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ABSTRACT: Non-toxic alternatives to lead halide perovskites are highly sought after for applications in optoelectronics. Blue-luminescent
materials are especially demanded as they could be used to prepare white light-emitting diodes, with important potential applications in lighting
systems. However, wide bandgap blue emitters with high photoluminescence quantum yields (PLQY) are typically more difficult to obtain as
compared to green- or red-emitting ones. Here, we prepared two series of inorganic cesium copper halides, with the general formulas Cs3Cu2X5
and CsCu2X3 (X = Cl, Br, I, and mixtures thereof) by dry mechanochemical synthesis at room temperature. X-ray diffraction demonstrates
quantitative conversion of binary precursors into the desired ternary structures and good halide mixing in single-phase compounds. We identified Cs3Cu2I5 as the most promising material as it maintains blue luminescence centered at 442 nm with high PLQY (>40%) after several days
in air (Cs3Cu2Cl5 shows significantly higher PLQY over 80% but is unstable in air). Based on this, we fabricated homogeneous and pinhole-free
Cs3Cu2I5 thin films by thermal single-source vacuum deposition. Crystalline phase and photoluminescence are maintained in the thin films,
validating that these low-toxicity materials can be synthesized and processed by fully solvent-free routes for a widespread implementation in
optoelectronic devices.

INTRODUCTION
In the past decade, lead halide perovskites (LHPs) have emerged
as promising materials for optoelectronics.1–4 Driven by their thrust,
there is a growing interest in developing alternative multinary metal
halides (MMHs), of which LHPs represent a subclass. Indeed, the
necessity of replacing toxic Pb2+ ions by other more environmentally-friendly metals requires to search for different ternary and quaternary MMHs, with various stoichiometries and crystal structures.5,6 Among these, Cu(I)-based fully-inorganic ternary metal halides are particularly promising, especially for applications in lightemitting diodes (LEDs).7–9 Stable crystals with two different stoichiometries can be formed: CsCu2X3 and Cs3Cu2X5 (X = Cl, Br, I, or
mixtures thereof). The most common crystal structure of both compounds at room temperature is depicted in Figure 1.

Figure 1. Crystal structures of Cs3Cu2Br5 (left) and CsCu2Br3 (right),
created with VESTA software based on crystallographic information
files obtained in the Inorganic Crystal Structure Database (refs: 150297
and 49613). Green balls represent Cs+ ions and blue polygons represent
CuBr4 tetrahedra.

Cu(I) is in tetrahedral coordination with the halides in both cases.
However, Cs3Cu2X5 is constituted by isolated dimers of CuX4

whereas CsCu2X3 consists of side-sharing tetrahedra spatially arranged as wires. Based on these considerations, these structures may
be referred to as 0D and 1D respectively.9 To the best of our
knowledge, only a few reports on these compounds exist.9–12 Furthermore, in the above-mentioned publications, the synthesis and
thin film deposition of such MMHs was carried out either by solution processes in (toxic) organic solvents or by highly time- and energy-consuming thermal routes. Lately, solvent-free mechanochemical synthesis (MCS) has been shown to be a very simple and efficient approach to synthesize different phase-pure multinary metal
halides.13–21 This technique can be considered green chemistry, as it
does not involve the use of solvents, toxic compounds, high temperatures, and it avoids the waste of materials and derivatives during the
process.22 Although the exact mechanisms and reaction kinetics happening during MCS are not fully elucidated, as this would require
among others the possibility to monitor the process in-situ through
different characterization methods (something that is far from trivial
experimentally),23 we demonstrate that this process enables the formation of Cu(I) ternary inorganic halides of high quality. In particular, some of the as-synthesized compounds exhibit bright photoluminescence even as non-passivated bulk powders, and are stable in
air for several days. Furthermore, as-synthesized compounds can be
deposited as thin films with good morphology, crystallinity and photoluminescence. In order to do so, we employed single-source vacuum deposition (SSVD) which has recently proven to be an easy,
fast and non-toxic (solvent-free) approach for the deposition of
other inorganic as well as hybrid organic-inorganic halide compounds.17,24,25

EXPERIMENTAL SECTION
Materials. Cesium chloride (CsCl, > 99 %), cesium bromide (CsBr,
> 99 %) and cesium iodide (CsI, > 99 %) were purchased from TCI.

