RESEARCH ARTICLE

W) Check for updates

OPTICAL

www.advopticalmat.de

The Effect of Halide Composition on the Luminescent
Properties of Ternary Cesium—Copper Halide

Pseudo-Perovskite Films

Gergely Ferenc Samu,* Tamds Sdndor Zsigmond, Cintia Hajdu, Mdtyds Hunyadi,
Lordnt Csige, Attila Csik, Judit Kopniczky, Béla Hopp, and Csaba Jandky*

Ternary copper halide pseudo-perovskites are in the forefront of research as
potential active materials in light emission applications. The optoelectronic
properties of these compounds can be fine-tuned by the preparation of
mixed-halide compositions. After irradiation, self-trapped excitonic states are
formed in these materials. However, the emission from these self-trapped
states is not yet fully understood. In this work, mixed-halide Cs;Cu,X; films
(where X: | and/or Br) are prepared by a simple spray-coating method. Using
ultraviolet photoelectron spectroscopy, the changes in optoelectronic
properties are linked to the electronic structure of these materials. It is
revealed that the incorporation of bromide into the lattice makes the emission
process of these materials more vulnerable to trap states. By combining the
different spectroscopic characterization techniques, the exact band structure
of these compounds is determined, and the different processes are translated
to the absolute energy scale. As an alternative excitation mechanism of
self-trapped states, a-particles are used to induce radioluminescence
response. The Cs;Cu,X; films exhibit composite decay patterns, most likely
attributed to a multitude of different trap state-mediated recombination

1. Introduction

Ternary copper halide (TCH) pseudo-
perovskites are a rapidly emerging class of
materials in the field of optoelectronics.!!?]
Their crystal structure differ from con-
ventional perovskites (Scheme 1A) as the
copper(I) with large halide ions (e.g., Br~
and I7) lacks the characteristic octahedral
units. Instead [Cu, X ]*~ motifs are formed,
consisting of a Cu centered tetrahedron
with four halogen atoms, and another
equilateral triangle, where a further Cu
is located at the center position. This 0D
structure (Scheme 1B) bestows these mate-
rials with unique light emission properties.
These perovskite-derived compounds offer
to remedy some of the shortcomings of
their lead-halide predecessors, such as: i)
ambient instability, ii) toxicity of Pb, iii)
thermal instability, and iv) parasitic self-

processes.
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absorption of emitted light.’] Thanks to

their composition—tunable optoelectronic

properties, the hallmark of perovskite
materials, TCHs are mostly explored as effective light emitters.[*]
Their utilization in lighting applications (bluel®! and white
LEDs),ll solar concentrators,”®] radiation detectiors!®*3] and
scintillation detectors,!'*] nuclear batteries,!'>] anticounterfeiting
applications,['®7] and UV light-detection!'®! has sparked signifi-
cant attention.

The light emission process in TCH compounds involves self-
trapped excitonic states (STEs) that are formed through lattice
distortions after excitation.'®?”) These are the result of strong
phonon-—electron coupling and the soft crystal lattice of these
materials.l’) In stark contrast to defect state emissions, these are
difficult to saturate as revealed by intensity dependent photo-
luminescence (PL) measurements.!'>!] After photoexcitation of
TCHs, free carriers are generated that quickly form excitons.[*]
This is followed by the rapid trapping of excitons into these STE
states, which process occurs on the sub-ps timescale.l??] Multi-
ple excitonic states are proposed to exist in these materials.[?]
These, however, can only be observed under low temperature
conditions!'®?} and not at room temperature.[?* Light emission
from these STE states is spectrally wide, significantly Stokes-
shifted and possesses a long PL lifetime (generally in the mi-
crosecond time range). At the same time, the emission process
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Scheme 1. Depiction of the crystal structure of A) the conventional perovskite material CsPbBr; (COD #4510745) and B) the pseudo-perovskite material

Cs3Cu,Brs (COD #7246299). The blue lines represent the unit-cell.

seems to be unaffected by defect states within these materials and
is protected by a large detrapping barrier, which results in high
quantum yields.[?]

