensing. Li
et al.®" successfully constructed the Cs;Cu,l5/GaN heterojunc-
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Fig. 10 LEDs based on ternary copper(i) halides. (a) Schematic illustration of the CsCu,ls based LED with ITO/PEDOT heterostructure: PSS/poly-
TPD/CsCu,ls/TPBI/LiF/AL (b) Cross-sectional SEM image for the yellow LED structure. (c) Current density (red) and luminance (blue) as a function of
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CszCuls NCs based device as well as CdSe QD- and Pl-coated devices. Reproduced with permission from ref. 45. Copyright 2020, American

Chemical Society.

Table 2 Comparison of the main parameters of Cu()-based LEDs

Emission material Color EL Amax (nm) CIE Limax (cd m™?) EQEax (%) Tso (h) Ref.
CsCu,l; Yellow 550 (0.43, 0.52) 47.5 0.17 5.2 65
Cs5Cu,ls Blue 445 (0.16, 0.07) 262.6 1.12 108 45

This journal is © The Royal Society of Chemistry 2020
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tion and further fabricated spectrum-selective UV photo-
detectors by using the charge collection narrowing concept
(Fig. 11a). The response window of the device is 300-370 nm
by adjusting the thickness of the Cs;Cu,l; film, in which the
response range shows a decreasing trend with an increase in
the thickness (Fig. 11b). At zero bias, the device has a respon-
sivity up to 0.28 A W™, a specific detection rate of 1.4 x 10"
Jones, a maximum current on/off ratio of 1.2 x 10°, a response
speed of 95/130 ps and the ability to respond to ultrafast
optical signals (Fig. 11c—f), which are comparable to those of
many previously reported lead halide photodetectors.®® More

importantly, metal halide Cs;Cu,I5 has excellent UV resistance,
ambient water/oxygen, and thermal stability, thereby the unen-
capsulated device can work continuously in air at a high temp-
erature (373 K). Furthermore, after being enclosed in the open
air for one month, the light detection capability of the device
can still be maintained, demonstrating the unique advantages
and

as a stable efficient light detection material.®!

Nanoscale

Subsequently, they applied optically anisotropic 1D CsCu,l3
NWs to manufacture polarization-sensitive and flexible UV
photodetectors with a high photocurrent anisotropy ratio of
~3.16 (Fig. 11g and h).** The on/off ratio, response speed,
photoresponsivity and specific detectivity reached 2.6 x 10°
6.94/214 ps, 32.3 AW " and 1.89 x 10" Jones, respectively. The
as-designed device also showed superior bending durability
and working stability which could stand under wide angle (0°-
160°) and increased bending cycles (~1000 times) (Fig. 11i).*°
In addition, Zhang et al.*® also reported a sensitive deep UV
photodetector based on the all-inorganic Cs;Cu,ls film derived
by a solution method, which fully confirms great potential for
future UV optoelectronic devices and systems. Very recently,
facet-dependent photoresponse was observed for the CsCu,l;
single crystal by Li’s group.”® They proved that the on-off ratio
of the {010} crystal plane is higher than that of the {110}
crystal plane, which is attributed to the higher electron density
of the {110} crystal plane, corresponding to higher dark
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current. Overall, all-inorganic Cu(i)-based metal halides are
promising candidates for low-cost, high-performance UV
photodetectors.

5.3 Other applications

The possibilities of Cu(i)-based metal halides have also been
explored in some other applications, such as image
sensors,®”®! fluorescent inks,’ X-ray scintillators,>>>””® mem-
ristors and neuromorphic computing applications.®® Image
sensing is part of the potential optoelectronic applications. As
described in Fig. 12a, the current signals from the heterojunc-
tion device prepared using Cs;Cu,ls halides and the corres-
ponding position coordinates of the photo-mask were recorded
in real time. Obviously, the purple and light purple images
under 265 and 365 nm illumination can be readily formed,
while no image can be seen at 405 nm, suggesting that Cu()-
based halide thin film devices are reliable for UV light
imaging function applications.®® Moreover, inspired by evapor-
ation crystallization, Zhang et al.>® used precursor solution as
an ink to prove the feasibility of Cs;Cu,ls for anti-counterfeit-
ing and encryption applications. The written graphics showed
colorless under sunlight, but became blue under UV light