Copper(I) chloride (CuCl, ≥ 99,999%), copper(I) bromide (CuBr,
≥ 99,999%) and copper(I) iodide (CuI, ≥ 99.999%) were purchased
from Sigma-Aldrich. Dimethyl sulfoxide (DMSO) reagent grade
was purchased from Scharlau and N,N-dimethylformamide (DMF)
from Fisher. All chemicals were stored in a nitrogen-filled glovebox
and used as received without further purification.
Mechanochemical Synthesis. Stoichiometric amounts of
CsX:CuX powders were mixed inside a nitrogen-filled glovebox.
Then, approximately 3 grams of the mixed precursors powders was
introduced inside 10 mL zirconia ball-mill jars with 2 zirconia beads
of 10 mm in diameter. The jars were closed under nitrogen so that
the powders were not exposed to air. Then ball-milling was performed with a MM-400 shaking ball-mill from Retsch, at a frequency
of 30 Hz for 99 minutes.
Thin-film deposition by solution processing. Deposition and
characterization of the thin films were carried out inside a cleanroom ISO 7 10000. Glass substrates were extensively cleaned using
subsequent sonication in water with soap, deionized water and 2propanol baths. After drying with an N2 flow, the substrates were
placed in a UV Ozone cleaner for 15 minutes. Substrates were transferred to a nitrogen-filled glovebox (H2O and O2 < 0.1 ppm) for the
solution processing of the films. Cs3Cu2I5 powders were dissolved
into a mixed solvent containing DMF and DMSO with a volume ratio of 1:1 to a 0.7 M concentration. The solutions were then filtered
through a with a 0.45 μm pore size polytetrafluoroethylene (PTFE)
filter. Thin-films were deposited by spin-coating at a speed of 3000
rpm for 60 s, followed by annealing on a hot plate at 100 °C for 60
min.
Single-source vacuum deposition. In a typical deposition, an alumina thermal source (Creaphys GmbH) inside a home-made vacuum chamber was loaded with 0.5 grams of mechanochemically synthesized Cs3Cu2I5 powder. The chamber was then evacuated to a
pressure of 8·10-6 mbar and the source was rapidly heated to 600 °C
with a ramp of 50 °C/min. The deposition is controlled by a quartz
microbalance sensor and stopped after the complete evaporation of
the solid.
XRD characterization. X-ray diffraction was measured with a powder diffractometer model D8 Advance A25 Bruker brand equipped
with CuKα anode. Single scans were acquired in the 2θ = 10° to 40°
range with a step size of 2θ = 0.025°, in Bragg-Brentano geometry in
air. Whole powder pattern decompositions (WPPD) using the socalled Le Bail method, implemented in Fullprof software, were applied for the refinement of unit cell parameters.1 Thompson-CoxHastings pseudo-Voigt line profile with refinable lineshape parameters are assumed for the fittings.2
Optical characterization. UV-visible absorption spectra of the
films and powders were collected using a Jasco V-670 UV/Vis/NIR
spectrophotometer (Jasco, Easton, USA). The photoluminescence
characteristics for powders were studied using a xenon lamp coupled
to a monochromator as the excitation source, and an integrated
sphere coupled to a spectrometer Hamamatsu C9920-02 with a Hamamatsu PMA-11 optical detector (Hamamatsu Photonics K.K.),
in order to quantitatively determine the PLQY. For a typical analysis,
three scans with an integration time of 100 ms were collected and
averaged. Emission and excitation spectra were measured with a