The main TCH compositions generally explored are Cs;Cu, X,
and CsCu,X; (where X: Cl, Br, or I). The 0D structure of
Cs;Cu,X; further enhances the self-trapping process result-
ing in higher quantum yields, compared to its 1D CsCu,X,
counterpart.??l The valence band (VB) of TCH compounds is
mainly composed of the hybridized 3d orbitals of Cu and the
np orbitals of the respective halide component.l!l In a similar
fashion, the conduction band (CB) has contributions from the
4s orbitals of Cu and the halide np orbitals. Theoretical calcula-
tions show that the Cs in the lattice has no effect on the band
structure.[?*?’] The halide composition of the films therefore, will
inevitably affect the band structure and the respective density of
states (DOS) of these materials. Importantly, after photoexcita-
tion, the excited state is formed after lattice distortions, which
will also affect the band structure.”]

The preparation of mixed-halide variants of hybrid lead-halide
perovskites is an attractive approach to fine tune their optoelec-
tronic properties.!? This halide interchangeability also exists in
TCH materials. In the case of Cs;Cu, X, the gradual exchange of
the halide from I to Br induces a slight red-shift in the PL wave-
length maximum (from 444 to 456 nm)?7?%] and also increases
the PL lifetime notably (from 1 us in the case of I, to 22 us in the
case of Br).3% The effect of the bromide content on the quantum
yield (QY) of mixed-halide variants is more convoluted, as the de-
termined QY values for mixed compositions always lies closer to
the values of pure Cs;Cu,Br; samples.[?”3!l This can be rooted
in the different ambient stability of TCH compounds (e.g., mois-
ture, oxygen, and temperature) as Cs;Cu, s remains stable un-
der months of storage, while the surface of Cs;Cu,Br; can un-
dergo moisture-induced oxidation.®!! The preparation of mixed
compositions of Cs;Cu,Br,I;_, can be achieved by different syn-
thesis strategies, such as: mechanochemical methods,*' high-
temperature solid state synthesis,?’] rapid cooling crystallization
method,3?! or antisolvent recrystallization method.**! The soft
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lattice of these compounds also allows post-synthetic modifica-
tion of the parent Cs;Cu,X; structure, resulting in only struc-
tural changel'’! or complete halide exchange.!**3*] In most cases,
film preparation from mixed-halide layers is performed by pre-
synthesis of the powders or nanocrystals, which is followed by
a layer formation step.[?! Immediate film formation strategies,
such as single-source vacuum deposition! or spray coating!'!
have been rarely used.

In this work, we prepared mixed-halide Cs,Cu, X; films (where
X: Br and/or 1) with precisely controlled composition, via a sim-
ple spray coating technique. We studied the effect of halide-
composition on the optoelectronic properties of the materials.
Using ultraviolet photoelectron spectroscopy (UPS), we link the
changes in optoelectronic properties to the alteration of the elec-
tronic structure. Using the information gathered from the differ-
ent spectroscopic techniques, we experimentally determined the
detailed band diagram of these materials. We also aimed to reveal
whether the change in the PL properties of the layers is directly
reflected in the radioluminescence (RL) response following their
exposure to a-particles from a radioactive source.

