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Abstract

All-inorganic and hybrid copper(I) halides have recently emerged as candidate optical materials
due to their extremely high light emission efficiencies, non-toxic and earth-abundant elemental
compositions, and low-cost solution processibility. Originally inspired and motivated by the research
on the halide perovskites family, the development of copper(I) halide light emitters has been following
its unique path. In this perspective, we discuss the distinct low-dimensional crystal structures of all-
inorganic halides, which enable strong charge localization and formation of room-temperature self-
trapped excitonic (STE) states, giving rise to largely Stoke-shifted light emission with near-unity
quantum yields. Due to their unique electronic structures, all-inorganic copper halides are
predominantly blue emitters with unusually weak tunability of their optical properties (e.g., halide
substitution has a minimal impact on their photoluminescence properties). These shortcomings paved
the way for the exploration of more robust and diverse families of hybrid organic-inorganic copper(I)
halides, which are discussed next. Our discussions of crystal and electronic structures and optical
properties of all-inorganic and hybrid Cu(I) halides are complemented by the reported uses of these
materials in optoelectronic applications. Finally, we identify remaining fundamental questions,
knowledge gaps and practical challenges and outline several paths forward for addressing these issues,
including through new materials discovery and in-depth studies of photophysics of Cu(I) halides and
derivative materials.

1. Introduction

In the past decade, metal halide perovskites have attracted great attention, especially lead halide
perovskites, due to their outstanding performance in optoelectronic devices such as solar cells and
LEDs."? Lead halide perovskites possess many advantageous attributes for light emission applications
including tunable band gaps and photoluminescence emission colors, high photoluminescence quantum
yields (PLQYs) and long exciton diffusion pathways, to name just a few.® The most prominent family
among the light-emitting lead halide perovskites is CsPbX3 (X= CI, Br, I), which has been extensively
investigated in the past for next-generation optoelectronics.* Despite the outstanding optoelectronic
properties of lead halide perovskites, lead toxicity and instability of some members under ambient air,
irradiation, and heat exposure are sources of concern.” These major concerns continue to motivate the
search for the next generation of alternative metal halides that are simultaneously both free of Pb, earth-
abundant, stable and environmentally friendly, and also can achieve parity in the optoelectronic
properties and performance displayed by lead halide perovskites. In the past decade, great many metal
cations have been studied as potential alternatives for Pb(Il) including Cu(l), Ag(l), Sn(II), Mn(II),
Sb(I1I), Bi(III), In(IIT) and Sn(IV)."® Due to the differences in oxidation states, sizes and coordination
environment preferences of metals, not all of these substitutions result in compounds with perovskite
structure type. Nevertheless, this research has yielded many new compounds with unique crystal and
electronic structures, and promising optical and electronic properties; in fact, some of these novel metal
halides display optical and electronic properties that can not only rival that of lead halide perovskites,
but also outperform them. Among these, Cu(l)-based halides with non-perovskite structures have
emerged in the past 5 years as some of the highest efficiency light emitters that combine earth-abundant,
nontoxic and low-cost elemental compositions, and accessibility via both low-temperature solution
processing and high-temperature synthesis.”
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Interest in preparation and characterization of copper halide perovskites predate the recent interest
in halide perovskites as photovoltaic (PV) materials.” Just like for other transition metal halide
perovskites, early studies focused on the intriguing magnetic properties of layered Cu(II) halides.'”
These Cu(II) halides belong to a subgroup of a large family of low-dimensional metal halide perovskites
derived from the parent 3D ABX3, where A is an organic or inorganic cation of suitable size, B is
typically a divalent metal cation, and X is a halide ion. In the case of Cu(II) halides, the inorganic layers
display unique distortion (aka antiferrodistortive arrangement) due to the presence of strongly Jahn-
Teller active Cu*" (3d°) in octahedral coordination environment. Most recently, after the emergence of
MAPbI; as a high performance semiconductor, 2D layered Cu(II) halide perovskites have been revisited
as potential Pb-free semiconductors for optoelectronic applications.’ Note here that in addition to the
structural distortions, the presence of unfilled d-states leads to a significantly different band structures
of Cu(Il) halides as compared p-block metal (e.g., Pb(II), Sb(III), In(III) etc.) halide perovskites.” In
contrast, Cu(I) with 34" electronic configuration is valence isoelectronic with p-block metal cations
such as Ga(Ill), In(Ill) and TI(III), and therefore, could be a better candidate (from the electronic
perspective) for the B cation role. However, in comparison to the studies on Cu(Il) halides, little work
had been done on optoelectronic characterization and applications prospects of all-inorganic and hybrid
organic-inorganic Cu(l) halides until recent years. This is because the inclusion of Cu(l) into halide
perovskite structure requires additional compositional and structural changes to account for the
monovalent charge state of copper (as opposed to Pb" in APbX; halide perovskites).

One possible avenue for such heterovalent substitutions in halide perovskites is exemplified by the
large family of A,B'B"'X; double perovskites (aka elpasolites) in which divalent lead is replaced by a
pair of a monovalent (e.g., Ag(I), TI(I)) and trivalent (e.g., Sb(III), Bi(IlI), In(III)) metal cations. '"- '?
In early 2017, our group started working on preparation of substitution analogs of double perovskites
containing group 11 (Ag and Cu) and rare-earth metal cations such as Cs;AgCeXs and CsyCuCeXe.
Among these, Cs2AgCeClg is a known compound with the reported preparation involving solvothermal
synthesis."? Our follow-up synthetic work led to the isolation and serendipitous discovery of excellent
optical properties of Cs;CuXs.'"* While Cu(I) containing double perovskites could not be prepared,
these early experiments formed the basis of our many years research work in the field of
photoluminescent (PL) Cu(I) halides. All Cu(I)-based halides reported so far exhibit low-dimensional
crystal structures, and these structures feature non-octahedral building blocks (most typically,
tetrahedral Cu'X4 units), yet their light emission properties comfortably rival (or surpass) that of lead
halide perovskites. Therefore, the major takeaway from this research is that beyond perovskites, non-
perovskite metal halides also exhibit remarkable photophysical properties that can be utilized in
practical applications.

An exciting development in this field is a growing number of studies on nanomaterials based on
Cu(I) halides, which will not be covered in this work. Similarly, Cu(I) halides featuring direct Cu-
organic bonding (i.e., organometallic Cu(I) halides) have also been of interest in the past several
decades, however, since their crystal and electronic structures are markedly different from that of all-
inorganic and hybrid organic-inorganic Cu(I) halides, these are also not included in this literature
review. In this focused perspective, we summarize synthesis, structural and optoelectronic properties,
and potential applications of bulk Cu(I) halides with a major focus on the developments in the field in
recent years. This work is concluded with discussions of unanswered questions and exciting future
research directions from our perspective.

2. All-inorganic copper halides
I. Syntheses and crystal structures of CsCuxX3, 4,CuXs, A3Cu2Xs, and mixed anion Cu(I) halides

Progressive reduction in crystal structure dimensionality from the parent 3D APbX3 lead halide
perovskites down to 0D lead halides is known to lead to increasing charge localization on the inorganic
anionic structural framework, which in turn results in increasing exciton binding energies, presence of
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room temperature stable excitons and intense excitonic emission at or near room temperature.'> All-
inorganic copper(l) halides form either as 1D or 0D structures that can be classified into four different
families (Figure 1): the CsCuxX3 (“123”) family with the CsCu,Cls type structure (space group Cmcm,
Pearson’s symbol 0524), the 4,CuX; (“213”) family with the K,CuCl; type structure (s.g. Pnma, P.s.
oP24), the A3CuyXs5 (“325”) family with the Cs3CuyCls (s.g. Cmcm, P.s. 0548) and Cs3;Cuuls (s.g. Pnma,
P.s. 0P40) structure types, and CssCusClsl> (“mixed anions family”). Here, the discussion will be
limited to all-inorganic members of these families, i.e., the 4 site cation is limited to Cs, Rb, and K,
which have been extensively studied in literature. However, a survey of Pearson’s structural database'®
suggests that other poorly studied known members of these families exist, e.g., where the A site is
occupied by NH," such as in the case of (NH4)CuX;."” Furthermore, continued synthetic and
characterization efforts are likely to result in a significant expansion of these to include a variety of
hitherto unknown members of these structural families featuring organic cations on the A4 site.
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Figure 1. Polyhedral representations of the crystal structures of different families of alkali copper halides. (a)
One-dimensional (1D) crystal structure of CsCuxX3 (X = Cl, Br, I) features .5[Cu,X3]~ anionic double chains made
of edge-sharing tetrahedra (on the right) extending along the c-axis. The orange, yellow, and dark blue spheres
represent Cs, Cu, and X, respectively. (b) One-dimensional (1D) crystal structure of 4,CuwX; (4 = K, Rb; X = ClI,
Br) features .[CuX;]?~ anionic chains made of corner-sharing tetrahedra (on the right) extending along the b-
axis. The orange, yellow, and dark blue spheres represent 4, Cu, and X, respectively. (c) (left) Zero-dimensional
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(OD) crystal structure of Cs;CuxXs (X = Cl, Br, I) contains J[Cu,X5]3~ dimers separated by Cs* cations. (right)
The second polymorph of Cs3Cu,Cls exhibits 1D structure containing complex tetrameric cluster units that extend
along the chain propagation direction via corner-sharing. The orange, yellow, pastel green and dark blue spheres
represent Cs, two sites of Cu, and X, respectively. The [Cu,Xs]3~dimers are made of trigonal planar CuX; units
sharing common edges with tetrahedral CuX4 units. (d) CssCusClel, features 1D zigzag [CusClgl2]°~ chains.
The orange, yellow, dark blue and blue spheres represent Cs, Cu, Cl, and I, respectively.

(a) The 123 family

One of the key advantages of all-inorganic Cu(l) halides is the fact that they can be prepared using
both wet chemistry and solid-state synthesis techniques. In a recent study by Roccanova et al., members
of the “123” family were prepared using solid-state synthesis and their photophysical properties were
characterized.'® In fact, these compounds may also be melt-processable as the TGA/DSC studies
suggest congruent melting at 270, 351, and 374 °C for CsCu,Cls, CsCu,Brs, and CsCuols, respectively.
In a follow-up study, Lin et al. synthesised CsCu.l3; as colorless, rod-shaped single crystals using the
antisolvent infiltration method." The accessibility of the compounds in this family through a variety of
synthesis techniques is a major advantage for their potential practical applications.

The recent works confirmed the results of earlier studies reporting that CsCu»Cls, CsCu,Brs and
CsCual; are isostructural and adopt the CsCu,Cls type structure in the orthorhombic space group Cmcm.
This 1D structure features .[Cu,Xs]~ anionic double chains extending along the c-axis. The basic
building block of these chains are Cu'Xy tetrahedra that share common edges to form a ribbon-like
structure (Figure 1(a)). Interestingly, the smallest separation between the [Cu,X3]™ chains as measured
by interchain X—X distance is slightly less than the sum of halide radii (i.e., d(X—X) < 2rx can be found
in CsCuxX3) suggesting close-packing of the halide sublattice and orbital interactions between the
adjacent copper(I) halide chains. This could explain the fact that among all-inorganic Cu(l) halides,
CsCuy X3 demonstrate the lowest light emission efficiencies (see below). Therefore, further work aimed
at preparation of ACu,X3 with increased inter-chain distances and greater charge localization (e.g., via
incorporation of larger organic cations) is warranted to improve light emission efficiencies of materials
in this family.