spectrofluorometer Fluoromax Horiba-MTB equipped with a xenon
light source coupled to a monochromator.
Scanning Electron Microscopy (SEM). The SEM images were obtained using a Hitachi S‐4800 Scanning-Electron Microscope, operating at an accelerating voltage of 20 kV over platinum‐metallized
samples.
Thermal characterization. Thermogravimetric analysis was carried out with a TA Discovery TGA550 (TA Instruments) equipped
with a continuous nitrogen flow. Measurements were performed
with a ramp of 10 °C/min from room temperature to 600 °C.
RESULTS AND DISCUSSION
We first synthesized a series of copper(I)-based inorganic compounds with the 1D structure CsCu2X3 (X = I, Br, Cl and their mixtures). In short, the synthesis was carried out by simple dry ball milling of the corresponding CsX and CuX precursors in 1:2 molar ratios
in inert atmosphere, in order to avoid hydration and possible oxidation (see supporting information for more details). Figure 2 shows
the X-ray diffractograms of all samples in the 10° ≤ 2θ ≤ 40° range.
All diffractograms are fitted assuming single-phase compounds crystallized in the Cmcm space group, with varying unit cell parameters
(Figure 2a and Table S1). Unit cell volumes derived from the wholepattern fit show a rather linear expansion from 633 Å3 (X = Cl) to
840 Å3 (X = I), as expected from the increased ionic radius when going from Cl- to Br- and to I- (Figure 2b). In order to better appreciate
the phase-purity of the obtained compounds, experimental and fitted profiles are reproduced in higher resolution together with calculated Bragg’s reflections in supporting information (Figures S1-S9).
For monohalide compounds, the excellent quality of the fits is a
strong indication of complete reaction and high phase purity. This
observation also holds for most mixed-halide compounds, with a
slightly worse match for Cl-rich mixed Br-Cl compounds (Figure S7
and S8). In these two cases we cannot rule out a minor phase segregation between CsCu2Br3 and CsCu2Cl3 domains. Also, a broad peak
around 2θ =31º is observed in some samples that can be attributed
to zirconia debris originating from the grinding medium. As this
does not appear on all samples, we conclude that it is not unavoidable and probably a further optimization of the synthesis conditions
(powder-to-ball weight ratio and previous use or not of the same
grinding beads and jars) should result in a controllable elimination
of these minor byproducts.
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are fitted considering a Pnma space group with varying unit cell parameters (Figure 3a). This analysis holds for chloride-containing
samples up to a chloride content of 75 mol%. As a result, we observe
a clear trend on the unit cell volume with the ionic radius of the halide anion (Cl- < Br- < I-; see Figure 3b and Table S2). While Pnma is
the expected space group for all Cs3Cu2I5, Cs3Cu2Br5, and Cs3Cu2Cl5
based on ICSD (refs: 150298, 150297, and 150296 respectively),
the diffractogram for Cs3Cu2Cl5 is better fitted considering the space
group Cmcm. Crystallization of Cs3Cu2Cl5 in this space group was
already reported by others.29 While the crystallization in one or the
other space group is evident by the fits obtained in both cases, we
could not elucidate what drives the crystallization in a given structure here. This, as will be detailed hereafter has important consequences on the optical properties.
Figure 2. (a) XRD data (open circles) and fits (solid colored lines) of
different CsCu2X3 compounds. (b) Unit cell volume as derived from fits.