2. Results and Discussion

The thickness of the prepared layers was evaluated by profilom-
etry (Figures S1 and S2, Supporting Information) as detailed in
the Experimental Section. In all cases good agreement with the
10 um nominal thickness was found, and similar surface rough-
ness was achieved (Table S1, Supporting Information) which sig-
nals that the precursor solution composition has negligible ef-
fect on the layer formation process. To reveal whether the de-
sired mixed-halide Cs;Cu, I, Br;_, layers were formed, we carried
out XRD measurements (Figure 1A; Figure S3A-F, Supporting
Information). Le Bail fitting of the obtained diffraction patterns
to a Pnma structure revealed phase pure composition for almost
all compositions except Cs;CuBr; and Cs;Cu,Br, 51, 5 (as shown
in the Figure S3, Supporting Information). In these cases, one
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Figure 1. A) XRD patterns of Cs;Cu,ls, Cs3Cu,Br; 50l559, and Cs3Cu,Brs layers. B) The effect of bromide incorporation on the unit cell volume of
Cs;3Cu,l,Brs_, materials, determined from the XRD patterns and compared with values obtained from literature, where the error bars represent dispersion
in the reported values for mixed compositions.[2”31] C) Surface composition determined from XPS analysis. D) Bulk composition determined from EDX
measurements. The error bars in the case of EDX measurements represent measurements for three different layers.

additional reflection (marked with an asterisk) was found in both
samples, presumably from a small amount of Cs-halide impu-
rity. Shifted reflections were observed in the case of the mixed-
halide layers, compared to the single halide containing counter-
parts, within the boundaries set by the single-halide composi-
tions. From the Le Bail fitting we determined the unit cell param-
eters (Figure S4A—C, Supporting Information) and the unit cell
volume (Figure 1B). By increasing the bromide content, a gradual
contraction of the unit cell was observed (as depicted in Figure S5,
Supporting Information). This is in good agreement with the dif-
ference in ionic radius between the halides and signals the incor-
poration of bromide into the pseudo-perovskite lattice. All unit
cell parameters show similar dependence on the bromide con-
tent of the samples, which reveals that there is no preferential
direction for bromide incorporation. The determined unit cell
parameters and volume are in good agreement with literature
values.[?”3!l A broadening of the reflections was also observed
for the mixed samples (compared to the single halide containing
materials). This was the largest for intermediate compositions,
which could signal i) a decrease in the crystallite domain size or
ii) the increase in the crystallographic strain for these composi-
tions. Top-down SEM images of the Cs;Cu, I Br;_, layers showed
a granular morphology for all prepared compositions (Figure S6,
Supporting Information). The spray coating process resulted in
films with full coverage of the substrates and grain sizes on the or-
der of several microns. The surface and bulk composition of the
Cs;Cu, I, Brg_, layers was determined by XPS (Figure 1C) and
EDX measurements (Figure 1D), respectively. Detailed discus-
sion on the evaluation of the XPS spectra can be found in the
Supporting Information (Figure S7 and Tables S2—-S4). Quantifi-
cation of the surface halide content of the Cs;Cu,I Br_, layers
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revealed slight bromide deficiency of the higher bromide contain-
ing layers compared to the EDX measurements (Table S5, Sup-
porting Information). This could signal the possible formation of
trap states on the surface of these compositions, as elaborated in
what follows.

Steady-state PL and UV-vis absorption measurements were
carried out to reveal the effect of the bromide content on the
optoelectronic properties of the Cs;Cu,I Br,_, layers. We aimed
to characterize the different electronic transitions as depicted in
Scheme 2 and tie the various processes to exact energy levels.
UV-vis spectroscopy measurements can be used to reveal the
lowest energy transition (bandgap) between the VB and CB edges
in these materials (Scheme 2 — 1st process). Recording PL exci-
tation spectrum can also be used to determine the bandgap of
an emitting material. In these experiments the excitation wave-
length is scanned, while the detection is carried out at the charac-
teristic wavelength of PL emission of the samples. In these ma-
terials, however, the PL emission is directly linked to the appear-
ance of the STE state (Scheme 2 — 4th process). To induce the
necessary lattice distortions to form these STE states, bound exci-
tons must be formed first (Scheme 2 — 2nd process). The bandgap
energy determined from PL excitation spectra (apparent Ey¢) will
contain this exciton binding energy as the relaxation of free carri-
ers in TCH materials is non-radiative. The formation of the STE
state by the bound exciton requires energy to induce the lattice
distortions (Scheme 2 — 3rd process). This self-trapping energy
will shift the PL emission to lower wavelengths and induce a large
Stokes-shift in these materials. To place these transitions on the
absolute energy scale we determined the VB positions from UPS
measurements and coupled them with these optical characteri-
zation techniques.
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1. Light absorption induced free carrier formation
(determined from UV-vis onset)