Since CsCu,X3 are isostructural, alloying on the halide site to obtain solid solutions could be
possible in this family. This is supported by the reported preparation of CsCu,Cl;sBr;s and
CsCu;Br; 51 5. Following Vegard’s law, the reported crystallographic parameters in this family increase
linearly with the increase in the halide size.'® The increased disorder on the halide site, however,
negatively impacts light emission properties as these alloyed compositions exhibit quenched PL with
minimal efficiencies (<1%). While the detrimental impact of halide alloying can be attributed to the
increased defect and impurity concentration, at the atomic level, the impact of non-uniform coordination
environments around individual copper(I) atoms cannot be dismissed. The importance of local
coordination environment of Cu has been demonstrated by a recent work reporting pressure-dependent
structural and optical properties of CsCuzl;. This compound displays pressure-induced phase change
due to inter- and intra-tetrahedral distortions under compression, which significantly enhance its yellow
light emission properties (slight shifts in the PL peak positions occur).?’ In-depth computational studies
showed that three distinct self-trapped excitonic (STE) states corresponding to different excited state
structural distortions can be stabilized in the “123” family.?' The relative stabilities of these STE states
are halogen-dependent, which has been broadly explained as arising from the different degrees of bond
ionicity and halide size trends in CsCuxCls, CsCuyBr3, and CsCusls. In CsCuxX; (X = Br, 1), the emissive
STE state corresponds to the lowest energy STEs whereas the metastable STE is the emissive state in
CsCu,Cl;. These results suggest that atomic level tuning of bond distances and packing of polyanionic
units in Cu(I) halides is necessary for obtaining optimized and controllable photoemission.



(b) The 213 family

The direct replacement of Cs with lighter alkali metals such as Rb and K in CsCu»X3 is not possible.
Such attempts result in 4,CuXs (4 = K, Rb; X = Cl, Br) compounds belonging to the “213” family of
copper(I) halides. Two groups independently reported preparation, crystal and electronic structures, and
outstanding optical properties of RboCuX3 in 2019. Yang et al. synthesized 200 mm rod-shaped single
crystals of Rb,CuBr; via the low-temperature crystallization method.”? Creason et al. showed that
Rb,CuCl; and Rb,CuBr3; can be obtained using both solid-state methods and slow cooling of saturated
solutions to obtain polycrystalline powders and single crystals, respectively.” Further synthesis work
showed that compounds in the “213” family such as K»CuX3 can also be obtained by using molten salt
as flux, liquid-liquid and vapor-liquid diffusion growth of single crystals.” Such ease of preparation is
one of the major advantageous aspects of all-inorganic Cu(I) halides, e.g., as compared to many hybrid
organic-inorganic metal halides that cannot be prepared via high-temperature and/or vacuum processing
methods.

A,CuXj crystallize in the orthorhombic space group Pnma with a 1D crystal structure made up of

olo[Cqu]% chains separated by 4™ cations.” Unlike the ;[Cu,X3]~ anionic double chains in the “123”

family, olo[CuX3]2_ are single chains formed by corner-sharing Cu'X, tetrahedra extending along the b-

axis (Figure 1(b)). Despite the fact that both the “123” and “213” families are 1D in terms of the
connectivity of Cu-X network, a higher degree of charge localization is expected in the case of the
“213” family. This because interchain distances are greater in the “213” family as measured by the

closest halide-halide distances in neighbouring olo[Cqu]% chains. Thus, the shortest interchain distance

in K»CuCl; is d(C1-C1) = 3.669 A, slightly higher than twice of the chloride anion radius. Furthermore,
this interchain distance is tunable through alkali metal substitutions — the interchain distances of d(Cl—
Cl) = 3.864 A is expectedly longer in Rb,CuCls. In addition to the longer interchain distances, the
distances between Cu centers are also longer within the [CuX3]* chains of A2CuX; due to the different
connectivity mode in these two families (corner- vs edge-sharing). As stated above, these intricate
details are likely to be very important in the observed contrasting photophysical properties of these two
families, members of the “213” family exhibit near-unity PLQY blue light emission with unusually
weak PL tunability through alkali metal and halide substitutions (see section II). The discussed
differences in crystal structures may also explain the observed differences in valence band (VB)
dispersions for the “123” and “213” families. As representative examples, a comparison of the reported
band structures of CsCu,Cls and K,CuCl; suggests that while VB is dominated by Cu-3d states in both
cases, CsCu,Cl; has much more dispersive VB that extends from 0 to -2 eV vs 0 to -1 eV for K,CuCls.'®7
In fact, the greatest valence band dispersion in the “123” family is observed in CsCuzl; because of the
larger size of I anion, which allows orbital interactions with the neighboring chains, giving rise to
three-dimensionally mobile holes. **** While some inferences can be made through such indirect
structural comparisons, it should be noted here that more work is needed to clearly pinpoint the impact
of each structural parameter on the observed physical property differences in Cu(I) halides.

Yet another important materials property, stability of materials, can also be tied to their crystal
structures. CsCu, X3 with tightly packed structures are reported to be stable in air (for months), and show
excellent thermal stability (up to 495 °C).'® In contrast, while Rb,CuX; with distinctly larger interchain
distances are also thermally stable (no significant weight loss up to 475 °C), they are unstable in air.
For example, Rb,CuCl; degrades within a day in moist air forming RbCl and Rb,CuCly-2H,0. KoCuX3
can be viewed as the chemically pressurised derivatives of Rb,CuX; with shorter interchain distances,’
and they demonstrate greatly improved air-stability as compared to Rb,CuXs. As is clear from these
discussions, more compositional and structural tuning can and should be done in these families to
increase charge localization, increase excitonic binding energies and emission efficiencies, and improve
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materials stability. For the latter, since the mechanism of degradation involves oxidation of Cu(]) to
Cu(Il), a direct replacement of copper with silver can be considered. This has been demonstrated by the
preparation and characterization of the Ag analogues of the “213” copper halides, A2AgXs (A = Rb, Cs,
NHa; X = Cl, Br, 1).**” Note that not all of A, AgX; are isostructural to A,CuX3; while Cs>AgXs adopt
the KoCuCl; type structure and are isostructural to A>CuXs, the use of smaller A" cations in Rb,AgXs,
(NH,),AgX; and K»AgX; leads to the KoAgls type structure (Figure 2).%° Both structure types are largely

similar and feature Olo[AgX3]2’ chains separated by the A" cations. However, they differ in terms of relative

packing of ;[AgX3]2_ anionic chains and A" cations. The impact of this different packing is seemingly

negligible as both structure types are in the orthorhombic space group Pnma, i.e., the different packing
does not lead to a symmetry change. In addition, the interchain distances remain largely unchanged, e.g.,
the interchain distances in Rb,AgBr; and Rb,CuBr; with the KbAgl; and K,CuCl; type structures,
respectively, are nearly identical (~4.09 A). Importantly, confirming the intended materials design idea,
RbyAgXs3 demonstrate much improved air stability as compared to the poor stability displayed by
Rb,CuXs. The success in materials stability improvement achieved by the replacement of Cu with Ag is
remarkable, luminescent inks based on A,AgX3 can be made into patterns that are stable in water, under
heat, and ultrasonication. Nevertheless, more work is needed to correlate the apparent differences in
chemistries and crystal structures to the observed properties of A,CuX; and A>AgXs; A,CuX; are blue
emitters with PLQY's up to 100%, whereas Ag(l) halides demonstrate broadband white light emission
with much lower efficiencies (see section IT).? 2

(a) Cs,AgBr3 (b) RboAgBra

Figure 2. (a) Cs;AgBr3 and (b) Rb,AgBr; crystallize in the K,CuCls and K,Agls type structures, respectively,
featuring 1D ;')[Ang]z’ chains (shown in red) separated by A* cations. The two structure types differ only in

terms of the packing of the Olo[Ang]z’ chains and A" cations, which is emphasized by showing (a) Cs1 and Cs2

in dark gray and light gray in Cs>AgBr3; and (b) Rb1 and Rb2 in dark blue and light blue in Rb,AgBr3; Ag and Br
are shown in red and brown, respectively. Reprinted with permission from ref 26. Copyright 2021 John Wiley and
Sons.

(¢) The 325 family

Cs3CuxXs (X=Cl, Br, I) belong to the most studied “325” family of copper halides because Cs3Culs
was the first reported high-efficiency all-inorganic Cu(I) halide light emitter in 2018.* Independently,
our group had also been working on the “325” family of compounds after our serendipitous discovery
of their outstanding optical properties while trying to obtain and characterize Cs;CuCeXes double
perovskites.'* In the earlier work by Jun et al.,, Cs;Cuuls single crystals were prepared using an
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antisolvent method.”” The solution processability of Cs;Cuxls allowed deposition of this material as thin
films using spin coating.”” Other reported solution synthesis Cs;Cuals crystals include solvent
evaporation crystallization at room temperature, and melt growth via vertical Bridgman method.*® Our
own work showed that Cs3;Cu:Brs«Ix (0 < x < 5) solid solution can be prepared by reacting
stoichiometric amounts of CsX and CuX at 400 °C."* Notably, solid-state synthesis produces higher
purity products, especially when targeting mixed halide compositions. Since both end members,
Cs3Cu,Brs and Cs3;Cusls, are isostructural and adopt the Cs;Cuzls structure type, a full solid solution can
be obtained with the unit cell parameters for mixed halide compositions following Vegard’s law."
Accessibility via both wet chemistry and solid-state methods for both CsCu,X3 and Cs3CuxXs provides
a unique opportunity for reversible transformation between the two compounds via a solvent-assisted
grinding process and solid-state methods.*'** Such transformations have been primarily investigated
for the iodide members since CsCuxl;3 and Cs3;Cuzls are yellow and blue emitters, respectively, and
optimized mixture of the two can provide yields white-light-emitting films.?

Cs3;CuxXs (X = Cl, Br, I) crystallize in the orthorhombic Prma space group adopting the Cs3Cuals
structure type. Their 0D crystal structures feature [Cu,Xs]*~ dimeric polyanions separated by Cs*
cations. Each [CuyXs]>~ dimer consists of a [CuX4]’~ tetrahedral unit attached to a trigonal planar
[CuX3]* unit via edge-sharing (Figure 1(c)).”* Notably, Cs;Cu,Cls has another polymorph that
crystallizes in the Cmcm space group featuring a 1D chain structure containing complex tetrameric
cluster units (Figure. 1(c)) that extend along the chain propagation direction via corner-sharing.** ** The
[CusCls]* tetramers are made of two [CuCls;]* trigonal planar and two [CuCly]* tetrahedral units
sharing common edges. Interestingly, the tetramers can also be envisioned as two distorted [Cu,Cls]*~
dimers seen in the OD polymorph fused together. The original structural reports in the Pearson’s
database suggest that the Cs3;Cuzls-type Cs3CuyCls (0D) can be obtained by a solid-state reaction of
binary halides at 270 °C for 5 days, whereas the 1D polymorph (own type) is obtained by slow cooling
a water solution containing binary reactants from 70 °C to room temperature.*®** '® We must stress here
that there is a considerable amount of confusion regarding syntheses, structural and optical properties
of these two polymorphs of Cs3Cu,Cls, requiring further work for clarification. Thus, several recent
studies on Cs3Cu,Cls focusing on its bright green light emission proceeded with an assumption that the
compound will form in the Pnma space group isostructural to the other members of the Cs3;Cu,Xs
family.’” % However, the starkly contrasting green emission from Cs;Cu.Cls as compared to the
intense blue emission from Cs3;Cu,Brs and Cs3;Cu,ls within the same structure type has not been
explained satisfactorily (notice that the chloride is said to give a lower energy emission as compared to
higher energy emission from the bromide and iodide). An alternative scenario that the green emitting
Cs3CuyCls is the 1D polymorph crystallizing in the Cmcm space group with its own structure type has
not been considered carefully, although there are recent reports supporting this claim.** ***' We note
that the recent publications on Cs3Cu,Cls so far are contradictory in this regard as a number of studies
inaccurately describe the Cmcm structure as made of dimers, and conversely, the Pnma structure as
made of 1D chains.*®3* Altogether, a confusing picture emerges for Cs;Cu>Cls in which structure types
are assigned seemingly arbitrarily, and the subsequent structure description within the same publication
does not agree with the assigned structure. Given the fact that Cs;Cu,Cls is a superb green emitter with
the reported PLQY wvalues up 100%, fundamental investigations aimed at understanding structure-
property relationships of the two polymorphs of Cs3;Cu,Cls are urgently needed.