Thermal stability of these materials was studied by thermogravimetric analyses (TGA). To the best of our knowledge, there are no
previous references on the thermal stability of these materials. Yet,
thermal stability is crucial at least for two reasons: (i) to determine
whether the materials would remain stable in standard operation
conditions once implemented in devices and (ii) to determine
whether they can be processed by thermal processes such as thermal
vacuum deposition, without undergoing incongruent melting or vaporization. The weight loss of the CsCu2X3 (X = Cl, Br, I) compounds as a function of temperature at atmospheric pressure is reported in Figure S10. Bromide and iodide samples present the highest thermal stabilities of the series, without any weight variation until
approximately 490 °C and 360 °C, respectively. For the chloride species, the thermal behaviour is significantly different. A weight loss at
around 185 °C was observed, followed by an increase around 400 °C.
Based on literature, these two features can be ascribed first to oxidation of the Cu(I) halide to Cu2O, followed by the oxidation of Cu(I)
oxide to Cu(II) oxide (Cu2O  CuO).26–28 These transformations
might occur in the presence of residual oxygen in the TGA column,
even if the analyses were performed with a nitrogen flow. For bromide and iodide samples, no weight increase was observed, pointing
to their higher stability towards oxidation in the experimental conditions. Optical absorption shows a tunable onset around 305 nm - 325
nm (see Figure S11), however, no PL could be detected with our
setup (see SI for details). This is in line with the literature, where
only one recent report demonstrates weak PL (5% PLQY) from surface-passivated colloidal nanorods with the same composition.11
We also investigated the 0D structures Cs3Cu2X5 (X = Cl, Br, I and
mixtures thereof). The application of these compounds for optoelectronics has been scarcely studied before, with only the pure-bromide, pure-iodide and mixed bromide-iodide species being reported.9,10,12 The pure-chloride compound, in contrast, has been only
reported to define its structure.29 Herein, we investigate the synthesis of the whole halide series by dry mechanochemistry and reveal
their excellent optical quality.
Figure 3 and Figures S12-S20 show the XRD analysis of all
Cs3Cu2X5 compounds. For all mixed iodide-bromide samples (including the pure bromide and the pure iodide ones), diffractograms

Figure 3. (a) XRD data (open circles) and fit (solid colored lines) of
different Cs3Cu2X5 compounds. (b) Unit cell volume as derived from
the fit.

By exposing these powders to air during 2-3 days, a change in their
appearance is observed (see Fig. S21). For the chloride sample, we
see a change in color to yellow similar to that of Cu(II) chlorides in
solution [CuCl4]2-,30 consequence of oxidation in the presence of
moisture. Interestingly, the XRD pattern shows significant differences after air exposure (see Fig. S22), which means that oxidation
of the material affects the whole (“bulk”) sample. In the case of bromide, we see a change of color similar to that of copper(II) bromides
in solution, pointing again towards an oxidation by moisture and the
formation of [CuBr4]2-.30 Nonetheless, for this compound it seems
that the oxidation is only superficial, as no differences are observed
by XRD (Fig. S22). In the case of the iodide analogous, we do not
observe any difference, which agrees with the very low stability of
Cu(II) iodide compounds.31,32 To further confirm these observations, we carried out X-ray Photoelectron Spectroscopy (XPS) and
X-ray-Excited Auger Electron Spectroscopy (XAES; Figure S23).
While the Cu 2p spectra (Figure S23a) of Cs3Cu2Br5 and Cs3Cu2I5
show only a doublet for Cu 2p3/2 and Cu 2p1/2 peaks at binding energies (BEs) of 931.9 eV and 951.8 eV attributed to Cu(I), secondary
high-BE peaks 933.9 eV and 953.8 eV are observed in Cs3Cu2Cl5,
which are ascribed to the oxidation of copper into Cu(II) species in
this sample, as previously described.33 This is furthermore confirmed
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by the presence of strong satellite peaks around BE = 942 eV and BE
= 962 eV, which is a clear sign of Cu(II).33 Eventually, the higher Kinetic Energy of the Cu-LMM Auger peak in Cs3Cu2Cl5 (Figure
S23b) again confirms the oxidation of copper into Cu(II) in this material.33 As for the 1D CsCu2X3 series, TGA of the pure-halide species
was carried out. The thermal behaviour was found to be similar to
the 1D structures detailed above (see Fig. S25). We observe again a
weight increase in the chloride sample, which suggests oxidation of
these compounds. This is also in line with the structural analysis and
colour change discussed above, where we noted a more favoured oxidation of the chloride samples. It must be noted, however, that all
samples are stable until 250 °C, and even 350 °C (bromide) and 450
°C (iodide).
Finally, we studied the optical properties of these materials (see
Figure 4) by measuring the photoluminescence excitation (PLE)
and emission (PL) spectra for the whole Cs3Cu2X5 series. The wavelengths at the maximum PL intensity and corresponding PLQY for
all samples are detailed in Table 1 (note that the starting reagents do
not show any noticeable PL under our measurement conditions as
can be seen in Figure S24). Although the shifts in maximum excitation and emission wavelengths are not monotonic (see Figure S26
for more details), there is an overall red-shift in the PL when decreasing the halide ionic radius (from I- to Cl-). This behaviour is opposite
to that observed from other MMHs such as LHPs or bismuth-based
compounds.10,15,34–36 In fact, PL in those materials is a consequence
of band-to-band radiative recombination, whereas for Cs3Cu2X5 the
PL originates from self-trapped excitons induced by the strong
charge localization within the 0D structure.10 Furthermore, we observe markedly different optical features for Cl-rich compounds
(75% and 100%), as compared to the rest of Cs3Cu2X5 materials
(Figure 4). Indeed, Cs3Cu2Cl5 presents a significantly red-shifted PL
spectrum with maximum emission wavelength around 516 nm
(green), while iodide and bromide compounds typically show blue
luminescence. This can be ascribed to the different crystalline phase
of this compound as previously discussed (Figure 2). Interestingly
Cs3Cu2(Cl0.75Br0.25)5 compounds exhibits dual excitation and emission properties (see solid and dashed lines in Figure 4) suggesting
the coexistence of the Cmcm phase (as Cs3Cu2Cl5) and Pnma phase
(as Cs3Cu2Br5). It is possible that this phase segregation is linked to
halide segregation, though we were unable to elucidate this hypothesis.