hVabsorbea = Ee

2. Exciton formation (difference between Epg
emitted from PL excitation spectra and UV-vis onset)

Apparent Egg = Epg+ AEyinging

3. Self-trapping energy (difference between Epg
from UV-vis onset and STE emission energy)

Egr=Epg - Ep.
4. STE emission (PL peak position)

EpL = hVenitea

Scheme 2. Electronic transitions within materials with STE energy levels. Description of the different processes together with the used measurement

technique for its determination.
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Figure 2. A) UV-vis spectra of Cs;Cu,l,Brs_, layers recorded in transmission mode. Inset shows the magnified band-edge region. B) Normalized
excitation spectra of Cs;Cu,1,Brs_, layers, recorded at their respective PL maximum. C) Steady state PL spectra of Cs3Cu,1,Brs_, layers. Inset shows the
composition dependence of the integral intensity of the PL spectra. D) Normalized steady state PL spectra of Cs3Cu,|,Brs_, layers. The inset shows the
change in PL emission maximum with the composition. The emission maximum was determined from the first derivative of the recorded PL spectra.
The excitation wavelength was 300 nm in all PL related measurements. The error bars in the insets represent measurement for three different layers.

We carried out UV-vis spectroscopy measurements to de-
termine the bandgap of the prepared Cs;Cu,I Br_, layers
(Figure 2A). All films absorb light in the UV region and have only
negligible light absorption in the visible range. Only Cs;Cu,Br;
samples showed a broad absorption band between 500-650 nm
which might originate from small quantities of formed Cu(II)
within the layers in the form of [CuBr,]*~. To determine the
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energy required to form the STE state for each composition
PL excitation spectra of the Cs;Cu,I, Br,_, layers were recorded
(Figure 2B). It is apparent that with increasing bromide content,
the blue-shift of the excitation spectra onset can be observed. This
signals that the bromide content of the samples has a marked in-
fluence on the exciton binding energy of the compounds. To gain
information on the energy position of the STE emission with

© 2023 The Authors. Advanced Optical Materials published by Wiley-VCH GmbH

85U8017 SUOWWIOD 8A11E81D) 3|qeot|dde auy Aq psusenob afe sejore O ‘88N JO Sa|nJ o Akeiq18Ul|UO /8|1 UO (SUONIPUOD-PUR-SLLIBY/LIOD"AB 1M AeIq U1 UO//:SdNL) SUORIPUOD PUe SWie | 8U18eS *[£202/60/r2] Uo A%iqiauljuo A8 |im ‘AreBunH aueiyooD Aq 52800£202 WOPe/Z00T OT/I0p/W0™As|imAeiqipuljuo//Sdiy Wwoy pepeojumod ‘0 ‘TZ0TS6TZ



ADVANCED
SCIENCE NEWS

OPTICAL

www.advancedsciencenews.com

www.advopticalmat.de

0.25 1.15
A @ UV-vis spectra B C
4.001 & PL excitation spectra * 3
2 1.104 »
> 3.96 - 0.20 ? 1.
[ P -~
- > = S
8392 * 2 = % 1.05
=) w 0-15 c 3
T 3881 * 0 °
< o
£ c £ 1.00 3
o [=] - I
— 3.844 £0.10 =3
g « | 3 3 z
£ 380 g w Foss 3
© 3.76 0.05 4 3
) = 0s0d = z
¢ I z 90
3724 = = * 556
0 20 40 60 80 100 0 20 40 60 80 100 0 20 40 60 80 100

