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Defect-Mediated Scintillation in Fully Inorganic Perovskites
via Water-Induced 0D/3D Phase Modulation

Mario Calora, Francesco Carulli, Nadir Vanni, Antonella Giuri, Elena Ferrari,
Matteo Masino, Laura Lazzarini, Francesca Rossi, Gianluca Accorsi, Anna Moliterni,
Davide Altamura, Cinzia Giannini, Luca Cappelletti, Gianluca Quarta, Alberto Quaranta,
Rosanna Mastria, Anna Paola Caricato, Sergio Brovelli,* and Aurora Rizzo*

Scintillation detectors are essential tools in high-energy physics, medical
imaging, and security, due their efficiency in converting ionizing radiation
into visible light. Lead-based inorganic perovskites, particularly 3D CsPbBr3,
have emerged as promising next-generation scintillators due to their high
photon attenuation and fast emission properties. In contrast, the 0D phase,
Cs4PbBr6, exhibits unique emission characteristics and defect-mediated
behavior, offering additional opportunities to tune scintillation
performance in hybrid systems. However, the role of the 0D Cs4PbBr6 phase
in scintillation has remained largely unexplored, and the mechanism of the
emission is not well understood. Herein, a simple and reproducible synthesis
of polycrystalline perovskite powders is developed with the specific scope
of modulating the 3D/0D CsPbBr3/Cs4PbBr6 phases in the samples, aiming to
clarify the role of the 0D phase in the emission properties of the materials. The
method relies on a solvent-antisolvent approach, in which incremental water
additions selectively promote the formation of the 3D phase over the 0D one.
The scintillation properties of the resulting powders are evaluated, revealing
an increased scintillation yield for low water volumes used in the synthesis
and an ultrafast decay time under X-ray radiation. Cathodoluminescence
and temperature-dependent radioluminescence highlight defect-driven
scintillation mechanisms, providing insights for future material optimization.
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1. Introduction

All-inorganic perovskites have attracted at-
tention for their outstanding thermal sta-
bility and performance in the field of opto-
electronics, such as solar cells, light emit-
ting diodes (LEDs), and high-energy radia-
tion detectors.[1,2] Lead halide compounds
show structural tunability due to the con-
nection of the [PbX6]

4− (X = Cl, Br, or I) oc-
tahedra, which can form 0D isolated octahe-
dral clusters, layers of 2D networks, and 3D
corner-sharing structures (perovskites).[3–5]

In all-inorganic perovskites, the small size
of the Cs+ cation enables the forma-
tion of different structural dimensional-
ities, which can be achieved by oppor-
tunely tuning the synthetic conditions. Par-
ticularly, the ratio of available Cs─Pb─Br
precursors plays a decisive role in deter-
mining the formation of pure or mixed
phases of CsPbBr3 (3D), CsPb2Br5 (2D),
and Cs4PbBr6 (0D).

[6] For instance, CsBr-
rich solutions lead to the formation of 0D
perovskite powders, where the final product
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consists of [PbBr6]
4- octahedra that are not connected to each

other, while the Cs+ ions are arranged in the interstitial regions,
acting as an ionic insulator. Differently from the extensively stud-
ied 3D CsPbBr3,

[7–9] the 0D Cs4PbBr6 has only recently attracted
significant attention due to its distinctive optical properties, such
as strong photoluminescence (PL) in solid form,[10] narrow emis-
sion line width, high exciton binding energy, and outstanding
thermal stability.[11] These properties, together with the high-Z
atomic composition, make the material ideal for ionizing radi-
ation detectors. In fact, Cs4PbBr6 single crystals have demon-
strated a fast response time (𝜏AVG = 1.46 ns) to alpha parti-
cles from an 241Am radiation source and high spatial resolu-
tion of 4.0 lp mm−1 in X-ray imaging.[12,13] Recently, Cs4PbBr6
perovskite powders have been demonstrated to be compatible
with polymer processing technologies. Indeed, they can be in-
corporated as active materials into ultra-fast 3D printed plas-
tic scintillators for X-ray detection, achieving a response time
of 𝜏AVG ≈ 1.0 ns, which is faster than the commercial plastic
scintillator EJ-228 (𝜏AVG = 1.31 ns),[14] holding great potential
for medical applications. Apart from the clear application po-
tential, there are still unresolved aspects concerning the inher-
ent properties of Cs4PbBr6 material, especially the correlation
between its photophysical and structural characteristics. One of
the most intriguing aspects is related to the origin of the emis-
sion of this material, which exhibits an intense emission peak
in the visible region, despite its wide bandgap (≈3.9 eV).[15] The
most widely accepted hypothesis is that the green emission in
Cs4PbBr6 comes from 3D CsPbBr3 impurities,[16] which are of-
ten embedded into the 0D phase, forming intrinsic defects within
the bandgap.[17,18] On the other hand, the origin of the green PL
has been proposed to be due to intrinsic Br-defects within the
wide bandgap of Cs4PbBr6

