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Ternary cesium-copper halide pseudo-perovskites are an emerging
class of semiconductors in the field of optoelectronics. Similarly to
metal-halide perovskites, by controlling the halide-composition, their
emission properties can be fine-tuned. Here, a post-synthetic halide
exchange method was employed to alter the halide-composition and
thus the emission properties of polycrystalline Cs;Cu,Brs layers.

The crystal structure of Cs;Cu,X;s and CsCu,X; (X = Br, I, Cl)
pseudo-perovskites consists of anionic metal-halides with inter-
calated monovalent cations." They have gained significant
attention as light-emitting diodes,”* photodetectors,>® charged-
particle or X-ray scintillators,”® and even as anti-counterfeiting
materials.® These compounds have the advantages of good
thermal and chemical stability,"® and low toxicity,"* coupled with
simple and cost-effective preparation methods."* Their soft lattice
can easily undergo lattice distortions after excitation,®* which
results in the formation of self-trapped exciton (STE) states. Light
emission through STE states is shifted to notably longer wave-
lengths compared to the absorption onset (large Stokes shift),
eliminating reabsorption completely."*'> Furthermore, the large
detrapping barrier bestows high quantum efficiencies to STE
emission processes.”

Composition engineering targeting the halide content can
be used to fine-tune the light emission properties (e.g., Stokes
shift, photoluminescence quantum yield and lifetime) of
pseudo-perovskites.'®* This is the result of the large contribu-
tion of the np orbital of the halide anions to the band
structure.'>'®
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The halide composition of metal halide perovskites can be
fine-tuned either during synthesis® or by post-synthetic halide
exchange methods.>****” The former method additionally
influences the crystallization kinetics®® of the films (even with-
out halide incorporation)*® or passivates surface trap states™°
impacting device properties. The latter approach can either
preserve the original crystal structure of the starting material®*
or result in a different crystal structure, which can give further
control over the optoelectronic properties.>® The exchange can
be performed in the gas,*" liquid®>*>*** or solid phase,*® but in
the latter case achieving complete exchange is difficult and
often poorly controllable.’ In the case of films, the use of harsh
reaction conditions (e.g, elevated temperatures >70 °C), and long
reaction times (few days) are often necessary to achieve complete
exchange. In one example, bromide-to-iodide halide exchange was
studied in a 75 nm thick CsPbBr; film, at 75 °C for 40 minutes. If
the layer thickness was increased to 350 nm, the solution tempera-
ture had to be increased to 120 °C, and the immersion time
extended to 480 min.** Mechanistic studies revealed that the
exchange is kinetically driven by ion diffusion within the layers
and the surrounding environment."**>*® From the layer side, the
presence of crystal defects plays a key role in the halide exchange
process, as they govern ion migration pathways within the material,
and reduce the activation energy of diffusion. Similarly, temperature
also plays a role according to the Arrhenius equation."**” Applying
electrical bias can facilitate jon migration®**® and the created
vacancies can further accelerate this process. From the environment
(solution) side, the difference in halide solubility has a detrimental
effect on the rate of halide exchange."**°

So far, halide exchange in pseudo-perovskites is an unexplored
area. To the best of our knowledge, only CI™ to I" post-synthetic
halide exchange has been demonstrated on Cs;Cu,Cls; single
crystals.' The process was performed with hydrogen-iodide injec-
tion at 60 °C in a phosphorous acid containing ethanol solution.
Additionally, a 0D-1D phase transition (Cs3;Cu,ls—CsCu,l;) was
shown for these materials by immersing them in solvents with
different polarity.>***
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Fig. 1 (A) XRD characterization of the CszCu,Brs layers before and after
halide exchange. The blue lines represent Le Bail fitting of the data. (B) The
effect of soaking time on the calculated lattice volume from Le Bail fitting
for the Cs3Cu,Xs portion of the layers. (C) The effect of soaking time on the
bromide and iodide content of the films derived from ICP-MS and EDX
analysis of the films. (D) Soaking time dependence of the halide (X) to
cesium atomic ratio of the layers determined from EDX measurement. The
blue dotted line represents the case of CsCu,Xs composition, while the
brown dashed line the CszCu,Xs composition. The error bars represent
three different spots on one layer. During all experiments (A) and (C) 60 mM
Csl in MeOH soaking solution was used.