(d) Mixed anion family

For the isostructural Cu(l) halide families, halide alloying has been successfully achieved to obtain
solid solutions for a careful analysis of structure and property trends.'* Such anion mixing experiments
involved the closest pair of halides such as in the cases of Cs3Cu,Brs-xI, and CsCu,ClsBry.'*'® The use
of chloride for alloying into an iodide compound is unlikely to work due to a large size and
electronegativity differences between the two. Instead, in case both halides feature in the final product,
they are likely to show strong crystallographic site preferences. In fact, this can be used to obtain new



all-inorganic Cu(I) halides with novel structure types. This strategy has been successfully applied by
Hosono et al., who reported a new mixed-halide compound CssCus;Clgl, (Figure 1 (d)) prepared using
stoichiometric reactions of binary salts via both solid-state and solution synthesis methods.” From
synthesis and structure perspectives, this is a major result since seemingly all known phases in the
ternary A — Cu — X systems have already been prepared and characterized in recent years. Therefore,
the recent report of CssCuszClsl, suggests that more compound discovery and characterization work can
be done through the mixed anion approach.

The successful preparation of a new mixed-halide Cu(I) halide can not only expand the number of
new compounds discovered in these families but could also provide a new design parameter; the site
preferences of differing halide anions and relative energies of p-orbitals of I and CI™ anions are likely
to have an impact on the observed photophysical properties of mixed halide compounds. In the case of
CssCusClgla, its 1D crystal structure in the orthorhombic space group Cmcm features polyanionic

olo[Cu3C1612]5’ zigzag chains separated by Cs* cations. The individual [CusClsl]>" chain consists of

tetrahedral [CuClLl>] building blocks that are connected to each other via corner- and edge-sharing
connections. The preferred distribution of anions is such that only the [~ ions serve as the bridge halides
both in corner- and edge-sharing connections. The fact that the analogous compound CssCusClsBr
could not be prepared®* suggests that strong halide site preference is necessary to stabilize this structure.
In the original study reporting CssCusClely, the authors observed that PL peak of this compound lines
in between that of Cs3Cusls and Cs3Cu,Cls, however, since the midgap emission in these compounds
are attributed to STEs and observed optical properties do not follow the rigid band shift model, this
observation seems purely coincidental.’* Instead, the work on mixed halide anions shows that the
structural differences between CssCusClgl, and Cs3CuxXs is responsible for the observed optical
property differences. In fact, the authors speculated that the I-Cl™ dimer Vx centers form in CssCusClelz
that promote hole localization, which in turn lead to the formation of stable STE states. ** Therefore,
the halogen makeup of the materials is important as they play an important role in the proposed hole
trapping and STE formation mechanism.

I1. Optical Properties

All-inorganic Cu(I) halides are typically STE-based blue emitters with very high emission
efficiencies up to 100% at room temperature. Their record high emission efficiencies allow their
consideration for a number of practical applications such as solid-state lighting, temperature and
radiation sensing and anti-counterfeiting. This chapter summarizes the unique photophysical properties
of each all-inorganic Cu(I) halide family and the literature-reported practical applications thereof.

(a) The 123 family

CsCu, X3 display tunability of PL emission through halogen substitution (X= Cl, Br, I), which is in
stark contrast to the other blue emitting all-inorganic Cu(I) halide families that are unusually insensitive
to halide substitution.'* Roccanova et al. demonstrated that light emission from CsCu,X; redshifts from
green (527 nm) in CsCu,Cl; to yellow (576 nm) in CsCuul; (Figure 3 (a)-(b)).'* The details of the
photoluminescence properties of CsCuxX3 have been summarised below in Table 1. While this ~50 nm
change in the PL peak position is visible to a naked eye and is much greater than that reported for the
other all-inorganic Cu(I) halide families, the PL peak shifts reported for CsPbX; are much higher.* This
is because the latter demonstrate (near) band-to-band emission whereas CsCu,X3 emit from midgap
STE states, leading to very large 208-242 nm Stokes shifts and very broad PL emission peaks with full
width at half maximum (FWHM) values of 102-126 nm. Within the 123 family, emission efficiency
decreases from PLQY of 48% for CsCu,Cl; Cl to PLQY of only 3.23% in CsCu.l;. In octahedral metal
halide structures including halide perovskites, the observed optical property trends including PLQY's
are often tied to the degree of octahedral distortion — correlations have been made between the increase
in the octahedral distortion with the increase in Stokes shifts, FWHMs, and PLQYs.**##4 Analogous



studies on the effect of tetrahedral distortion on optoelectronic properties of metal halides have rarely
been reported. For the CsCu,X3 family, Roccanova et al. report decreasing tetrahedral distortion from
CsCu,Cl; to CsCuzBr3 to CsCuls, which could be used to explain the noticeable decrease in the PLQY
for the iodide.'® However, while the studies of octahedral connectivity and distortions have been useful
for halide perovskites, more work is needed to ascertain the impact of the distortion of the coordination
environment of Cu(I) on the optical properties of these new materials systems. We note here that it is
especially difficult to tie PLQY to any single structural parameter as quenched PL. may simply be due
to lower crystallinity and/or higher defect concentration, differing impacts of defects on PL etc.

Table 1. Summary of Photoluminescence Properties of CsCuX;!®

Compound PLQY FWHM PLE PL CIE CCT Stokes Lifetime

(%) (nm) (nm) (nm) coordinates (K) shift (ns)
(nm)
CsCuxCls 48.0 102 319 527 (0.29,0.52) 6437 208 13.8
CsCuyCl, sBry 5 0.37 200 340 587 (0.089,0.52) 12 247 15.1
577

CsCu,Br; 18.3 106 319 533 (0.27,0.53) 6872 214 18

CsCuzBr 51y 0.38 128 335 584 (0.48,0.51) 3094 249 26.6

CsCuzl; 3.23 126 334 576 (0.43,0.47) 3561 242 62

Since CsCu, X3 are STE-based mid-gap emitters, the origin of the PL peak shift and emission color
change cannot simply be attributed to a rigid band shift. Instead, the careful analysis of the band
structure reveals that VB and CB are largely similar in this family, and are predominantly derived from
the Cu-3d and -4s orbitals, respectively.?' This explains the unusual weak halogen dependence of PL in
Cu(I) halides — unlike lead halide perovskites in which the valence band position is largely determined
by halogen, the contribution of Cu orbitals dominates the states around the band gap. Therefore, the
photoexcitation of CsCuxX3 promotes an electron into Cu-4s orbitals leaving a hole in Cu-3d orbitals.
Notably, very similar band structures with Cu states dominating VB and CB have been reported for all
other all-inorganic Cu(I) halides as well. Other groups have used the unique band structure of Cu(I)
halides to explain their unusual optical properties. Thus, it has been proposed that photoexcitation
creates a Jahn-Teller active 34’ photoexcited state, which then efficiently undergoes excited-state
structural reorganization (i.e., light induced distortion) that stabilizes the STE states leading to their
unusually high emission efficiencies.”” From our perspective, such explanations need further support as
continued research on photoluminescent halides featuring variety of metal cations suggest that even
non-Jahn-Teller metal cations (e.g., Sb*", In*", Mn*", Zn**, Cd*" etc.) can also give materials with very
high efficiency STE-based emissions.

A recent computational study of photoemission properties of CsCuxX3 suggests that upon
photoexcitation, the energy of the excited electron is lowered by the displacements of adjacent Cu ions
to enhance the mixing between their Cu-4s orbitals, which results in the formation of Cu-Cu bonds.?'
As a result, the hole is localized at Cu centers while the electron is distributed between the Cu atoms.
The formation of Cu-Cu bonds in the 2[Cu,X3]~ anionic double chains can happen via three distinct
distortions that break Cu-X bonds, and the relative energies of the three STE states that are stabilized
through such distortions are halogen dependent. The rationalization for the formation of different STE
states corresponding to different structural distortions in CsCu,X3 can be tied to changes in the crystal
structures upon halogen substitution; as just one example of the changes in interatomic distances, the
increasing halide radii results in the increased Cu—Cu distance along the c-axis in the .[Cu»X3]~ anionic
double chains from 2.80 A in CsCuxCls to 2.91 A in CsCu,Br; to 3.05 A in CsCuyls.*! The formation
energy of STEs via Cu-Cu formation along the c-axis, therefore, would be different in these three
structures. This neatly explains the weak (but noticeable) halogen dependence of PL in CsCu,X;.?!
Furthermore, the reported STE binding energy values are starkly different for the three compounds in



this family, for example, binding energy of a similar STE state is reduced from 1.82 eV for CsCu,Cls
to 1.25 eV for CsCu,Br3 to 0.34 eV for CsCusls. The proposed explanation for this trend is the change
in ionicity in this family, that the more ionic CsCu,Cls shows stronger charge localization and exciton
self-trapping, resulting in a larger exciton binding energy. Extending the conclusions of the original
work by Du, we can attribute the much higher PLQY of CsCuxCls in this family to its very high exciton
binding energy, which leads to the presence of room temperature stable STEs in this material, and very
high PLQY of 48%.?! In fact, in our view, these computational results provide a much more robust
explanation for the trends in PLQY as compared to the inspection of very small differences in
tetrahedral distortions of CsCu,X3 based on X-ray diffraction work in their ground state (e.g., the
tetrahedral bond distance variance values, Ad., are very close, 21.67 10™* for CsCuxCls, 13.59 10™ for
CsCuyBr3, and 3.05 10 for CsCusls).'

Notwithstanding the difficulty in relating ground state structural parameters to the observed optical
properties, it is abundantly clear that the immediate environment around Cu has a significant impact on
the observed photophysical properties. This fact was elegantly demonstrated by the study of structural
and optical properties of CsCuxl; under pressure (Figure 3 (c-d)). CsCuxl; shows significant
enhancement of emission due to pressure-induced structural changes; the crystal structure changes from
the space group from Cmcm to the lower symmetry Pbnm group (Figure 3 (e)).?° This phase transition
involves a significant distortion of the Cu'X4 tetrahedra, which has been used to explain the slight
changes in the PL peak position and a significant enhancement of PL emission intensity. Upon further
compression, the PL intensity decreases due to the amorphization of the sample. Beyond CsCuols itself,
these results are significant and support the assignment of PL emission to STEs formation of which is
impacted by local structural changes. From practical perspective, this experiment outlines a future
research direction focused on PL emission switching in Cu(I) halides using pressure as an optical
regulator.
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Figure 3. (a) Photoluminescence emission from CsCuX; (X = Cl, Br, I).'® Reproduced from Ref 18. Copyright
2019 American Chemical Society. (b) PL excitation (blue, PLE) and emission spectra (red, PL) of CsCu,ls.'
Reproduced from Ref 14. Copyright 2019 American Chemical Society. (c¢) Photoemission from CsCu,l3 under
compression up to 16.0 GPa using excitation light source from 315 and 375 nm. (d) PL spectral changes for a
CsCual; crystal under compression up to 16.0 GPa. (e) Structural phase transition observed for CsCu,l; under
compression impacts the trapping and de-trapping processes of the excitons.?’ Reproduced from Ref 20. Copyright
2020 American Chemical Society. (f) Yellow-emitting LED prototype using CsCuxl; as the emitting layer.*¢ (g)
Electroluminescence (EL) spectra of the device operated under various voltages of 6.0, 7.0, 8.0, and 9.0 V,
respectively.*® Reproduced from Ref 46. Copyright 2020 American Chemical Society.