[19] excluding the presence of CsPbBr3
impurities as confirmed by atomic-resolution transmission elec-
tron microscopy (TEM) measurements using low-beam doses in
Cs4PbBr6 nanocrystals (NCs).

[20] Another hypothesis is the for-
mation of self-trapped excitons, which can result in a broad emis-
sion at lower energies.[21–23]

Herein, we have developed a synthetic approach for perovskite
powders with tuneable 3D/0D CsPbBr3/Cs4PbBr6 phase content
through antisolvent precipitation from CsBr-PbBr2 precursor so-
lutions in dimethyl sulfoxide (DMSO). Through a comprehen-
sive structural and photophysical characterisation, we have in-
vestigated the mechanisms leading to the strong emissive prop-
erties of the Cs4PbBr6 phase under optical and ionizing radiation
stimulation.
In our approach, we took advantage of the excess of CsBr

present in the CsBr-PbBr2 precursor solutions dissolved in
DMSO to promote the formation of isolated octahedra and fa-
cilitate the precipitation of the 0D phase.[24] We found that the
nature of the antisolvent is a key parameter in powder precipi-
tation and phase tuning. In particular, using a tetrahydrofuran
(THF) and water mixture as antisolvent promotes the forma-
tion of a nearly pure Cs4PbBr6 phase with improved emission
properties, thereby increasing the PL quantum yield (PLQY) of
the final sample.[25] Additionally, the inclusion of an incremen-
tal amount of water in the antisolvent mixture brings either to
the precipitation of a CsPbBr3/Cs4PbBr6 mixed phase powder or
the nearly complete conversion of Cs4PbBr6 in CsPbBr3 phase.
Overall, we found that varying the water content in the antisol-

vent mixture modulates the 3D/0D CsPbBr3/Cs4PbBr6 phases in
the perovskite powders, as confirmed by X-ray diffraction (XRD),
Raman analyses, and optical characterizations. The synthetic ap-
proach is straightforward and takes advantage of the soft nature
of the metal halide perovskite lattice, along with the ability to re-
move the highly soluble CsBr from the soft ionic framework of
Cs4PbBr6, as also observed in Cs4PbBr6 perovskite NCs through
the chemical deprivation of CsBr from the CsBr-rich Cs4PbBr6
phase.[26–28]

To understand the origins of the emission and the potential of
this material as a scintillator, we investigated the emission prop-
erties of 0D–3D hybrid perovskites under X-ray excitation and
compared them with PL and cathodoluminescence (CL) to eluci-
date the role of defect states in the scintillation process. Radiolu-
minescence (RL) spectra revealed excitonic emission at 2.40 eV
and a dominant defect-related peak (2.26–2.33 eV), which in-
tensifies under ionizing excitation. RL decay kinetics revealed
faster recombination than PL, and a scintillation yield closer to
3000 ph MeV−1 for the sample prepared using 3% in volume of
H2O in the antisolvent mixture. Increasing water content dur-
ing synthesis deepens defect states, impacting scintillation yield
and non-radiative losses as well as modulating the two phases.
CL spectra closely resemble RL, reinforcing the hypothesis that
ionizing excitation promotes charge localization in shallow traps,
whereas optical excitation predominantly generates band-edge
excitons.