Br content/ %

Br content/ %

Br content/ %

Figure3. A) The composition dependence of the determined bandgap values for the Cs;Cu, 1, Brs_, layers, from the different optical techniques employed
in this study. B) The change in the exciton binding energy and the C) variation of the self-trapping energy with the layer composition.

respect to the VB edge, we recorded the steady-state PL spectra
of the mixed-halide layers (Figure 2C,D). The most prominent
effect of the increasing bromide content is the gradual decrease
of the PL intensity (Figure 2C), compared to the Cs;Cu,I; lay-
ers. This is also reflected in the absolute internal quantum yield
(PLQY) of the layers (Figure S8, Supporting Information). The
PLQY steadily decreases from 71% measured for Cs,;Cu, I layers
to only 10% for Cs;Cu, Br; layers. Interestingly, this trend is fore-
shadowed in the literature, as the Cs;Cu, Brs samples often show
low quantum yields (even compared to Cs;Cu,Cls) irrespective
of the form of the samples (powders,**! quantum dots).*"! This
points toward the notion that the STE emission of Cs;Cu,Br;
materials might be vulnerable to trap states (as opposed to its
Cs;Cu, I counterpart) as recombination through trap states is
a non-radiative process that decreases the PLQY. The prepared
Cs;Cu,Br; layers also suffer from the presence of the Cu(Il)
moiety in the film, as it i) can reabsorb portion of the emitted
light and ii) act as a recombination center as it is located within
the bandgap, further lowering the PLQY compared to the mixed
bromide/iodide samples. The increasing bromide content also
shifted the PL peak position of the layers to higher wavelengths,
without altering the shape of the PL spectra (Figure 2D). This
signals that no emissive secondary phases are formed during the
preparation procedure, as that would distort the shape of the PL
spectra. The PL peak position was used to determine the self-
trapping energy.

The optical bandgap values determined from the UV-vis spec-
tra and PL excitation spectra are summarized in Figure 3A. It is
apparent that the increasing bromide content of the samples has
negligible effect on the lowest energy transition (related to the
bandgap) of the samples. In stark contrast, the bromide content
of the layers had a strong impact on the required energy to induce
the STE emission. The energy difference between the values ob-
tained in these two measurements gives the exciton binding en-
ergy (Figure 3B). The increase in the bromide content increased
the required energy to bind excitons within these materials. Sim-
ilarly, the self-trapping energy (Figure 3C) is also larger in bro-
mide rich compositions. This signals that it is energetically more
difficult to induce lattice distortions in the bromide-rich materi-
als, as bromide forms stronger bonds within the lattice. Further-
more, the formed self-trapped state lies deeper in the bandgap in
the case of bromide-rich compositions.
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The incorporated bromide also has a pronounced effect on
the PL decay of the samples (Figure 4A,B). The Cs;Cu,[; layer
showed a monoexponential decay with a 1.0 us lifetime, which
agrees well with literature values.'”] With the incorporation of
bromide into the pseudo-perovskite lattice, a new component
(with a shorter lifetime) is observed (Table S6, Supporting Infor-
mation). The shorter lifetime component becomes even shorter
in the case of samples with high bromide content (Figure 4C).
These also display the worst PLQY among all compositions.
This shorter lifetime component might be related to the pres-
ence of surface trap states, which facilitate non-radiative recom-
bination. In parallel, the longer lifetime component, which is
related to the STE recombination process, increases with the
increasing amount of incorporated bromide (Figure 4D). This
longer lifetime component for the pure Cs;Cu,Brs sample falls
short compared to the 18-30 s lifetime typically observed in the
literature.[21:3]