Applications: In addition to the potential use in pressure sensing, yellow emitting CsCuzl; has also
been demonstrated to be a suitable alternate LED material to yellow-emitting lead halide perovskites,
which suffer from stability issues at higher biases. The original report on CsCu,X3 reported a proof of
principle device in which CsCuxl; was used as an additive in a 1,3-bis(N-carbazolyl)benzene (mCP)
host layer (the device structure of ITO/MoO3/TAPC/mCP:CsCu,ls/TmPyPb/LiF/Al), yielding an
external quantum efficiency (EQE) of ~0.1 %."® This study was followed by numerous others, which
resulted in the significant increase in the device efficiency values. Thus, Ma et al. demonstrated a stable
yellow LED using the CsCuls emitting layer (Figure 3 (f-g) using the device structure of
ITO/PEDOT:PSS/poly-TPD/CsCu,I3/TPBi/LiF/Al. The champion device achieved an EQE of 0.17 %
and current efficiency of 0.46 cd/A. *° The latter study attempted to use pristine CsCu.l; as the emitter
layer, and this is unlikely to yield devices with very high efficiencies as CsCuxl; (and other Cu(l) halides
reviewed here) have low crystal and electronic structure dimensionalities leading to very localized
charges and poor carrier transport properties. Instead, the host-guest strategy used by us in our original
report can alleviate the poor transport properties of Cu(l) halides by including them as additives to
organic host layers. Indeed, a recent work has shown that inclusion of polyethylene glycol sorbitan
monooleate (Tween) in the Cu(l) halide layer of the LED device ITO/poly (3,4-
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ethylenedioxythiophene):poly (styrenesulfonate) (PEDOT:PSS, 30 nm)/metal halides (~60 nm)/1,3,5-
Tri(m-pyridin-3-ylphenyl) benzene (TmPyPB, 45 nm)/lithium fluoride (LiF, 1 nm)/aluminum (Al,
100 nm) can provide peak EQE values of up to 3.1%.*” Note that in this study, the metal halide emitter
layer included both the yellow-emitting CsCu»l3 and blue-emitting Cs3;Cu,ls. Our own follow-up device
work has shown that the host—dopant strategy used in OLEDs can give EQE value of 7.4% for the
device structure of ITO/PEDOT:PSS/TAPC (15 nm)/TcTa (30 nm)/TcTa:TmPyPB:0.5% CsCuxl; (30
nm)/TmPyPB (55 nm)/LiF/Al. The use of CsCuzl; as an additive had two purposes: (i) overcome the
poor charge transport properties of the pristine CsCu.l; film, and (ii) increase the emission efficiency
of the emitting layer (PLQY increases from 4.46% for the pristine CsCuxl; film to 84.8% for the
TmPyPB: 0.5% CsCu,ls emitting layer). These results are notable not only because EQE of 7.4% is the
record value for lead-free metal halide LEDs* but also shows that optical, electronic and charge
transport properties of Cu(I) halides could be further improved through judicious device optimization
efforts.

(b) The 213 family

In the 4>CuX; (4 = K, Rb; X = Cl, Br) family, Rb,CuX3 were studied first and found to emit bright
blue light under UV excitation due to STEs. The PL emission peaks are centered at 385 and 395 nm
and PLQY values are measured to be 64 % and 100% for Rb,CuBr; and Rb,CuCls, respectively (Figure
4).2 Although Rb,CuCl; has a record high blue emission efficiency of 100%, it is reported to have
markedly poor photostability and air stability, making its use in practical applications challenging. For
better understanding of the photophysics of the system, electronic band structures and density of states
(DOS) of Rb,CuX; were studied. The valence band is mainly made up of Cu-3d orbitals hybridized
with halogen p orbitals, while the conduction band has a mixed character of Cu-4s and halogen-p
orbitals.” The STEs are found to be localized around the Cu ions in the 1D [CuX;]* chains. As is clear
from the computational results, the band structures and exciton localization observed for the 213 family
are largely similar to that of the 123 family. However, photoemission in the two families is starkly
different based on the reported PL parameters; the 213 family PL peak positions are blue-shifted by
130-150 nm, the Stokes shift values are much less (< 100 nm), and FWHM values are also about twice
less in the 213 family. The reported PL lifetimes are also about 3 orders of magnitude different, ns range
lifetimes were reported for the 123 family whereas the 213 family has ps range lifetimes. The only
similarity is in the PLE peak positions, which are in the UV range with a small difference of less than
20 nm. The latter confirms the fact that Cu-3d and -4s orbitals determine the bandgap in both families,
but marked differences are present in the nature of STEs formed in the two families. Though both
families are nominally 1D in terms of crystal structure dimensionality and are based on Cu'Xy
tetrahedra, the difference in connectivity of these tetrahedra, i.e., the corner-sharing of Cu'Xy tetrahedra
in Rb,CuX3 (vs edge-shared in CsCuxX3) leads to longer Cu—Cu distances, and the structural distortion
leading to the formation of Cu—Cu bonds at the excited state is not energetically favored.?' As a result,
unlike CsCu,X3, Rb,CuX3 do not stabilize multiple kinds of STEs, instead, a single higher energy STE
state is formed through trapping of excitons around Cu ions, which involves significant elongation of
Cu — X bonds at the distortion sites.

After initial work on Rb,CuXs, our group further extended this family by synthesizing the
isostructural K,CuX;.” Experimental optical studies revealed that the compounds are blue emitters with
PL peaks around 390 nm (Figure 4(a)) with the reported PL parameters almost identical to that of
Rb,CuX3. This suggests the insensitivity of emission properties of A»CuX3 to the changes on the A site.
Indeed, the A site cations do not contribute to the states around the band gap (Figure 4(e)), and they
evidently do not even indirectly impact the excited-state structural distortions that trap excitons.
Therefore, the work on A,CuX3 clearly shows that these compounds are insensitive to substitutions of
both halide anions and A cations, a significant departure from virtually every other metal halide family
reported to date. The reported PLQY values of 96.58% for K,CuCl; and 55% for K,CuBr; are also
among the highest in literature (Figure 4(c)). K»CuCls shows a long PL lifetime of 12.97 ps, which is
typical for copper(I) halides (Figure 4(d), Table 2). Note that both in K,CuX3 and Rb,CuX3, the chloride
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analogue has a higher PLQY value than the bromide. Extending the conclusions made for the 123 family
based on computational studies that binding energy of STEs, and consequently, stability of STEs,
depend on the ionicity of the bonds in the chains, could help explain this trend as well.?' The chlorides
with higher ionicity localize the charges better and stabilize STEs, leading to a more efficient STE-
based emission.

Applications: The substitution studies in the A,CuX3 family not only provides a better fundamental
understanding of Cu(I) halides but also has potential practical benefits. Thus, unlike Rb,CuX3, K,CuX3
show much improved photostability and air stability for around three weeks. In fact, our single
crystalline K,CuXs samples stored in air for months showed negligible degradation. One of the
prospective applications of the A,CuX; compounds is in scintillators for X-ray detection.”**>* ! For
this application, Rb,CuX3 are less desirable as they contain intrinsically radioactive Rb, and the
photostability of Rb,CuX3 is notoriously poor with a rapid degradation within an hour under high energy
irradiation.” Therefore, the more stable and Rb-free K,CuX; are better choice. Multiple studies have
confirmed that K,CuXs single crystals display an intense radioluminescence when exposed to
bremsstrahlung X-rays with a wavelength similar to the blue PL emission.” The reported light yield for
K,CuBr3 is 23,806 photons per MeV, which is noticeably lower than the record high light yield of
~91056 photons per MeV reported for Rb,CuBr3;.*? For scintillators heavier elemental composition
(higher Z) is more advantageous for optimized X-ray attenuation efficiency, which explains the lower
light yield value obtained for Ko,CuBr3. Nevertheless, it must be stressed that the light yield for K,CuBr;
is also among the highest, comparable to the traditional scintillator Lu;3Y0.2SiOs5:Ce (24,900
photons/MeV).*!

All-inorganic silver halides: The mechanism of degradation of Rb,CuCl; involves oxidation of
Cu(l) to Cu(II).”® Therefore, we also attempted to improve the air stability of A,CuX; by replacing
copper with silver. A secondary important goal of this study was to bring tunability of PL to the “213”
family — since the states around the bandgap are dominated by Cu orbitals, direct replacement of it with
silver is expected to impact their electronic band structures. Yet a third goal of this substitution is the
fact that A»AgX3 have higher Z than A,CuX; counterparts, which could be advantageous for their
potential radiation detection applications. To confirm these ideas, T. Creason et al. prepared 4>AgX; (4
= Rb, Cs; X = Cl, Br, I), which were found to be broadband emitters with peak maxima ranging from
485 to 537 nm.* The PL profiles of A,AgX; are characterized by very large Stokes shifts between 171
and 262 nm, leading to their significantly red-shifted emission peaks as compared to A>CuXs. In fact,
the red-shifted broad emissions of Rb,AgCls, Rb,AgBrs, Cs,AgBr; and CsxAgls appear as white light
emission to a naked eye. Such stark changes are only partly due to the changes in crystal structures
(discussed above), instead, they were attributed to the drastically different electronic structures and
defect properties of silver halides. In terms of band structures, the bottoms of CBs are made of Ag-5s
orbitals mixed with halogen orbitals. The Ag-4d states are more delocalized and contribute to the top
of VBs, however, equally important contributors are halogen p-states (in case of Rb,Agls, halogen
contribution to VBM dominates). As a result, the band gaps change following the regular
electronegativity trends from Rb,AgCls, Rb,AgBrs, to RboAgls, which is in agreement with the red shift
of PL excitation energies observed in the experiments.

While the electronic band structures of A>CuX3 and A»AgXs are markedly different, which can
explain the trends in PLE, the large Stokes shifts suggest that A,AgX3 are also midgap emitters. The
major additional difference between the two families is the fact that A,AgX; are predominantly defect
based emitters. Multiple studies suggest that Ag(I) halides may stabilize both defect-bound excitons
(DBEs) and self-trapped excitons (STEs), contrary to the copper counterparts.”® 2 For example,
Rb,AgBr; has two PL peaks, one narrower higher energy peak and a broad lower energy peak. In-depth
computational studies and experimental defect formation/healing experiments suggest that the higher
energy narrower peak originates from STEs, whereas the lower energy broad peak originates from
DBEs, which are excitons bound to halogen vacancies. The attribution of the broad PL peak to DBEs
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is further supported by the common knowledge of highly defective nature of silver halides, and
annealing experiments done to manipulate defect properties of A»AgXs. Thus, a prolonged evacuation
of a Rb,AgBr; sample leads to a significant enhancement of the defect PL peak intensity.”® Our own
experiments on Rb,Agl; suggest that its PL properties are highly dependent on the sample preparation
history, with samples that are annealed for a short time showing predominantly STE emission. In
contrast, longer annealing results in higher halogen vacancy concentration, leading to a dominant DBE-
based emission. Such sample preparation history dependence of optical properties has not been
observed for any reported Cu(I) family, which appear to be defect tolerant, and their reported optical
properties have been consistent in tens of publications by different research groups.

Applications: Regarding the radiation detection properties of A>AgXs, a study reports that
Rb,AgBr; has a high light yield (25600 photons MeV™"), which is markedly lower than that of
Rb,CuBrs3. Despite its higher average Z, the light yield is lower for Rb,AgBr3 because of its much lower
PLQY of 27%. In fact, the accurate measurement of PLQY's of A»AgX3 is quite difficult because of the
extremely broad nature of their PL emission spectra. Nevertheless, the fact that A>AgXs have much
lower light emission efficiencies compared to A,CuX3 is visible to a naked eye. The obvious (but not
fully confirmed!) explanation for the consistently lower PLQY's of A2AgX3 is the abundance of defects
in Ag(I) halides, which could and do contribute to the observed PL emission but also act as centers of
non-radiative recombination, lowering PLQY's. The discussed contrasting properties of A,CuXs and
A»AgX; point to a significant gap in knowledge — the defect properties of many of the Cu(I) and Ag(I)
have not been thoroughly studied. Future experimental and computational studies aimed at determining
the dominant point defects in A,CuX3 and A,AgXs, their formation energies and the roles they play in
their unique photophysical properties are welcome. For example, A,CuX; show emission efficiencies
up to 100% at room temperature — what are the dominant defect and their concentrations? Are these
defects benign in A;CuX3? Yet another poorly understood phenomenon is the anti-Stokes
photoluminescence (ASPL) property of Rb,CuCls, reported for the first time by us (Figure 4 (b)).” We
tentatively attributed ASPL to a phonon-assisted mechanism, and a recent study confirms this
attribution based on their excitation wavelength-, excitation power-, and temperature-dependent ASPL
spectra.’”? Further work on the ASPL properties of Cu(I) could shed light on the fundamental
photophysics of these materials systems, and from practical perspective, could also enable solid-state
refrigeration using A,CuX3 via laser cooling experiments.
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Figure 4. (a-e) Optical properties of the 213 family: (a) Room temperature optical absorption (circles), PLE
(dashed lines) and PL (solid lines) of polycrystalline powders of RboCuBr; (blue) and Rb,CuCl; (red).?? The insets
show the bright blue emission under UV irradiation. (b) Anti-Stokes photoluminescence spectra of a Rb,CuCls
single crystal measured at ambient temperature and for different excitation wavelengths. (c) Room temperature
PLE and PL plots for K,CuX3s. (d) Room-temperature PL lifetime decay plot for K,CuCls. (e) Electronic band
structure and DOS plots of K>CuCls.” (f-j) Optical properties of the 325 family**: (f) Digital photograph of
Cs3Cu,Xs under ambient light (top) and ultraviolet light irradiation at 254 nm with a scale bar of 1 cm. (g) PLE
and PL spectra of Cs;CuwXs at room temperature.’® (h) PL lifetime characteristics of Cs;CuxXs at room
temperature.’® (i) Temperature dependence of PL for Cs;CuyCls.*® (j) Schematic illustration portraying local
distortion under photoexcitation which enhances the symmetry of the spindle-like [Cu,Xs]*~ dimers present in the
Cs3CuxX;s crystal. Configuration coordinate diagram for the formation of STEs in Cs3CuxCls.>* Reproduced from
Ref 33. Copyright 2020 American Chemical Society.