2. Result and Discussions

The Cs4PbBr6 powders were synthesized using a solvent-
antisolvent approach,[24] in which perovskite powders were
quickly precipitated from a low molarity precursor solution us-
ing a mixture of THF and deionized H2O in different volume
percentages (henceforth simply indicated as %). The nature of
the solvent and anti-solvent species is expected to influence the
phase of the resultant material. In order to facilitate the precip-
itation of the 0D phase, we selected a 0.05 m solution, in which
the CsBr and PbBr2 precursors are dissolved in DMSO with a
molar ratio of 3.75:1 respectively. In accordance with previous
studies, this approach ensures that the lead octahedra are as iso-
lated as possible and promotes the precipitation of the Cs4PbBr6
phase of perovskite.[25,29,30] The use of the sole THF as an an-
tisolvent leads to the precipitation of a colorless powder, which
converts into a greenish powder after 1 h of vigorous stirring.
We found that the addition of water along with THF in the anti-
solvent mixture accelerates the precipitation process and results
in powders with different colors, depending on the amount of
water added, suggesting the presence of different crystal phases.
The photographs of the dried powders under ambient and UV
light, with varying percentages of H2O are shown in Figure 1a.
The perovskite powder obtained for 3% of H2O appears greenish
in color and highly emissive under UV light. As the water con-
tent in the antisolvent increases, the perovskite powders gradu-
ally turn to an orange hue, which is accompanied by a gradual
decrease in UV-induced glowing. In order to understand the na-
ture of the as-obtained microcrystalline powders, qualitative and
quantitative phase analysis based on XRD data, combined with
a Raman investigation, were performed. The phase identifica-
tion process is carried out using the qualitative phase analysis
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Figure 1. a) Water modulation in the Cs4PbBr6 samples, under daylight (D.L.) and UV light (U.V.). b) Weight percentages of perovskite phases identified
in samples obtained with different percentages of water, based on quantitative analysis of the XRD patterns. c) Raman spectra of Cs4PbBr6 powders
with 0% and the related images of the points analyzed under the optical microscope. The black line represents the Raman signal associated with the
incorporation of CsPbBr3 into the Cs4PbBr6 matrix. d) Raman spectra of Cs4PbBr6 6% H2O measured on a 16 × 17 μm2 area with 1 μm step and
e) Raman intensity maps of the two species acquired from the same area highlighted in (d). f) Raman spectra of Cs4PbBr6 powders with 12% of H2O
in the antisolvent and the related images of the point 2 analyzed under the optical microscope. The black line represents the Raman signal associated
with the incorporation of Cs4PbBr6 into the CsPbBr3 matrix.

software QUALX2.0 by inquiring the POW_COD database,[31] a
collection of known single-phase “stick” diffraction patterns built
from the COD database.[32] The qualitative phase analysis sug-
gests the following pairs of crystalline phases as the most proba-
ble ones present in the mixtures:

1) Cs4PbBr6 [POW_COD entry # 400–2857; Crystal system: Trig-
onal (hexagonal axes); a = b = 13.7222 Å, c = 17.2990 Å; space
group: R-3c] and CsBr (POW_COD entry # 900–8788; Crystal
system: Cubic; a = b = c = 4.2860 Å; space group: Pm-3m), in
the case of the sample with 0% of H2O, for which the most
intense diffraction peak in the XRD pattern is located at 2𝜃
≈ 30.29°, i.e., the characteristic peak of Cs4PbBr6, revealing
itself as the dominant phase[33] of the mixture, (Figure S1a,
Supporting Information) while for the CsBr minority phase,
a small contribution of its characteristic (110) reflection (2𝜃 ≈

29.45°) is observed.[34]

2) Cs4PbBr6 (POW_COD entry # 400–2857); and CsPbBr3
(POW_COD entry # 451–0745; Crystal system: Orthorhom-
bic; a = 8.2440 Å, b = 11.7351 Å, c = 8.1982 Å; space group:
Pnma), for the samples containing water. The sample con-
taining 3% of H2O undergoes a rapid change, resulting in
the elimination of CsBr (Figure S1b, Supporting Informa-
tion) and the formation of a new minority phase (CsPbBr3).
As the volume of water increases in the antisolvent mixture,

the intensity of peaks located at 2𝜃 ≈ 15.23°, 2𝜃 ≈ 21.50°

and 2𝜃 ≈ 30.73°, ascribable to the 3D CsPbBr3 phase,
[35] in-

crease so that CsPbBr3 becomes the predominant phase for
9% and 12% of H2O, where Cs4PbBr6 is now the minority
phase (Figure S1c, Supporting Information).