In this work, we studied the bromide-to-iodide halide
exchange process in a Cs;Cu,Brs polycrystalline film, with
10 um thickness (details of the preparation can be found in
the ESIt). We performed the halide exchange in the liquid
phase, by immersing the Cs;Cu,Br; layers in CsI-containing
methanol solutions at room temperature (Fig. S1, ESIt). The
effect of the CsI concentration and soaking time on the crystal
structure, elemental composition, and luminescence properties
was studied. XRD (X-ray diffraction) patterns were recorded to
monitor the effect of halide exchange on the crystal structure of
the Cs3;Cu,Brs layers (Fig. 1A and Fig. S2, ESIT). After soaking
the layers in 60 mM Csl solution (Fig. 1A), a complex transfor-
mation occurred. The emergence of new reflections, and shifts
of existing reflections to lower 2 theta values were both
observed. Le Bail fitting®* of the XRD patterns revealed that
after 5-30 min of soaking, two crystal forms were coexisting.
Apart from mixed Cs;Cu,Brs_,I, (Pnma) phases, the emergence
of CsCu,X; (Cmcm) could be observed. After 60 min of immer-
sion the transformation of the film was complete, and only
reflections from the Cs;Cu,ls phase could be detected. The
individual lattice parameters (Fig. S3A, ESIt) and unit cell
volume (Fig. 1B) of the halide-exchanged Cs;Cu,Brs_,I, layers
were extracted from the fits of the patterns. The gradual
increase in the lattice volume over time suggests the exchange
of the smaller bromide (r = 196 pm) with larger iodide (r =
220 pm) in the lattice. The determined lattice volume (Fig. 1B)
stabilized after 30 min, which signals the completion of the
halide exchange process (at least in the probing depth of the
XRD measurements). These results were also corroborated by
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the composition analysis of the exchanged layers both with ICP-
MS (inductively coupled plasma mass spectrometry) (Fig. 1C
and Fig. S4, Tables S1-S3, ESIt) and EDX (energy dispersive
X-ray spectroscopy) (Fig. 1C and Table S4, ESIT) measurements.
After 30 min almost all bromide was exchanged to iodide in the
layers. Interestingly, in the case of 30 mM CsI solutions, the
XRD patterns (Fig. S2A, ESIT) revealed a slower transformation
of the soaked layers, which stopped at the formation of iodide-
rich Cs;Cu,X; films. In stark contrast, when using 110 mM
(saturated) CsI solutions, the crystal structure of the starting
Cs3;Cu,Br; was retained (Fig. S2B, ESIt) and no lattice volume
change was observed (Fig. S5A, ESIt), while the formation of
Cs3;Cu,ls phase was prevalent throughout the experiment as
corroborated by ICP-MS and EDX measurements (Tables S3 and
S6, ESIT). In the case of the 30 mM Csl solution, the iodide
incorporation, at the expense of bromide, was confirmed
(Tables S1 and S5, ESIf). Interestingly, a lower iodide content
was achieved with the 110 mM CsI soaking solution (Tables S3
and S6, ESIT). This, together with the XRD results, points toward
the formation of a layered structure, where iodide incorporation
is confined to the outmost regions of the films. Detailed
discussion of the ICP-MS results can be found in the ESL{

To quantify the change in the surface halide composition of
the layers, we calculated the overall halide/cesium ratio of the
films (Fig. 1D) from EDX. When concentrated solutions (60 mM
and 110 mM) were used, the halide/Cs ratio retained its value
(which was close to the expected 1.67 value in Cs;Cu,X5 com-
pounds). In the case of the dilute 30 mM CsI solution, the halide/
Cs ratio shifted to higher values (close to the expected 3.0 value in
the CsCu,X; compounds). These results are in line with XRD
measurements, supporting the change of crystal structure in the
30 mM Csl case.

The schematic representation of the proposed mechanism
of the halide exchange process is summarized in Fig. 2. In
dilute CsI solution the halide exchange is coupled with a 0D-1D
phase transition between Cs;Cu,Brs and Cs;Cu,l;. The reason for
this compositional/structural change can be the CsBr leaching
from the layers to the solution phase (as revealed by ICP-MS).
This is supported by the negligible weight loss of the films after
immersion in the 30 mM CsI solution (Table S7, ESIt). As the
iodide/bromide exchange should increase the weight of the films,

“ 30mMmcsl Oeoe
\ Cs Cu Br |
Cs;Cu,Brg

CsCu,l,

110 mM Csl

Fig. 2 Summary of the different structures controlled by the halide
exchange method.
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a slight dissolution seems necessary to induce the 0D-1D trans-
formation process. When a more concentrated Csl soaking
solution is employed, the transition can progress gradually
through a mixed phase of CsCu,l; and Cs;Cu,l5 to phase pure
Cs;Cu,ls. In contrast, when saturated Csl solution is used, no
phase change occurs, however examining the unit cell dimen-
sions, Cs;Cu,Br; and surface Cs;Cu,l; can be identified.