(¢) The 325 family

Cs3CuxXs (X = CL, Br, I) demonstrate high-efficiency blue and green light emission properties: the
chloride is a green emitter, and substitution of chloride with heavier halides lead to blue shifting of PL
(Figure 4 (£)).***!* Cs;Cu,Cls, Cs3Cu,Brs and Cs;Cuals display green, sky blue, and deep blue light
emission under 254 nm UV irradiation with emission peaks around 515 nm, 461 nm, and 445 nm,
respectively (Figure 4 (g)).** This trend in PL peak positions is contrary to the general trend observed
in other metal halides (e.g., CsPbX3) whose valence band positions are determined by the halogen states.
Similar to the other Cu(I) halides, Cs3Cu,Xs are STE-based midgap emitters, and therefore, the trends
in PL can be attributed to the different structural deformations that stabilize STEs at different energy
levels in the three compounds.*® Although visually different, we note that the optical properties of
Cs3CuyBrs and Cs3;Cusls are particularly similar: (i) the PL peak positions are less than 20 nm apart, (ii)
PLE peak positions are around 15 nm apart, and (iii) consequently, the Stokes shift values are also
similar. In contrast, the PL and PLE peak positions and Stokes shifts are considerably different for
Cs3CuxCls. While the current explanation attributes the observed PL trends broad to differing band
structures and excitonic properties in this family, as mentioned before (see section I), there remains
questions about the particular polymorph of Cs3Cu,Cls used in literature, i.e., whether the 1D Cs3Cu,Cls
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type or the 0D Cs3;Cuxls type polymorph.*® Therefore, more work is necessary to ascertain that the
observed optical property differences are not simply due to the differing crystal structure of Cs3;Cu,Cls.

Surprisingly, Cs3;Cu,Cls displays a temperature-dependent lifetime and red shifting in emission
properties with a decrease in emission temperature (Figures 4 (h-i)). This indicates that the self-trapping
barrier in these materials is low, and therefore, excitons get trapped easily. The reported lifetimes vary
from single digit to double digit ps for Cs3CuzBrs and Cs3;Cuols, to over 100 pus Cs3Cu,Cls, yet another
stark difference of the chloride member. At present, the emissions from Cs3;Cu,Xs are attributed to the
STESs that are localized on the dimeric [Cu;Xs]*~ unit. Our own computational work on Cs;Cu,Brs and
Cs;Cuals suggests that the binding energies of excitons localized in the [Cu,Xs]*~ molecular anion are
high, over 1 eV (after structural relaxation).'* The modeled structural distortion breaks two Cu-X bonds
and leads to the formation of elongated Cu—Cu bond, with holes localized on Cu centers and electrons
localized between the two Cu centers. The coupling between the Cu 3d,” orbitals that form the Cu—Cu
bond in the photoexcited state leads to a “local structure symmetrization”, the [Cu,Xs]*™ unit in its
photoexcited state is more accurately described as a face sharing tetrahedral dimer (Figure 4(j)).*
Interestingly, the described structural reorganization that happens through the Cu—Cu bond formation
in the photoexcited Cs3CuyxXs is similar to that observed for the 123 family. Unlike the 123 family,
however, the 0D Cs3Cu,Xs stabilize only one STE state since there is only one possible distortion that
forms a Cu—Cu bond for exciton trapping in a [CuyXs]*” unit. !

Electronic band structure calculations show that the VB and CB in Cs3CuxXs are predominantly
composed of Cu-3d and -4s orbitals, respectively.'* The orbital make up of bands around the Fermi
level and excited state structural distortions are similar to that in observed for the 123 family, however,
the reported emission efficiencies are significantly higher for Cs3Cu,Xs. Up to unity PLQY (Table 2)
has been reported for both Cs3Cu,Cls and Cs3;Cuals, while Cs3;Cu;Brs also shows high emission
efficiency above 50%. While the PLQY wvaries tend to vary from sample to sample (depending on the
preparation conditions and the measurement methods used by different groups), an attempt can be made
to rationalize the differences in emission efficiencies based on the crystal structures of Cu(I) halides
(see section I). Thus, the reason for differing emission efficiencies between the 123, 213 and 325 can
perhaps be tied to the structural dimensionality arguments and different degrees of charge localization
in these three families (the 123 family members have the most dispersive bands). However, these types
of arguments and judgments largely remain qualitative in nature, and more work is necessary to tie the
specifics of crystal structures to the resultant observed optical properties.

Applications: The very high PLQYs of Cs3Cu,Xs suggests that they can be viable candidates for a
number of applications. However, as mentioned above for the 123 family, the strong charge localization
in Cs3CuyXs, which contributes to their observed high PLQYs, also results in poor charge transport
properties. Nevertheless, there have been several attempts to use members of the 325 family in
electronic applications. Jun et al. reported the fabrication of blue LED with the device structure of
ITO/ZSO/Cs;Cuzls/NPD/MoO,/Ag, which gave insufficient EL and maximum luminance of =10 cd
m 2%’ In addition to the poor charge transport, the low performance of the device was attributed to the
unoptimized energy level alignment; Cs3;Cu,ls has a large band gap with the reported electron affinity
(EA) of =2.7 eV and ionization potential (IP) of ~6.5 eV. These values suggest that for LED
applications, there are large barrier heights for the electron/hole injection and finding suitable contacts
is difficult.”? The use of Cs3Cu»Xs as optical materials is less challenging. For example, the green
emitting Cs3CuxCls has been used in the fabrication of white LEDs (WLEDs) with very high color
rendering (CRI) index by blending it with BaMgAl;00:17:Eu*" (blue) and (Sr, Ca) AISiN3:Eu** (red)
phosphors on a 365 nm LED chip.?” The fabricated UV-pumped WLEDs displayed a high CRI of 96
(R9 - 83 and R12 - 93) and CIE 1931 chromaticity coordinates of (0.357, 0.361), and a CCT of 4203
K. Both solution and melt processability of Cs3Cuzls and its high stability are significant advantages for
practical applications such as X-ray and y-ray scintillators. Several recent studies reported Bridgman
melt growth of Cs3;Cusls and Tl-doped Cs3;Cuals crystals.>* The reported scintillation yields are high,

16



~32 000 photons MeV ' under X-ray radiation and 29 000 photons MeV ' under y-ray radiation, which
can be significantly enhanced through doping, the highest light yield to 98,200 photons/MeV obtained
via Tl-doping far exceeds Nal:T1, CsI:T1, and LaBr;:Ce scintillators. >**°

These encouraging examples of practical applications of Cs3CuxXs open the door for further
research: (i) a combination of copper(I) halide phosphors could be used to fabricate rare-earth free,
environmentally friendly, inexpensive and high performance WLEDs with very high CRI values, and
(i1) for scintillation radiation detection, further studies of optimized doping and crystal growth for
improved performance. Other applications may also be considered such as remote thermometry and
thermography, e.g., based on the high rate of change of the PL lifetimes with respect to temperature
(e.g., the reported value of 2.7 ps/°C for Cs3Cu,Cls is quite high).** The use of Cs;Cu.Xs in radiation
detection shows that doping can significantly improve their light yield, which points to another
important future research direction — doping studies of all-inorganic Cu(I) halides are currently lacking,
and they may provide fundamentally interesting and practically important results.

(d) Mixed anion family

Alloying on the halide site has been successfully demonstrated both in the 123 and 325 families,
which suggest that complete solid solutions can be made in the cases of Cs3CuxBrs_4Ix (0 <x <5) and
CsCuXs.'* "®Unlike these, the discovery of the mixed anion CssCusClel, suggests possibility of
obtaining brand new line compounds and structure types in chloride iodide metal halide systems.** In
the case of CssCusClgl,, the presence of iodide and chloride ions with differing sizes and electronic
properties leads to unique 1D zigzag .5[CusClsl2]°~ chains, which stabilize STEs giving deep blue
emission. The reported PL peak, Stokes shift and PLQY values of 462 nm, 191 nm and 95%,
respectively, are similar to that of the 325 family (Table 2). Furthermore, other PL parameters such as
the peak broadness and PL lifetime are also on par with that of the 325 family. The PL lifetime of
CssCusClgl, was found to increase when cooled, which is in contrast to the unchanging lifetime of
Cs3;Cuals. These contrasting results suggest that CssCusClgl, has a lower energy barrier for the thermal
quenching process.

In terms of its electronic band structure, CssCusClgl, is similar to the other alkali copper(I) halides,
its valence band is made of hybridized Cu-3d and halogen p orbitals, and the conduction band is
composed of mixed Cu-4s and halogen p orbitals. As is expected for low-dimensional Cu(I) halides
with such orbital contributions, VB is quite flat, leading to very large effective mass of holes. It is
proposed that upon photoexcitation, the holes are quickly localized around copper, which then bind
excited electrons to form STEs. The easily deformable crystal lattice of Cu(I) halides aids the formation
of STEs, leading to room temperature stable STEs that provide very high efficiency light emission upon
recombination.”>’ We note that specific deformation that traps excitons has not yet been reported for
CssCusClgla, therefore, immediate parallels with the other all-inorganic Cu(I) halides cannot be made
(i.e., whether the deformations involve Cu—Cu bond formation). On the other hand, the advantageous
characteristics of CssCusClsl, such as low cost, nontoxic and nonradioactive elemental composition,
high efficiency light emission etc. indicate that it is a candidate material for optical applications. In fact,
CssCusClgl, has been reported to show strong radioluminescence during powder X-ray diffraction
experiments, suggesting its potential use in scintillators and X-ray imaging.**

Table 2. Summary of Optical Properties of All-inorganic Copper(I)/Silver(I) halides

Families Compounds [CunXm] PLE PL FWHM Stokes Lifetime PLQY Ref
Structure  (nm) (nm) (nm) Shift (ns/ns) (%)
(nm)
“123” CsCuxCl; edge-sharing 319 527 102 208 13.8 ns 48.0 18
CsCuyBr3 tetrahedral 319 533 106 214 18.0 ns 18.3
CsCuyls chain 334 576 126 242 62.0 ns 3.23
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“213” Rb,CuCl3 corner- 300 385 52 100 12.21 ps 100 z