The weight percentage of the two component phases (w1 and
w2), estimated by a quantitative phase analysis (QPA) carried out
on the XRD patterns (Figure S1d, Supporting Information) by
the Rietveld method [36,37] using the EXPO package,[38] are pro-
vided in Table S1 (Supporting Information). It is noteworthy that
the most intense diffraction peaks corresponding to the majority
phases in the investigated mixtures – Cs4PbBr6 (2𝜃 ≈ 30.3°) for
the samples with 0%, 3%, and 6%H2O, and CsPbBr3 (2𝜃 ≈ 30.7°)
for those with 9% and 12% H2O- likely arise from preferred ori-
entation (PO) effects, particularly along the (101) plane. In these
cases, PO effects were taken into account and corrected using the
EXPO software. Notably, the diffraction peak at 2𝜃 ≈ 30.3°, asso-
ciated with Cs4PbBr6, exhibits progressive broadening of the full
width at half maximum (FWHM) as the H2O content increases,
except for the sample with 3% H2O. This trend suggests either a
reduction in crystallinity or a decrease in the sizes of coherent do-
mains In contrast, the peak at 2𝜃 ≈ 30.7°, attributed to CsPbBr3,
shows a narrowing of the FWHMwith increasing water content,
indicating enhanced crystal growth (see Figure S1e, Supporting
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Information). The weight percentages of the 0D and 3D phases
are graphically represented in Figure 1b, as a function of water
content in the antisolvent. The graph clearly shows that water in-
duces phasemodulation, enabling the tuning of the powder com-
position from nearly pure Cs4PbBr6 to a product with a high per-
centage of CsPbBr3. Raman spectroscopy at room-temperature
was performed using a 633 nm excitation laser on representative
regions of each sample, to confirm the phasemodulation induced
by increasing H2O content in the antisolvent.
Figure 1c illustrates the Raman spectra of Cs4PbBr6 without

H2O, which exhibits two strong modes below 50 cm−1, a group
of three peaks in the 70–90 cm−1 range, and a strong mode at
≈120 cm−1. The two peaks in the low frequency region likely cor-
respond to lattice vibrational modes associated with the trans-
lational modes of the Cs+ ions relative to the isolated [PbBr6]

4−

octahedra.[39] Instead, the three distinct peaks in the 70–90 cm−1

range are likely to be bending modes of the [PbBr6]
4− octahedra,

which may vary depending on the crystalline environment such
as a modification of Pb-Br interactions due to local distortions
in the Cs4PbBr6 structure. The last strong peak at ≈120 cm−1 is
probably associated with the symmetric stretching of the Pb─Br
bond in the isolated [PbBr6]

4− octahedra.[40] It is crucial to note
that these distinct peaks are indicative of an isolated structure,
such as that of the 0D Cs4PbBr6 configuration, where the octahe-
dra are not connected to each other. However, an increase in spec-
tral weight below 50 cm−1(e.g., point 1 and 2 in Figure 1c) can be
attributed to lattice defects, such as CsPbBr3 NCs, which are not
detected by XRD analyses.[41] Additionally, we observe that the in-
crease in spectral weight below 50 cm−1 (marked with a vertical
line) systematically correlates with the emergence of a shoulder
between 130 and 160 cm−1. This shoulder could arise from the
overlap of vibrationalmodes originating from both Cs4PbBr6 and
CsPbBr3 phases. The image acquired under the microscope of
the sample reveals a white Cs4PbBr6 major phase with 1–4 μm
size grains and a small amount of orange μm-sized CsPbBr3
grains. A similar trend is evident in the sample with 3% H2O,
where the Cs4PbBr6 grains are of an identical size to those ob-
served in the previous sample and represent the predominant
phase (Figure S2a,b, Supporting Information). Even in the Ra-
man spectrum there is a similar trend, with the broadening and
doubling of some peaks (in the range associated to translational
mode of the Cs+ and bending modes of the [PbBr6]