This journal is © The Royal Society of Chemistry 2020

(Fig. 12b). Additionally, considering excellent luminescence
performance and negligible self-absorption, Cu(i)-based metal
halides exhibit a good scintillation response to X-ray signals,
showing a large scintillation response of Rb,CuCl; with a
linear range from 48.6 NGy, s = to 15.7 UGy, s~ and an
appreciable light yield of 79279 (Cs;Cu,l;), 16 600 (Rb,CuCls)
and 91056 (Rb,CuBr;) photons per meV, respectively.”®>””°
Furthermore, the first attempt of 0D Cs;Cu,l; in the field of
memristors and neuromorphic computing applications was
also investigated very recently. The memristors based on 0D
Cs3Cu,ls halide films were fabricated in a device structure of
Ag/PMMA/Cs;Cu,I5/ITO, exhibiting bipolar resistive switching
(RS) with low operating voltage (<+1 V), large on/off ratio (10%),
stable endurance (100 cycles), and long retention time (>10* s)
(Fig. 12c-e).%°

6. Conclusions and perspectives

Herein, the recent progress on all-inorganic Cu(i)-based
ternary metal halides has been presented. We reviewed the
synthesis strategy, crystal structure, stability, various properties

Nanoscale, 2020, 12, 15560-15576 | 15573



Review

and related applications of all-inorganic Cu(1)-based ternary
metal halides. Although the research on Cu(i)-based trihalide
family has made impressive progress and major achievements,
there are still plenty of new opportunities and challenges to be
addressed in the future. The applications of low-dimensional
Cu(1)-based metal halides have not been fully exploited, while
the main objective of the current research is still to develop
controllable synthesis strategies, characterize the structure and
optical properties, as well as have a basic understanding of
their structure-property relationships. Nevertheless, their
unique photophysical properties are still of great significance
for various potential applications, including LEDs, UV photo-
detectors, image sensing, scintillators, memristors, etc.
Considering the fact that the nonlinear optical and chiral pro-
perties of traditional all-inorganic Pb-based metal halides have
been widely investigated,®*®* it is expected that the Cu(i)-
based ternary metal halides can also be used in these fields.
More interestingly, the broadband transparent window of the
latter may enable them to exhibit efficient multiphoton
absorption from visible to near infrared wavelength ranges.
The fabrication of chiral Cu(i)-based ternary metal halides may
also be a topic worth to be further studied, due to their poten-
tial applications in second harmonic generation and spintro-
nics. In addition, nontoxicity and good stability under
ambient conditions of Cu(i)-based ternary metal halides can
provide additional advantages in future applications of
environment-friendly optoelectronic devices. Furthermore,
Manna et al® reported Cu(i)related metal halide
Cs3;CuyIn,Cly; NCs with an unusual perovskite-like structure.
In this structure, Cu(i) ions do not occupy the octahedral site,
but form [Cu,CI]** clusters with Cl ions, occupying 25% of the
A sites and adopting tetrahedral coordination. They demon-
strated that small inorganic cluster cations can occupy the A
sites in the perovskite-like structures, which provides novel
ideas for the design of Cu(i)-based metal halide materials.

Despite the latest progress in the synthesis of copper
halides, highly effective synthesis of crystals with precise
shape and size control compared to that of conventional lead
halide semiconductors is still urgently needed to be explored.
Even though Cu(i)-based ternary metal halides have demon-
strated remarkable optical properties and long-term stability,
they do not have a wider tunable spectrum compared to tra-
ditional Pb-based halides. Although component control strat-
egies and physical mixing methods have been used to broaden
their emission spectrum, the expansion of the red emission
region remains to be unresolved, which may limit their wider
applications. In addition, green-emitting Cs;Cu,Cl; NCs with
near-unity PLQY are questioned for the lack of stability.
Therefore, enhancing the stability of some certain Cu()-based
ternary metal halides and maintaining high performance
remain a challenge for commercial applications. Overall,
although the prospect of all-inorganic Cu(i)-based ternary
metal halides seems to be bright and clear, additional research
work is still needed to improve the performance and stability
of these materials before they can be put into industrial
applications.
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