To position the obtained optoelectronic data on the abso-
lute energy scale, we performed UPS measurements on the
Cs;Cu,I Brg_, layers. The calibration of the instrument and
subtraction of the He(l) satellite lines were performed with
a polycrystalline Ag foil (Figure S9, Supporting Information),
as detailed in the Supporting Information. The UPS spectra
(Figure S10A, Supporting Information) consisted of a sharp rise
(secondary electron edge) which is followed by the features re-
lated to electron density in the VB of the materials. The second
derivative of the UPS spectra (Figure S10B, Supporting Informa-
tion) was used to determine the exact position of the secondary
edge, which was used in the calculation of the work function of
the materials (Figure S10C, Supporting Information). The work
function showed a decrease with the incorporation of the bro-
mide into the lattice, which translates to an increase in the Fermi-
level. This signals that there is more electron density within the
bandgap of bromide rich compositions. Closer inspection of the
electron density around the VB edge also revealed the presence
of these filled trap states. Background corrected UPS spectra of
all Cs;Cu,I, Br;_, compositions are summarized in Figures S11
and S12 (Supporting Information).

As the VB of these compounds consist of multiple hybrid or-
bitals, apparent semi-quantitative fits to the UPS spectra with five
components were performed, in this manner the DOS are not
linked to any specific hybrid orbital. The first four components
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model the hybridized 3d orbitals of Cu and the np orbitals of the
respective halides, while the fifth component is related to elec-
tron density within the bandgap (e.g., at trap states). The used
fitting parameters are summarized in Table S7 (Supporting In-
formation). Qualitatively, the increase in the bromide content of
the films shifts the majority of the electron population within
the VB to higher binding energies, further away from the Fermi
level. Furthermore, in the case of bromide rich compositions,
the contribution of the fifth component (trap state) also increases
(Figure S12, Supporting Information). These changes can be di-
rectly linked to the inferior PL performance of the bromide rich
compositions, as non-radiative recombination through these trap
states can decrease the PLQY.
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The VB positions determined from the UPS measurements
(Figures S11 and S12, Supporting Information) were used, to-
gether with the calculated optoelectronic properties (bandgap,
exciton binding energy, self-trapping energy in Figure 3), to vi-
sualize the detailed band structure of the Cs;Cu,I Br,_, layers
(Figure 5). The increase in the bromide content shifts the VB
maximum, and the majority of the electron population, to more
negative energy values. Simultaneously, trap states within the
bandgap appear with increasing population, which will in turn
raise the Fermi-level of the samples with bromide-rich compo-
sitions to more positive values. In this manner, the Fermi-level
overtakes the position of the STE energy level, which in turn
might facilitate transfer of electrons from the trap-states to the
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Figure 6. A) Event-averaged RL waveforms of the Cs3Cu,l,Brs_, layers measured with 4.1 MeV «a particles. The waveforms are normalized at their
maximal amplitudes. B) Intensity-averaged RL lifetimes. C) Light-yield spectra shown with the same color coding of panel A.

STE states, detrimentally influencing the quantum yield of the
bromide rich compounds.

The effect of bromide content on the luminescence properties
of the Cs;Cu, [, Br_, layers has also been investigated with an al-
ternative excitation method of the STE states, using a-particle ex-
posure. The high excitation density due to the energy loss mech-
anism of a particles leads to the generation of hot charge carriers
in a limited volume along the particle track, which can then pop-
ulate a multitude of excitonic and trap states. These states with
different potential-well parameters have different recombination
characteristics, which can be observed as competing decay chan-
nels with varying decay time and amplitude in the RL response
(Figure S13A, Supporting Information). The RL decay, recorded
as event-averaged waveforms (Figure 6A; Figure S13B, Support-
ing Information), shows a similar trend as a function of the bro-
mide ratio to one observed in the PL measurements. The multiex-
ponential decomposition of the decay curves, however, looks ap-
parently different, which indicates the sensitivity of recombina-
tion processes to the initial stages of the STE generation. The de-
cay times for the various compositions are deduced by averaging
the identified exponential components, using the corresponding
light-yield intensities as weighting factors (Figure 6B). The ex-
tracted fitting parameters for the individual exponential compo-
nents are summarized in Table S8 (Supporting Information). The
total light yield of RL waveforms also shows a monotonous trend
as a function of the bromide ratio. The histograms of total light
yields are shown in Figure 6C. Itis clearly seen that the increasing
amount of bromide drastically suppresses the light yield accom-
panied with increasing decay times consistently with the results
of PL data.