4−), suggest-
ing structural changes. A greater separation is noted in the peaks
between 70 and 90 cm−1 due to an influence on the vibrations of
the [PbBr6]

4− octahedra, modifying their bending dynamics, and
the peak at ≈120 cm−1 appears to be more intense and shifted
respect the sample without H2O due to a slight distortion of the
local structure, which modifies the rigidity of the Pb─Br bonds.
In fact, the antisymmetric stretching mode of the Pb─Br bonds
in the isolated [PbBr6]

4− octahedra can be identified (105–110
cm−1), which is accompanied by a broadening of the shoulder
in the 150–200 cm−1 region, likely due to lattice disorder or over-
lapping vibrational contributions. This may be associated with
the intrusion of CsPbBr3 defects confirmed by the signal at 310
cm−1 already found in previous works.[39–41] It is postulated that
the latter is embedded at low concentrations in the predomi-
nant phase, and this is also confirmed from the XRD analysis.
In the sample containing 6% H2O, a heterogeneous population
of grains measuring 1–4 μm is observed, belonging to both the

Cs4PbBr6 and CsPbBr3 phases (Figure 1d). This has repercus-
sions on the Raman analysis of the Cs4PbBr6 6% H2O sample
where the peaks aremore intense and wider below 100 cm−1 sug-
gesting a structural change. Figure 1e illustrates the color map of
the highlighted region in Figure 1d, obtained by integrating the
Raman signal over two characteristic shift intervals correspond-
ing to CsPbBr3 and Cs4PbBr6, respectively.
It is interesting to note that the intensity of the CsPbBr3 ra-

man signal is consistently higher than that of Cs4PbBr6, and the
two signals exhibit a complementary spatial distribution. This be-
havior suggests the coexistence of the two polycrystalline phases
within the samples. As previously indicated by XRD analyses, an
increase in water content above 9% results in the formation of the
CsPbBr3 phase as the predominant phase. Microscopic observa-
tions reveal the presence of larger grains, ≈4–10 μm in size of
CsPbBr3 (Figure S2c, Supporting Information), along with min-
imal traces of Cs4PbBr6 until the latter phase is no longer di-
rectly observable in samples prepared with 12%H2O (Figure 1f).
In the samples containing 9% and 12% H2O there is a strong
decrease in the signal at 120 cm−1 which is fundamental for
the structural stability of the Cs4PbBr6, and a broadening of the
peaks below 100 cm−1 with an increase in the signal due to the
presence of CsPbBr3, suggesting the breakage of the isolated
octahedra and the predominance of a 3D structure (connected
octahedra).[42] A broad Raman feature observed in the 150–200
cm−1 region is likely due to the overlap of Pb─Br stretching
modes and low-frequency lattice vibrations (marked with verti-
cal line). Additionally, such broadening can be attributed to struc-
tural disorder or phasemixing, where the coexistence of CsPbBr3
and Cs4PbBr6 leads to overlapping vibrational contributions and
increased inhomogeneity in the local lattice environment. Taking
this into consideration, together with the broadening of FWHM
reported in Figure S1e (Supporting Information), we suggest that
Cs4PbBr6 is present as small or structurally disordered crystal-
lites: such domains remain detectable by XRD but yield only
weak, broadened, and partially overlapped Raman features. To
clarify the attribution of the Raman features across the series,
we have included a summary table (Table S2, Supporting Infor-
mation) listing the characteristic vibrational ranges associated
with each phase (Cs4PbBr6 and CsPbBr3). All samples display a
microscopic dominant phase, except for the 6% H2O condition,
which presents spectral contributions from both Cs4PbBr6 and
CsPbBr3, indicating a heterogeneous composition with coexist-
ing 0D and 3D structural domains.
In order to gain insight into the mechanism that leads to the