Rb,CuBr3 sharing 300 395 54 85 98.6 2

K,CuCls tetrahedral 291 392 54 101 1297 us  96.58 7

K,CuBr; chain 296 388 54 92 55 7

“213” Cs,AgBr; corner- 285 537 - 233 58.82us  6.37 26

CsAgls sharing 308 485 - 171 14.67us 1441 %

Rb,AgCls tetrahedral 275 537 - 262 0.62 ps - 26

Rb,AgBr; chain 283 485 - 202 0.77 pus 1.52 26

Rb,Agls 304 485 - 181 1.15 pus 0.37 26

“325” Cs3CuyCls dimers 275 510 95 235 109 ps 99 2

Cs3CuyBrs formed by 298 455 75 157 1.41ps  50.07 %

Cs3Cuals edge-sharing 309 443 99 135 0.46— 98.7 2

tetrahedral 0.56 ps

Cs;CuBrsslios  and trigonal 293 456 85 164 - 53.8 14

Cs;CuyBraslys  planarunits 294 453 89 159 - 55.2 14

Cs3CuyBry 2513 75 300 448 93 148 - 60.4 14

“Mixed CssCusClgl, 1D zig-zag 271 462 95 191 40 pus 95 u
anion” tetrahedral

chain

3. Hybrid organic-inorganic copper(I) halides

Despite the advantageous characteristics of all-inorganic copper(I) halides including low-cost, rare-
earth free, earth abundant and nontoxic elemental composition, ease of processing via solid-state and
wet chemistry methods, and record high light emission efficiencies, some of them suffer from poor air
stability, and most of them suffer from a lack of tunability of their optical properties. Consequently,
preparation and fundamental characterization of hybrid organic-inorganic Cu(I) halides is one of the
emerging research directions that could address these significant drawbacks. The substitution of 4-site
cation in alkali copper(I) halides with an organic cation has no known limits as the target Cu(I) halides
are low-dimensional (typically OD or 1D, and 2D in very rare cases), and therefore, no clearly outlined
size and shape parameters exist (e.g., such as the restrictions imposed by the tolerance factor for halide
perovskites).” Therefore, hybrid Cu(I) halides with essentially unlimited structural diversity promise
endless possibilities in terms of investigations of the crystal structure-optical property relationships in
emissive Cu(I) halides. In addition to the fundamental materials discovery and structure-property trends,
targeted work in this area is likely enable the control over light emission properties of resultant
materials, bring tunability in PL emission, and lead to an enhancement of stability.>

Our own ongoing work in this area can be divided into 3 directions: (i) using organic cations of
various sizes and shapes for targeted preparation of 0D and 1D structures, (ii) influencing the
coordination environment and polyhedral distortions around individual Cu centers, e.g., by employing
organics with differing H-bonding capabilities, and (iii) using photoactive organic molecules to bring
PL tunability. Our structural analyses show clear differences between alkali Cu(I) halide families based
on their structural dimensionality (1D vs 0D), connectivity of polyhedral units (corner- vs edge-sharing)
and density of packing of the polyanionic units. Therefore, controlled preparation of Cu(I) halides with
target structures using custom design organics of various sizes and shapes in which structural trends
can easily be tied to the trends in optical properties is an important future area of research. The use of
organics with different H-bonding capabilities is hypothesized to be important for controlling the degree
of structural distortion around Cu centers, and consequently, impacting the structures and optical
properties of hybrid copper(I) halides. This idea is supported by the fact that narrow structural variations
in the CsCu,X;3 leads to the stabilizations of different STE states and that PL is much enhanced by the
local distortion of Cu polyhedral in CsCuals. ** ?! Finally, incorporation of luminescent organic
molecules could lead to unique interactions between organic and inorganic luminescence centers,
perhaps even dual band emission profiles that can provide full spectral tunability of PL in this new
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materials class. In addition to the targeted structural templating and PL property changes, the
incorporated organics could be designed to provide enhanced air, moisture, and thermal stability.
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Figure 5. Schematic diagram showcasing structural diversity found in copper(I) halides featuring different
structural building units (a) linear, (b) trigonal planar, (c) tetrahedral units with different connectivity modes (face-
sharing, edge-sharing and corner-sharing tetrahedra) that can be templated by suitable choice of organic cations.

Recent publications on hybrid organic-inorganic copper(I) halides seem to confirm the validity of
the above-proposed approach. The replacement of alkali cations K*, Rb" and Cs" with larger organic
cations is expected to increase the distances between [CunXm]” polyanionic units in the resultant hybrid
copper(I) halides.’” Furthermore, the specific size and shape characteristic of the selected organic
cations can alter the connection modes of copper halide tetrahedra forming structures based on corner-
sharing, edge-sharing, and face-sharing (Figure 5).”* * Unlike the p-block metals, copper is known for
having different types of environments in its compounds including tetrahedral, trigonal planar, and
linear coordination environments (Figure 5). 7% ¢ 162 Since alkali copper(I) halide structures are
based on tetrahedral [CuX4] building blocks, perhaps the first question is if non-tetrahedral Cu(I) halides
are also luminescent. With this question in mind, we prepared and characterized (PhsP)MX, (PhsP* =
tetraphenylphosphonium; M = Cu, Ag; X = Cl, Br), which exhibit 0D crystal structures featuring
isolated linear [CuX»] and dimeric [Ag>Cls]* anions made of edge-sharing approximate trigonal planar
units.”® The utilization of the bulky PhsP" cations ensure the complete isolation of inorganic molecular
anions with the nearest distances between the metal centers in isolated anions higher than 7.1 A.
However, despite the maximized charge localization, (PhsP)MX; are found to be rather weak light
emitters with the estimated PLQY values of ~1%. On the other hand, (TBA)CuBr, (TBA"
tetrabutylammonium) containing linear [CuBr,] units embedded periodically in the matrix of TBA",
displays a bright broadband cyan emission with a high PLQY of 55%.* Another publication on
(TBA)CuCl; and (TBA)CuBr; with the same structure reports even higher PLQY values of 92.8% and
80.5 % with emission peaks at 510 nm and 498 nm, respectively.®” These results suggest that the
quenched PL observed for (Ph4sP)MX, cannot simply be attributed to their non-tetrahedral crystal
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structures as linear [CuX;] containing (TBA)CuX; are high-efficiency emitters. Instead, the dramatic
change in the electronic structure of (Ph4sP)MX is responsible for the quenched PL. Our computational
work shows that the inorganic molecular anions in this family, [CuX,] and [Ag.X4]*, have large band
gaps of ~4 eV, and the organic PhsP" cations form midgap states within the inorganic gap. This unique
electronic structure indicates that upon photoexcitation, a spatial separation of excited electrons and
holes occur, which results in markedly lower PL efficiency in (Ph4sP)MX,. These conclusions are further
supported by a recent study on an unrelated compound PyCs;CuyBrg (Py" = pyridinium), which has a
0D crystal structure based on trigonal planar [CuBr3] building blocks.” PyCs;Cu,Brs is also reported to
be non-emissive due to the due to the spatial separation of the excited electron and hole on organic and
inorganic structural units, respectively. In contrast, the reported electronic structure of the high-
efficiency cyan light emitter (TBA)CuBr; is similar to that of blue emitting alkali Cu(I) halides, with
the VBM deriving predominantly from Cu-3d orbitals with some Br-4p mixing and the CBM composed
mainly of Br-4p and Cu-4s states.**® These results indicate that the relative alignments of organic and
inorganic band gaps in hybrid Cu(I) halides should be considered for the design of high efficiency
emitters (i.e., type I alignment in which both localized either on the organic or inorganic component is
preferred). However, note here that contradicting literature reports on the band alignment of Cu(I)
halides exist. For example, (TBA)Cul, is also known in literature, but it contains [Cu.ls]* dimers
formed by edge sharing Culs trigonal planar units and therefore should perhaps be more accurately
referred to as (TBA),Cuzls. This compound displays dual-band white-light emission with a high PLQY
of 54.3%.%° However, unlike (TBA)CuCl, and (TBA)CuBr,, the VBM and CBM of (TBA),Cuxl, are
reported to include hybridized Cu-3d and I-5p orbitals and organic molecular orbitals, respectively.
Based on our knowledge, the relatively low partial density of Cu-4s states can be easily missed,
therefore, a careful inspection of CBM for (TBA),Cu,ls will likely reveal the dominant contribution of
dispersive Cu-4s states (DOS will be rather low), similar to that in a// other highly emissive Cu(I)
halides.

Beyond the changes in PL efficiency, interesting is the fact that the green/cyan emissions of
(TBA)CuX; with PL peaks ranging from 498 to 510 nm constitute a significant red-shift compared to
the blue emission demonstrated by the all-inorganic Cu(l) halides with 0D structure, Cs3;Cu,Brs and
Cs3Cuals. Instead, the reported PLEmax, PLmax, Stokes shifts, FWHM values and lifetimes in tens-
hundreds of microseconds for (TBA)CuX; are very similar to that of the green emitting Cs3;Cu,Cls, for
which more careful work is needed to ascertain its crystal structure-optical property relationship. In our
view, these results suggest that structure and chemistry of both hybrid and all-inorganic Cu(I) halides
impact the observed optical properties, but more work is needed to clarify these connections. While
Cs3Cu,Cls and (TBA)CuX:; have similar optical properties, one added benefit of the hybrid materials is
the fact that they are reported to display superior stability against water even when soaked for 24 hours.
(TBA)CuBr, was found to have higher thermal stability than (TBA)CuCl,, as they showed no
degradation until 240 °C while the (TBA)CuCl; started to degrade after 70 °C followed by a large
degradation step at 250 °C.%° The improved stability is attributed to a highly regular arrangement of
water-resistant TBA" cations which sterically isolate [CuBr»] units.*
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Figure 6. Top views of the unique 2D polyanionic layers in the structures (a) (t-BA)>Cuzls-H,O and (b) (t-
BA)3CL1619.

The use of bulky organic cations with non-linear shapes may yield unique structure types such as
in the case of (t-BA);Cugly (t-BA™ = tert-butyl-ammonium), which reportedly is not luminescent but
quickly degrades in air displaying moisture-induced green photoluminescence properties.® The non-
luminescent t-BA3Cugly crystallizes in the tetragonal space group P4bm featuring a novel 2D layered
crystal structure. ®The crystal structures of Cu(I) halides mentioned so far are all either 1D or 0D in
terms of crystal structure dimensionality, and the fact that Cu(I) halides can form 2D layered structure
is a significant result. The authors report that six [Cul,] tetrahedra share common edges to form [Cuglo]*
structural units which in turn share corners to form the 2D layered crystal structure (Figure 6). This
compound reacts with moisture present in the air and producing a degradation product with a bright
green emission peak at 520 nm and a high PLQY of 59.4%. The degradation product was separately
obtained by growing crystals in the presence of water, which yielded another new compound, (t-
BA),Cul4-H>O. The authors write that transformation between non-emissive t-BA3;Cugly and green
emitting (t-BA)>Cuzls-H,O is reversible through moist air exposure of the former and heating at 100 °C
for the latter. This reversibility is preserved even after 50 cycles, which suggests that the material system
could be used as a low-cost moisture sensor.®> More important from fundamental perspective, the
hydrate (t-BA),Cu:l4-H>O is also reported to have a 2D layered crystal structure made of edge- and
corner-sharing [Cul4] tetrahedra. On the basis of the very strong electron-phonon coupling in (t-
BA):Cuw:l4-H>0, as evidenced by the high Huang—Rhys factor of ~90, the authors attributed green
emission to STEs. Since both (t-BA);Cusly and its degradation product (t-BA),Cuzls-H,O have 2D
crystal structures, and the calculated electronic structures for them are also largely similar (with the
VBM and CBM largely derived from Cu and I), question remains as to why one is non-emissive whereas
the other one has a very high PLQY, and the original publication does not provide a clear and conclusive
answer. It is also noteworthy that despite their 2D crystal structures, VB qualitatively looks as flat as
that reported for 1D and 0D copper(I) halides, which could explain the unexpectedly high PLQY of
59.4% for (t-BA),Cwl4-H,O. As for the comparison between the two 2D layered Cu(I) halides, the
authors proposed that (t-BA),Cuxl4-H,O has a higher degree of charge localization based on
computational results. Based on our own inspection of the isosurface plots of wave function |¥|* of
CBM and VBM, an excited state structural reorganization that forms Cu — Cu bond seems quite possible
for the dimeric [Cu,l4] structural units, similar to the ones published for alkali Cu(I) halides. However,
why this is not possible for the hexameric [Cuglo]’” structural units should be studied further.
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Figure 7. (a) PL spectra of different hybrid copper bromides whose emission in the visible region (from blue to
orange-red) is controlled by tuning organic cation chain length. Inset: photographs of the corresponding powder
samples under 254 nm UV light (TMA);Cu,Brs (1); (TEA),CusBrs (2); (TPA),CusBrs (3-1); (TPA)CuBr; (3-2);
(TBA)CuBr; (4); (TBA)>CusBr; (5).%¢ [Reproduced from Ref 66. Copyright [2019] American Chemical Society]
(b) Density of state plot for (3-1). (c) Band structure and (d) density of state plots for (Gua);Cuxls.®">¢7 (e) Emission
spectra of a 310 nm UV pumped LED based on (Gua);Culs powders with different driving currents.®’
[Reproduced from Ref 67. Copyright [2021] American Chemical Society] (f) The X-ray response intensity of
(TBA)CuCl, and (TBA)CuBr; single crystals as a function of dose rate. Reproduced from Ref 60. Copyright
2021 American Chemical Society.