3. Conclusion

We successfully prepared different mixed-halide Cs;Cu,I, Br,_,
thin films with a simple spray-coating method, by altering
the precursor solution composition. We have shown with dif-
ferent materials characterization techniques that the added
bromide was incorporated into the pseudo-perovskite lattice. We
thoroughly studied the effect of halide composition on the opto-
electronic properties of the prepared thin films. With increasing
bromide content, the gradual decrease of the PLQY was observed.
This was coupled with the increase in the PL lifetime of the bro-
mide rich Cs;Cu,l Brs_, compositions, with the simultaneous
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evolution of a fast lifetime component. We attributed the fast
lifetime component and the diminishing PLQY to the presence
of bromide induced surface trap states within these compounds.
As a further step to position these processes on the absolute en-
ergy scale, we performed UPS measurements. Together with the
optoelectronic results, we determined the detailed band diagram
of the compounds and revealed the position and density of trap
states within their bandgap. We also performed luminescence
measurements with an alternative excitation method of bright ex-
citonic states using a-particle exposure. The increase of bromide
content resulted in similar trends of light yields and decay proper-
ties as observed in the PL measurements supporting the outlined
reordering of electronic states in the bromide-rich compositions.

4. Experimental Section

Materials:  Cesium(l) iodide (Csl, Alfa Aesar, 99.9% trace metals ba-
sis), Cesium(l) bromide (CsBr, Merck, 99.999% trace metals basis), Cop-
per(l) iodide (Cul, Alfa Aesar, Puratronic, 99.998% trace metals basis),
Copper(l) bromide (CuBr, Merck, 99.999% trace metals basis), acetonitrile
(ACN, VWR, 100%), and deionized (DI) water, were used for the prepara-
tion of the precursor solutions without further purification. The FTO (flu-
oride doped tin oxide, Merck, ~7Q cm~2) covered glass substrates were
cleaned with acetone (VWR, 100%), 2-propanol (VWR, 100%), and deion-
ized (DI) water.

Preparation of the Cs;Cu,l,Brs_, Solutions: The solutions (0.025 M)
were prepared for the Cs3Cu,l,Brs_, compounds in an acetonitrile/water
mixture dissolving Csl, Cul, CsBr, and CuBr in the required stoichiometry.
To ensure complete dissolution of the used precursors, water was added
to the pure acetonitrile solvent. For low bromide containing variants (x >
2.5) 3.0 m, for Cs3Cuyly 25Br3 75 4.3 M, and for Cs3Cu,Brs o 6.0 M water
content was used.

Preparation of the Cs3Cu,l, Brs_, Layers: The substrates (FTO coated
glass or glass) were sonicated for 5 min in acetone, 2-propanol, and DI
water before use. Immediately before spray coating, the substrates were
subjected to 10 min of oxygen plasma treatment as well. The spray coat-
ing was performed with compressed air, with a 100 cm? min~" airflow on
the preheated substrates at 50 °C. Care was exercised between succes-
sive spray-coating cycles to ensure the evaporation of the solution from
the substrate surface. By changing the number of spray coating cycles, a
steady mass gain of the substrates could be observed, which translated
to an increase in layer thickness (as seen for Cs;Cu,ls composition in
Figure S1, Supporting Information). For materials characterization stud-
ies, layers with ~10 pm thickness were prepared from each composition.
To determine the actual layer thickness of the samples and the quality
of the formed layers profilometry measurements were performed for the
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different mixed-halide compositions (Figure S2, Supporting Information).
In the case of XPS and UPS studies 1 um thick films were prepared to pre-
vent charging of the layers. This thickness offered homogeneous coverage
(no sign of Sn signal on the XPS spectra from the FTO substrate), while
showed no charging of the layers.