To observe the morphological changes accompanying the
halide exchange process, top-down SEM (scanning electron
microscopy) images were recorded. Before the soaking procedure,
granular Cs;Cu,Br; layers were observed (Fig. S6A, ESIT). Upon
immersion in 60 mM exchange solution for 10 minutes of
soaking time, a mixture of grains and rods can be observed
(Fig. S6B, ESIY). The rod-like morphology is characteristic of the
1D CsCu,X; phase,'® signalling that a mixed Cs;Cu,Brs_,l,/
CsCu,l; composition was obtained. After prolonged soaking
time, the rods disappeared from the surface and only grains
can be observed (Fig. S7, ESIt). In the case of the less concen-
trated Csl solution (30 mM), only rods were present (Fig. S6C,
ESIt), throughout the entirety of the process (Fig. S7, ESIt).
Interestingly, by examining the stack of rods, the original grains
of the parent layers can still be recognized. In a similar fashion,
when the saturated 110 mM CsI solution was used, only the
surface of the layers was exchanged, preserving the granular
structure of the parent Cs;Cu,Xs material (Fig. S6D and S7, ESIT).

To probe the effect of the halide exchange process on the
light emission properties of the layers, steady state PL (photo-
luminescence) spectra were recorded (Fig. 3). The initial
Cs;Cu,Br;s layers had a PL peak maximum position of 460 nm
and a PLQY of ~14 + 3%. After the layers were immersed in the
30 mM CslI solution, a rapid decrease of the PL intensity could
be observed (Fig. 3A) at the characteristic wavelength of the
parent Cs;Cu,Brs. This was accompanied with an increase in
PL intensity at 570 nm, which corresponds to the formation of
CsCu,l;. The difference in the PL intensity is the result of the
low PLQY of the forming CsCu,l; (~2.2%). In stark contrast,
when performing the halide exchange with concentrated
exchange solutions (60 mM and 110 mM) a rapid increase in
the PL intensity (Fig. 3B and C) could be observed, together with
a shift of the PL maximum to lower wavelengths (~440 nm),
characteristic of the formation of Cs;Cu,ls (high PLQY ~72%).
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To quantify the change in the light emission properties, we
integrated the PL peaks (Fig. S8, ESIt) and determined the
absolute PLQY (Fig. 4A and Fig. S9, ESIT) of the layers. Both
measurements revealed that the highest PLQY (73%) belongs to
the samples treated with the 60 mM soaking solution, where
Cs3Cu,ls was obtained (deduced from materials characterization).
This value is comparable to a pure Cs;Cu,l;5 reference layer (78%),
prepared by the spray-coating method. In a similar manner, the
halide exchange carried out in the saturated 110 mM CsI solution
improves the PLQY to 38%. Interestingly, the initial period of
soaking (1 minute) in the concentrated solutions (60 mM and 110
mM) preserves the peak position of Cs;Cu,Brs (Fig. 4B), while
drastically increasing the PLQY to ~35%. One possible reason can
be the trap state passivation of the Cs;Cu,Brs layer by the surface
exchange to Cs;Cu,ls. Ultimately, however, the PL maximum shifts
to 440 nm in these cases as seen in Fig. 4B. The halide exchange
process influences the decay of the PL response as well (Fig. 4C). We
fitted the decay traces by a multiexponential function (Table S8,
ESIt) and calculated the average PL lifetime (Fig. 4D, Table S9, ESIt),
which is independent of the model used. This approach is justified
by the multiphasic nature of the samples, which makes identifying
separate processes unreliable. The initial Cs;Cu,Br;s layers have the
longest average lifetime (10.7 £ 0.2 ps). After performing the halide
exchange in the 60 mM CslI solution, the decay of the PL signal
gradually accelerates. The shortest lifetime of 1.13 £+ 0.02 ps was
determined for the sample after 60 min soaking. This value is in
good correlation with literature data for phase pure Cs;Cu,l; further
signalling complete halide exchange.

To summarize our work, we successfully prepared Cs;Cu,Brs
pseudo-perovskite layers and demonstrated bromide/iodide
exchange with a simple room temperature solution phase
approach. Depending on the concentration of the CsI exchange
solution, both simple halide exchange and a 0D-1D transition
were achieved. The halide exchange could be either complete or
confined to the Cs;Cu,Brs; surface. In all cases, the formed
Cs3;Cu,ls improved the PLQY of the layers compared to the
parent Cs;Cu,Brs. When full halide exchange was performed, a
high PLQY of 73% was achieved, which is comparable to a
reference Cs;Cu,l; sample. The halide exchange has a long-
lasting effect as the increased PLQY still persists even after
1 year of storage (Table S10, ESIt). As an outlook this simple,
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Fig. 3 Steady state PL spectra of the films after performing the halide exchange where, the Csl/MeOH concentration (A) 30 mM, (B) 60 mM and

(C) 110 mM was used. The excitation wavelength was 290 nm in all cases.
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Fig. 4 The effect of halide exchange on the PL properties. Soaking time
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Error bars represent measurements for at least three layers. (C) PL decay
traces of CssCu,Brs films immersed in the 60 mM Csl solution. The traces
were recorded with 300 nm excitation at the emission maximum of the
layers. (D) Soaking time dependence of the intensity averaged PL lifetime.

fast method could be used to improve and precisely control the
optoelectronic properties of Cs;Cu,Brs layers. Notably, the
method can form layered structures that could be used in
different light/radiation detection applications.
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