Figure 4. PLE (left) and PL (right) spectra of different Cs3Cu2X5. X
given in the legend. For Cs3Cu2(Cl0.75Br0.25)5 excitation spectrum corresponding to 516 nm emission and corresponding emission spectrum are
presented as dashed lines, whereas excitation spectrum corresponding
to emission at 450nm and corresponding emission spectrum are presented as solid lines.

The PLQY of freshly-prepared pure-halides was found to be
higher than that of all mixed-halide compounds (Table 1). Considering that the shift in the PL emission is minimal upon halide-mixing,
no clear benefit (optical or structural) is obtained from mixed-compositions. Second, PLQY values of as-prepared pure-halide compounds are relatively high considering the simple synthesis conditions of dry ball-milling. Indeed, these values are comparable with
those obtained from ligand-passivated quantum dots.10 It is especially worth highlighting the high PLQY of 78% for Cs3Cu2Cl5. We
also observe that the PLQY of chloride and bromide compounds decreases significantly upon air exposure for 24h, while it is stable for
Cs3Cu2I5. This effect is ascribed to the moisture-induced oxidation
discussed before (Figs S21-S23), which does not occur for copper
iodide. Losses in PLQY from air-exposure of bromide and chloride
samples can nevertheless be recovered by thermal annealing for 40
minutes at 170 °C, yielding PLQY values as high as 81% for
Cs3Cu2Cl5.
Table 1. PLQY and λem for Cs3Cu2X5 compounds freshly prepared, exposed to air for 24h, and thermally annealed. For
mixed-halide compounds, as no benefit was observed for freshly
prepared samples, stability in air or upon annealing was not assessed.

Compound
Cs3Cu2Cl5
Cs3Cu2(Cl0.75Br0.25)5
Cs3Cu2(Cl0.5Br0.5)5
Cs3Cu2(Cl0.25Br0.75)5

As-prepared
λem
PLQY
(nm) (%)
516
78
516
10
470
3.6
464
3.2

Air-exposed
λem
PLQY
(nm) (%)
528
3
-

Annealed
λem
PLQY
(nm) (%)
525
81
-
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Cs3Cu2Br5
Cs3Cu2(Br0.75I0.25)5
Cs3Cu2(Br0.5I0.5)5
Cs3Cu2(Br0.25I0.75)5
Cs3Cu2I5