Materials Characterization: A Veeco Dektak 8 contact-based profilome-
ter was used to perform profilometry measurements on the thin films. A
stylus with 2.5 pm radius was used applying a stylus pressure of 30 uN.
UV-vis spectra of the layers in both transmission and diffuse reflection
modes were recorded with a Shimadzu UV-3600 Plus instrument. Steady-
state and time-resolved photoluminescence spectra were recorded with
a Horiba FluoroMax spectrofluorimeter, equipped with a DeltaHub TC-
SPC controller and a NanoLED-295 light source (4, = 300 nm). Top-
down scanning electron microscopy (SEM) images were captured with a
Thermo Scientific Apreo 2 SEM instrument. X-ray diffraction (XRD) mea-
surements were performed with a Rigaku MiniFlex 2 instrument with a Cu
K, (A= 1.5418 A) X-ray source operated at 30 kV 15 mA in the 10-80° 26-
range, with a scan speed of 0.25° min~" with a sampling width of 0.02°.
The divergence slit was set at 1.25°, the receiving slit at 0.3 mm and the
Anti-scattering slit at 1.25°. For the evaluation of the diffraction patterns
Le Bail fitting was carried out with the program GSAS-I1.136] A cosine func-
tion was used to model the amorphous background of the raw data. Based
on the halide content of the samples the starting unit cell dimensions for
the refinement were either Cs;Cu, Brs (COD #7246299) or Cs3Cu,ls (COD
#7246300). Isotropic domain size and microstrain models were used to
account for the peak broadening. X-ray photoelectron spectroscopy (XPS)
measurements were performed with a SPECS instrument equipped with
a PHOIBOS 150 MCD 9 hemispherical analyzer. The analyzer was in FAT
mode with 40 eV pass energy for acquiring survey scans and 20 eV for
high resolution scans. The Al K, radiation (hv = 1486.6 eV) of a dual an-
ode X-ray gun was used as an excitation source and operated at 150 W
power. Ten scans were averaged to get a single high-resolution spectrum.
The cesium 3d peak was used for charge referencing and set at 724.0 eV in
all cases (reference measurement from Csl powder). For spectrum eval-
uation, CasaXPS commercial software package was used.3’! Ultraviolet
photoelectron spectroscopy (UPS) was performed with a He (1) excitation
(21.22 eV) source. There was 10 V of external bias applied to the sam-
ples to accelerate secondary electrons to the analyzer. The recorded UPS
spectra were corrected for additional He(l) lines. More details about the
evaluation of the XPS, UPS spectra were provided in the Supporting Infor-
mation.

Radioluminescence Measurements: The RL pulses from the thin-film
samples were detected with a Hamamatsu (H1949-51) photomultiplier
tube (PMT) connected to one hemisphere of a 50 mm diameter light in-
tegration sphere (THORLABS). The samples were exposed to « particles
from an Am-241 source through an aperture of 1 mm. The distance be-
tween the source and the sample was 15 mm, which was taken into ac-
count in the calculation of the incident particle energy. The geometric lay-
out of the apparatus was shown in Scheme S1 (Supporting Information).
The light pulses generated by each a particle hitting the sample were con-
verted to amplified electric pulses at the PMT anode, which inherited the
time structure of the RL decay of the self-trapped excitonic states. This
time structure was recorded by a waveform digitizer module with a sam-
pling time of 2 ns. The total number of photons created in each a particle
event could be deduced from the integration of the full pulse waveform,
while the exponential time structure of the decay could be fitted and de-
composed from the event-averaged waveforms.

Supporting Information
Supporting Information is available from the Wiley Online Library or from

the author.
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