Structural and coordination environment changes in copper(l) bromides can be induced by using
organic cations of different chain lengths, such as that demonstrated by using tetraalkylammonium
bromides with different alkyl chains (Figure 8).% Six different 0D Cu(I) bromide structures have been
reported using tetramethylammonium (TMA"), tetraecthylammonium (TEA"), tetrapropylammonium
(TPA") and tetrabutylammonium (TBA") as the organic cations in (TMA);Cu,Brs, (TEA),Cu,Brs,
(TPA),Cu4Brs, (TPA)CuBr2, (TBA)CuBr;, and (TBA),CusBrs (Figure 7). Of these, (TMA);Cu,Brs,
(TEA);Cu,Br4, (TPA),CusBrg and (TBA),CusBrs are based on a trigonal planar [ CuBr3] building block,
whereas (TPA)CuBr; and (TBA)CuBr; contain linear [CuBr,] units. While the cyan/green emission of
(TBA)CuBr; has already been discussed above, the optical properties of (TPA)CuBr; are almost
identical with the PL peak position of 507 nm, PLQY of 83%, and lifetime in hundreds of ps. Therefore,
just like in the case of the (TBA)CuX; family, light emission in (TPA)CuBr; can be attributed to STEs
localized on [CuBr;] units with no interference from the organic cation. Particularly interesting is the
case of (TMA);Cu,Brs, which has a component ratio matching that of the A3;CuxXs family, yet its
structure is markedly different, [Cu,Brs]* anions are formed by two corner-sharing trigonal planar
[CuX;] units. Consequently, the observed optical properties of (TMA);Cu,Brs are also distinct.®
Another important conclusion from this work is that although emission in all six compounds has been
attributed to STEs localized on [Cu,Brn] units, the changes in crystal structures helped achieve emission
color tunability in a broad range from blue to orange-red, i.e., 476 nm to 664 nm with very high PLQY's
up to 97% (Table 3, Figure 7 (a), Figure 8).% In addition, particularly promising finding is the fact that
Cu(I) bromides featuring same polyanionic clusters such as the members of the (R)CuX; or (R)CusBre
(R = organic cation) families have close lying PL emission peaks, which indicates a degree of
predictability of PL properties based on the polyanionic structures. Nevertheless, important contribution
of organic cations to the deformability of crystal lattice cannot be ignored, e.g., differing lattice rigidities
could explain the PLiax shift of ~40 nm between (TPA),Cu4Brs and (TBA),CusBre.
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Figure 8. Powder samples of (TMA);Cu,Brs (1), (TEA),Cu,Brs (2), (TPA)2CusBrs (3-1), (TPA)CuBr; (3-2),
(TBA)CuBr; (4), and (TBA),CusBrs (5) under 254 nm UV light, and the respective anionic inorganic motifs and
cationic motifs in their crystal structures.®® Reproduced from Ref 66. Copyright 2019 American Chemical Society.

Table 3. Photophysical Properties of Quaternary Ammonium Cu(I) Bromides®

Compounds Amax Emission CIE PLQY (%) Lifetime
(nm) color (Aex/nM) (ns)
(TMA);Cu;Brs 542 Yellow (0.35,0.51) 91 80.70
(315)
(TEA)>Cu:Bry 476 Blue (0.18, 0.25) 91 53.53
(317)
(TPA),Cu4Brs 664 Orange red (0.53, 0.43) 97 39.04
(386)
(TPA)CuBr; 507 green (0.20, 0.40) 83 248.98
(254)
(TBA)CuBr; 504 green (0.22, 0.40) 97 11.99
(254)
(TBA),Cuy4Brs 623 Yellow orange  (0.50, 0.45) 2 41.73
(365)

Further evidence of the effect of the arrangement of copper halide units on the emission properties
of hybrid copper halides can be found in another recent report on (Gua);Cuxls (where Gua =
guanidinium, CHeN;"). The DOS and band structure of (Gua);Cuals have been studied to gain
photophysical insights (Figure 7 (c)-(d)). While the crystal structure of (TMA);Cu,Brs differs from that
of the Cs3Cu,Xs family, (Gua);Cuals containing face-sharing [Cuyls]*~ dimers is structurally analogous
to the 0D Cs3Cuals type structure. The compound emits cool white light with 96 % PLQY; it also
displays reversible thermo-induced luminescence, i.e., its PL emission can be tuned back and forth
between cool-white (PLyax ~ 500 nm) and yellow (PLmax = 548 nm) emission through heating/cooling
cycles between 300370 K. Temperature-dependent PL studies suggest that (Gua);Cu.ls is a dual band
STE-based emitter including two independent shallow and deep STE states. These observations are in
stark contrast to the reported blue emission due to the single STE state stabilized in Cs3;Cuzls, even
though there is a publication reporting dual band emission for Cs3Cu,ls as well.®® However, the report
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of dual band emission in Cs3Cuzls is yet to be confirmed, and in the particular case of Cs3Cuals, great
care must be taken to ensure the highest degree of sample purity as the yellow emission peak reported
in Cs3Cuyls may simply be due to the presence of the yellow-emitting impurity CsCu.ls. In fact, the
authors of the (Gua);Cuzl;s study report that the emission change from cool-white to yellow upon heating
is due to a structural phase transition based on PXRD results, raising an important question if yellow-
emitting (Gua)Cuzl; is formed in the process. Notwithstanding the unexplained nature of the phase
transition of (Gua);Cuzls, the authors’ referral to a study on Cs3Cuuls reporting simultaneous dual band
blue and yellow emission seems misplaced — (Gua);Cuzls has a blue emission with similar PL
parameters to that of the structurally analogous Cs3;Cuzls at room temperature. The relatively small
differences in PL properties between (Gua);Cuzls and Cs3;Cuals could be attributed to the difference in
the [Cuals]* dimers, which are based on face-sharing tetrahedra in the former and edge-sharing
tetrahedron and trigonal planar unit in the latter (i.e., they are distorted versions of one another). In
addition to the high temperature phase transitions, the authors of the study on (Gua);Cu.ls also discuss
the observed dual band emission between 80-300 K, which in our view requires further supporting
evidence. For example, computational results showing the two different and stable STE states in such
small [CuuIs]* dimers would help. What kinds of distinct excited state structural reorganizations occur
in this case? It is our understanding that the stabilization of two distinct STE states on such a small
anionic molecule would be difficult. Indeed, another comparable size tetrahedral dimer, [CusBre]*,
made of corner-sharing tetrahedra also shows only a single STE-based green emission peak in
(MA)4CuyBrs. Its bright broadband green emission at 524 nm (understandably shifted due to the
different structure of the dimer) is characterized by PLQY of 93%.% In fact, our own past experience
on Cs3;Culs is such that we had samples that showed dual band yellow and blue emissions, which
prompted us to do more experimental work leading to the discovery of the yellow-emitting CsCuzl; and
rest of the CsCu,X; family. For these reasons, we believe that more work on (Gua);Culs and its
derivatives is warranted to confirm and understand the dual band emission between 80-300 K, and to
determine the nature of the structural phase transition between 345-360 K.

Stabilization of multiple STE states in 0D hybrid Cu(I) halides have also been reported for
(CsH24N4)CurX6-4H,0 (CuX-en) (X = Cl, Br) and (C1oH2sN4)Cu2Xs (CuX-am) (X = Cl, Br, ).” In
CuX-en and CuX-am, two adjacent tetrahedra are sharing common edges to form [Cu.Xs]*" dimers,
similar to the [Cu,Brs]*” dimers in (MA)sCuBrs. In contrast to the green emission at 524 nm
demonstrated by (MA)4Cu,Brg (Table 4), the emission of CuX-en and CuX-am range from blue (450
nm) to orange (565 nm). The authors report that while CuX-am has regular PL spectra that can be fit
with a single Gaussian function, the PL spectra feature broader peaks for CuX-en, which can only be
fit with double-Gaussian functions. This is then used as a basis for arguing presence of two STE states
in photoexcited CuX-en. This study points to an important omission in literature — the unusual PL peak
shapes for Cu(I) halides are scarcely mentioned or studied and may point to important clues relating to
the PL mechanisms in this materials class. This is in part because of the difficulties associated with the
measurements of broadband emitters with PL peaks covering almost entire visible spectrum.
Nevertheless, attempt has been made to distinguish the two excitonic states in CuX-en as one-center a-
STE (localized on Cu") and two-center m-STE (localized on Cu,*" dimer). Assuming that all samples
are free of impurities, the two STE states in CuX-en can be judged as arising from slight variations in
the excited state structural distortions that occur in these compounds.’®*! Given our own experience in
Cu(I) halides and arguments provided above, we think more justification is needed to argue in support
of the possible stabilization of multiple STE states in very small molecular anionic units (e.g., with one
or two tetrahedral units). To clarify this issue, a comprehensive study of PL peak shapes and parameters
that impact them (e.g., impurities, defects, strain effects, measurement artifacts etc.) is necessary.
Notwithstanding the existing gap in knowledge in this area, we must note here that the two STE
emission centers under one broadband peak reported for CuX-en are distinctly different from the argued
dual band emission in Cs3;Cuzls and (Gua)s;Cu.ls, for which the emission peaks are well separated (by
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~100 nm or more). The latter would suggest the presence of very different structural distortions with
similar formation energies and with similar trapping rates of excitons.

Table 4. Photoemission Characteristics of Hybrid Cu(I) Halides

Compounds PLE PL Lifetime FWHM PLQY Ref.
(nm) (nm) (us) (nm) (%)
(TEA)>Cu,Bry 317 476 53.53 91 66
(Blue)
(MA)4Cu;Brs 302 524 120 107 93 6
(green)
(TBA)CuCl, 286 510 28.70 86 92.8 60
(green)
(PEA)4Cualy 370 598 6.35 112 68% m
(Orange-red)
(TBA)Cul, 357 476 & 675 6.70 543 %6
(White broad
emission)
(Gua);Cuals 324 481 1.98 125 96 67

(cool white-at
room temperature)

(Ph4P)CuCl, 304 562 - - ~1 6
(yellow)
(Ph4P)CuBr» 294 526 - - ~1 6
(greenish yellow)

Applications: The use of functional organics in the design of copper(I) halides for targeted
applications is currently in its infancy. A recent study reports preparation of two chiral hybrid organic-
inorganic copper(l) halides (R-/S-MBA)CuBr,, which demonstrate promising nonlinear optical (NLO)
properties with a highly efficient second harmonic generation (SHG) response, outstanding optical
transparency, and high laser-induced damage thresholds (LDTs).”* Highly emissive chiral Cu(I) halides
can also be used for circularly polarized luminescence applications (e.g., in LEDs, anticounterfeiting,
bioencoding) as demonstrated by work on (R/S-MBA)sCusls-2H,O and acentric GuagCualjo.
Interestingly, these two compounds were discovered following the work on (Gua);Cuxls but have
noticeably lower PLQY's around 21-22%. More on the application front, just like alkali Cu(I) halides,
hybrid Cu(I) halides are also good candidates for phosphor applications. For example, Lian et al.
demonstrated UV pumped white LED with high color rendering index of 78 using (TBA),Cu.ls.”® Using
Guas;Cuzls as a phosphor, Song et al. prepared a cool-white light emitting UV-pumped LED that works
in the 5.5 to 7.5 V range (Figure 7 (e)).%” Despite encouraging proof-of-concept device performance,
environmental, thermal and photostability of hybrid Cu(l) halides need further improvements to
achieve spectrally stable photoemission for solid-state lighting applications. In addition to solid-state
lighting, hybrid Cu(I) halides are also promising for radiation detection applications.® For example,
(TBA)CuCl; and (TBA)CuBr; are reported to demonstrate high light yields of ~24,134 photons/MeV
and 23,373 photons/MeV, respectively (Figure 7(f)).5*"+70-75:76
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4. Unified mechanism of light emission in all-inorganic and hybrid Cu(I) halides

|
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Figure 9. (a) Hybrid and all-inorganic Cu(I) halides emit light with record high efficiencies due to STE
recombination. (b) Schematic representation of a self-trapped exciton formation.””””® Reproduced from Refs 77
and 78. Copyright 2018 American Chemical Society.