455
456
452
450
442

14
11
15
11
42

456
444

3
42

457
444

19
47

Given the promising optical features and stability of the pure-iodide compound in powder state, we attempted to deposit it as thin
film. In order to do so, as a first approach we dissolved the material
in organic solvents and subsequently spin-coated it on a glass substrate followed by thermal annealing (see Supporting information
for details). The XRD pattern of spin-coated films show an excellent
match with the reference ICSD pattern for bulk Cs3Cu2I5 (Fig. S27),
suggesting that the structure is maintained upon thin film processing. Also the PL signal centred at 438 nm (Fig. S28) is very close
to that of as-prepared bulk Cs3Cu2I5 powders (Table 1). The blue
luminescence is characterized by a PLQY of 19%, which is lower
compared to that of the pristine bulk material. Although these results
seem promising, it must be noted that dissolution of such inorganic
metal halides in organic solvents is limited and as a result the film
showed obvious inhomogeneities visible even to the naked eye (see
Figure S29). Furthermore, using organic solvents for the thin film
deposition partly defeats the purpose of using dry MCS for the original synthesis. Therefore, we tested the deposition of Cs3Cu2I5 by
thermal single-source vacuum deposition. In short, as-synthesized
powder materials are loaded in a ceramic crucible (source) inside a
vacuum chamber. The source is then quickly heated to a high temperature by Joule effect causing the material to sublime and crystallize on the substrate, which is placed ca. 10 cm above the source (see
Supporting Information for details). No further thermal annealing
or other post-deposition treatment is required. This method has previously been shown to be promising for the deposition of LHP thin
films.17,24 The XRD signal of the film (Figure 5a) is well fitted considering the same space group as the bulk material. Interestingly,
while all peaks present in the diffractogram of the film are present in
the diffractogram of the powder sample (denoting that no impurity
other than the expected Cs3Cu2I5 phase is present) the reciprocal is
not true (i.e., several peaks present in the diffractogram of the powder sample are absent in the films’). Also, their relative intensities are
varied. This, which is common for thin films of different compositions,37 can be attributed to a preferential crystallographic orientation (texture). The film thickness is measured to be 600 nm. Scanning Electron Microscopy (SEM) shows good homogeneity with
grains of different sizes in the range of hundreds of nanometers (Figure 5b). The homogeneity can also be assessed by lower magnification images (Figure S30). Eventually, we note that the optical excitation and emission spectra of the thin film are nearly identical to the
ones of the starting bulk powders (Figure 5c). The PLQY of the vacuum-deposited film is 29%, higher than the film formed by solutionprocessing and close to the value of the starting material. Hence, it is
evident that SSVD of mechanochemically-synthesized cesium copper halides leads to thin films of excellent morphology, crystallinity,
and optical properties, paving the way to the implementation of
these fully-dry approaches for low-toxicity optoelectronics.

Figure 5. Characterization of SSVD Cs3Cu2I5 thin film. (a) X-ray diffractogram with Le Bail fit in green. For an easy comparison, data and fit
from bulk powder (see Figure 3) is reproduced here in red. (b) Scanning
electron microscopy image. Scale bar is 1 micron (see lower magnifications in Figure S30). (c) Photoluminescence excitation and emission
spectra in green. For an easy comparison, data from bulk powder (see
Figure 4) is reproduced here in red.

CONCLUSIONS
In summary, we have demonstrated the synthesis of CsCu2X3 and
Cs3Cu2X5 (X = Cl, Br, I, and mixtures thereof) by simple solvent-free
mechanochemistry. Pure-halide Cs3Cu2X5 compounds exhibit high
PLQY in the blue-green region of the visible spectrum, making these
very promising materials for lighting or deep-UV photodetectors.
The green-emitting Cs3Cu2Cl5 was synthesized with 78% PLQY
(81% after air exposure and subsequent thermal annealing) albeit
with poor stability in air. In contrast, the blue-emitting Cs3Cu2I5
achieved stable PLQY exceeding 40% even when stored in air for
several days. Differences in spectral features have been rationalized
in terms of different crystalline structures as evidenced by the wholepattern fitting of the XRD signal, while differences in air-stability can
be explained by preferential oxidation mechanisms of Cu(I) halides
to Cu(II) halides. Finally, we were able to process Cs3Cu2I5 powders
into homogeneous thin films by single-source vacuum deposition
with excellent crystallinity and conserved optical features. Future
work will focus on the implementation of these films into different
optoelectronic devices.
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