All-inorganic and hybrid organic-inorganic copper(I) halides belong to the larger family of low-
dimensional metal halides displaying broadband and largely Stoke-shifted emission properties. This is
in stark contrast to the parent 3D perovskites such as CsPbX3, which are reported to show much
narrower band edge emissions due to free exciton recombination. To summarize the existing body of
work on Cu(l) halides, efficient light emission occurs for compounds whose VBM and CBM have
predominant contributions from Cu-3d and Cu-4s orbitals, respectively, with some minor halide p
orbital contributions to both. This conclusion is consistent across families of hybrid organic-inorganic
and all-inorganic Cu(I) halides featuring very different structures based on linear [CuXs], trigonal planar
[CuX3], and tetrahedral [CuX4] building blocks. If organic cations contribute to the bands around the
Fermi level (typically to the CBM in the existing literature reports so far) to form type Il band alignment,
the PL is quenched in the resultant hybrid Cu(I) halides. The Ag analogues of hybrid Cu(I) halides
invariably have much worse light emission efficiencies, often completely quenched PL (based on our
published and yet unpublished results), presumably due to their significantly more defective nature. For
the emissive hybrid Cu(I) halides, PL emission ranges are similar if the inorganic polyanions are
identical, however, since the emissions are predominantly due to mid gap STE states, some variations
exist (Figure 9 (a)-(b)).” This can be attributed to the differing degrees of lattice rigidity/deformability
depending on the specific choices of organic counter cations, which then can lead to variations in the
excited state structural distortions that trap excitons. Therefore, while on one hand there is some
predictability of the resultant optical properties based on crystal structure information, on the other
hand, the predictions are rather qualitative in nature with lower precision levels than desired.
Notwithstanding the challenges in structural and property predictions, the ongoing work on hybrid Cu(I)
halides brought tunability of PL emission, as originally hypothesized by us and others. But more work
is needed to bring tunability of PLE spectra as most hybrid halides still require the more expensive UV
photoexcitation. Whether a radical shift of PLE to blue range is possible is an open question, perhaps
even doubtful, since the highly emissive Cu(I) halides all have optical transitions localized on isolated
inorganic [CunXm] units with band gaps between mostly Cu-3d and Cu-4s orbitals.
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5. Future research directions
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Figure 10. All-inorganic and hybrid organic-inorganic copper(I) halides with growing chemical and structural
diversity are excellent STE-based light emitters, which allows their consideration for a myriad of optical and
electronic applications and fundamental structure-property studies. Reproduced from Ref 14. Copyright 2019
American Chemical Society. Reproduced from Ref 66. Copyright 2019 American Chemical Society. Reproduced
from Ref 64. Copyright 2021 American Chemical Society. Reproduced from Ref 60. Copyright 2021 American
Chemical Society. Reproduced from Ref 20. Copyright 2020 American Chemical Society.

In this perspective, we have highlighted the progress made in understanding the fundamental
structure-property correlation in all-inorganic and hybrid copper halides, along with the discussions on
their contrasting photophysical properties and several of their potential applications (Figure 10).
Throughout the perspective, we highlighted remaining questions and yet unaddressed challenges in the
field. In addition to those, provided below are some possible key future research directions in this area:

e Preparation of copper(I) halides with desired structures: Synthetic solid-state
chemistry is notorious for its lack of predictability, and the grand challenge of preparing
crystalline materials with target structures is also applicable for inorganic and hybrid metal
halides. Our structure-property analysis shows that the observed optical properties of Cu(l)
halides are highly dependent on the intricacies of their crystal structures including metal
coordination numbers, degrees of distortion of metal halide coordination polyhedra, their
connectivity modes, and even their packing density. Therefore, if the goal is to prepare
custom design light emitters based on Cu(l), very fine control over their crystal structures
is needed. To date, the work on Cu(I) halides has been largely exploratory with both high
temperature solid-state and solution phase self-assembly syntheses leading to unexpected
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structures. For example, a number of compounds have been obtained with RCuX,
compositions (R = organic cation; X = Cl, Br, I) but with very different crystal structures
based on [CuX,] linear anions, [CuX3]* trigonal planar units that share common edges to
form [Cu,X4]*" dimers, [CuX4]* tetrahedra that share edges and corners to form [CuzX4]*
2D layers. The reason for the presence of very different coordination polyhedra in Cu(I)
halides is unknown beyond broad attribution of these observation to optimized packing in
each of these cases. What is the role of the organic cation in stabilization of linear [CuX,]
, trigonal planar [CuX;]* and tetrahedral [CuX4]’" building blocks? How can organic
cations be controllably used to template 0D, 1D and 2D crystal structures? Besides these,
the role of different organics in tuning the STE characteristics of Cu(I) halides (emission
wavelength, trapping depth etc.) is neither well-documented nor understood fundamentally.
Therefore, while the wealth and variety of structures displayed by Cu(I) halides provides
an exciting playground for synthetic materials chemists, more systematic studies are
required to achieve predictive synthesis of Cu(l) halides for fundamental studies. To this
end, our group is currently conducting spectroscopic studies aimed at recognizing the
optical fingerprints of different metal halide polyanions during the growth phase of crystals
in the solution medium.* Additional concomitant studies are needed to explore new
synthesis routes, build synthesis-crystal structure-optical property maps, and ultimately, to
develop Cu(I) halide materials design methodologies.

Mechanistic studies of light emission in hybrid and alkali Cu(I) halides: All-inorganic
and hybrid organic-inorganic Cu(l) halide families reviewed in this perspective have all
been reported as STE-based emitters. The mechanistic assignment of emission to STEs is
often based on a combination of largely Stokes-shifted broadband emission, linear power-
dependence of PL, temperature dependence of PL, typically long lifetimes in ps, and a few
recent transient absorption (TA) spectroscopy studies. Given the large number of recent
publications on Cu(l) halides with corroborating evidence for STE emission, the
assignment of PL emission to trapped excitons is likely correct for most Cu(l) halide
families. Yet, in our view, important questions remain about the nature of STEs in Cu(l)
halides (regarding distortions that stabilize them, phonons involved in their formation,
triplet vs singlet etc.). The distortions that trap excitons in Cu(I) halides with tetrahedral
structures are understood better than the reported STEs in structures based on [CuXs]
trigonal planar and particularly [CuX;] linear units. The propensity of tetrahedral [CuX4}
structures to excited state distortions is related to Jahn-Teller effect in literature (this needs
more evidence), however, highly emissive linear CuX, molecules are not Jahn-Teller
active, i.e., how and why would linear CuX; units distort upon photoexcitation?

In addition, the published PL parameters sometimes vary for different structural families.
For examples, the PL lifetimes displayed by CsCu,X3 range from 13 to 62 ns, contrary to
most all-inorganic copper halides with up to hundreds of ps lifetimes.'® Such large
variations in PL parameters including lifetimes are also reported for other low-dimensional
non-Cu halides demonstrating high efficiency PL. If all these compounds are STE-based
emitters, do such large variations in lifetimes fit the proposed emission mechanism?
Similarly, temperature-dependent PL measurements show negative thermal quenching of
PL for a number of Cu(l) halides, i.e., upon cooling to cryogenic temperatures, the PL is
quenched (e.g., for the Rb,CuX3 family). This result supports the STE assignment of the
PL emission as the STE formation through lattice distortions requires phonons. On the other
hand, for CsCu,X3, the integrated PL intensity is reported to decrease upon cooling and
then saturate at 100 K.'® In our work, we explained this observation using the Shibata
model, yet these variations in temperature-dependent PL properties lead to important
questions about the broad attribution of emission in Cu(l) halides to STEs.'® In fact,
deviating from the dominant STE emission assignment in literature, a recent study
attributes PL emission in Cs3Cu,ls and CsCual; to iodine vacancies. *' This study points to
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a key deficiency in literature, defect-based emission in Cu(I) halides has not been strongly
considered as a possible alternative emission mechanism for the most part. Often, the linear
dependence of PL intensity with increasing excitation power is used to rule out contribution
from permanent defects, and indeed, defect-based emission intensity is expected to saturate
upon increasing the excitation intensity. However, there is always a question if the
measurements were stopped before saturation is reached, and in metal halides, researchers
may limit the excitation power to their instrument capability and/or to ensure the material
is not decomposed during the measurements. Therefore, both computational and
experimental studies of defect properties of Cu(I) halides are urgently needed. Even if
defect-based emission is ruled out, the fact that compounds such as Cs3;Cu.ls have ~100%
emission efficiency at room temperature suggests a need for in-depth studies of
photophysical and defect properties of Cu(I) halides. What is the defect concentration in
high-efficiency light emitting Cu(I) halides and why do they not act as centers of non-
radiative recombination? Note here that in-depth studies of defect properties may also be
helpful for understanding the reported anti-Stokes PL properties of Rb,CuX3. Our own yet
unpublished work suggests that in several all-inorganic Cu(I) halide families, exciton self-
trapping is highly efficient leading to largely immobilized STEs that do not move around
the crystal lattice, and therefore, do not encounter defects, which are visible in optical
spectra at cryogenic temperatures.

Custom-design Cu(I) halides for practical applications: Cu(I) halides are bright light
emitters with emission efficiencies that rival or even surpass that of the state-of-the-art
inorganic phosphors such as the blue phosphor KMg4(PO,);:Eu*".% However, stability of
Cu(I) halides in air, photostability and thermal stability all need to be improved for long-
term practical application considerations. This is particularly true for their proposed
application in solid-state lighting — the commercial LEDs are advertised as lighting devices
with long lifetimes in tens of years, and therefore, even though some of the Cu(I) halide
families reviewed here have improved stability (as compared to other Cu(I) halides and
lead halide perovskites), their long terms stability under device operation conditions needs
to be studied. Yet another challenge is the fact that most Cu(I) halides are excited by UV
radiation necessitating the use of expensive UV LED chips as compared to the more
affordable blue 450 nm LED chips. To obtain full spectral tunability of PL and to shift PLE
peaks to blue from UV, more targeted studies of hybrid Cu(l) halides are needed as the
inclusion of organics seem to be effective in red shifting the emission; however, PLE peaks
are still in the UV region for the hybrids reported to date, necessitating further optimization
work. Additional doping studies may also be considered, particularly Cu-site engineering
can be a way forward for optimizing the materials' optical properties. Furthermore, highly
luminescent [CunXm] units can be incorporated in heterometallic halide crystal structures
containing other luminescent metal halide centers (e.g., red or green emitting [Mn,Xm]) to
construct families of single component white light emitters that can be viable alternatives
to multicomponent inorganic phosphors, which reportedly suffer from self-absorption,
different degradation profiles of different phosphors causing unusual shifts in emission
colors etc. Note here, however, that the incorporation of Cu(l) halides into LEDs is not
straightforward as they are typically broadband emitters (as are all STE-based emitters with
strong electron-phonon coupling). In contrast, the current industry needs for various
phosphors for solid-state lighting are focused on color pure narrow-band emitters.
Therefore, the use of single component white light emitters or multiple broadband emitting
Cu(I) halide phosphors in white LEDs (WLEDs) will require a completely different device
design and optimization work, with follow-up tests for performance comparisons with the
current state-of-the-art WLEDs. In the short term, the applications of bright emitting Cu(I)
halides are more likely in radiation detection, where larger crystals can be encapsulated to
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prevent degradation, and in niche applications such as data encryption and
anticounterfeiting.

In summary, all-inorganic and hybrid copper(I) halides have synergistic combination of very high
photoluminescence efficiencies, earth-abundant, nontoxic, and inexpensive elemental compositions,
and low-cost processibility via wet chemistry and high temperature synthesis. These characteristics
make Cu(l) halides viable candidates for a number of optoelectronic applications such as solid-state
lighting, sensing (chemical, radiation, heat, temperature, etc.) and anti-counterfeiting. Much has already
been accomplished in synthesis, characterization, and applications of Cu(I) halides in recent years and
more exciting studies to address the remaining unanswered questions and practical challenges are
expected in the coming years.
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