modulation of the perovskite phase with H2O, the optical and
structural properties of the supernatant of the different solutions,
collected after the powder precipitation, were analyzed. The anal-
ysis of supernatant is fundamental to understanding the reac-
tion mechanism, as its composition reflects the chemical equi-
librium and solubility dynamics during transformation. Changes
in ionic concentrations in the supernatant can indeed indicate
the formation of intermediate complexes or coordination equi-
libria involved in the phase transition. This also provides insight
into defect formation in the final 3D phase, such as halide vacan-
cies or off-stoichiometry, potentially linked to selective compo-
nent leaching. Overall, supernatant analysis can provide impor-
tant information on the connection between solution chemistry
and solid-state evolution, supporting the transformation pathway
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Figure 2. a)PL and b) PLE spectra of the supernatant of Cs4PbBr6 powders with different volumes of H2O in precipitation. c) Precipitation process and
modulation mechanism mediated by water in Cs4PbBr6 powder.

and offering a more complete view of the synthesis and material
quality. In Figure 2a the PL spectra of supernatant solutions are
reported. The supernatant obtained by precipitating perovskite
powder with pure THF shows two peaks, centred at 520 and at
600 nm. Upon the addition of an incremental amount of H2O in
the antisolvent, the peak at 600 nm gradually increases in inten-
sity until it reaches a maximum, while the peak at 520 nm dis-
appears. The peak at 520 nm can be attributed to the presence of
nanometres-sized aggregates of CsPbBr3 in the supernatant so-
lution, which can be decomposed by the inclusion of H2O in the
antisolvent mixture, seen as a reduction of the emission (Figure
S3a, Supporting Information). The peak at 600 nm can be at-
tributed instead to a combination of polybrominated lead species,
[PbBr3]

− and [PbBr4]
2− which gradually increases with the pres-

ence of water in the antisolvent. Notably, these two species exhibit
emission at 604 and 560 nm in solution, with absorption peak at
306 and 343 nm for [PbBr3]

− and [PbBr4]
2− respectively.[30,43] Be-

sides emission spectra, we collected also the photoluminescence
excitation (PLE) spectra of the supernatant which featured a peak
initially centred at ≈325 nm for the sample without H2O, gradu-
ally redshifting with increasing water content in the antisolvent,
suggesting the formation of higher-order lead polybromide com-
plexes, such as [PbBr5]

3− or [PbBr6]
4− in the supernatant solu-

tions (Figure 2b).[44,45] Their presence is also evinced also by the
absorption spectra, where the addition of H2O to the antisolvent
results in the appearance of a more intense tail (310–360 nm),

which can be attributed to these lead polybromide complexes[24]

(Figure 3b). Scanning electron microscopy (SEM), High-Angle
Annular Dark-Field (HAADF)-Scanning Transmission Electron
Microscopy (STEM) images coupled with the Energy Disper-
sive X-ray Spectrometer (EDX) mapping for selected supernatant
samples are reported and discussed in Figures S3–S5 and Table
S3 (Supporting Information).
Based on the optical andmorphological/compositional charac-

terization of the supernatant we propose the precipitation mech-
anism for perovskite powders sketched in Figure 2c. According to
the structural analysis, in the absence of water, the precipitated
perovskite is in the Cs4PbBr6 phase with CsBr contamination.
Consistently, in the supernatant of this sample, unreacted PbBr2
with emission species of [PbBr3]

− and [PbBr4]
2− are present,

along with nanometres-sized aggregates of CsPbBr3. The inclu-
sion of H2O in the antisolvent results in a competitive reaction
in the final product. The chemical deprivation and dissolution of
CsBr from the precursors’ solution, induced by the presence of
H2O in the antisolvent, gradually induce the transition of the 0D
Cs4PbBr6 phase into the 3D CsPbBr3 phase in the precipitate,
following the reaction reported as (1). Simultaneously, the super-
natant becomes enrichedwith Cs+ andBr− ions, where the excess
of Br− ions promotes the formation of polybrominated species
at higher concentrations compared to the 0% H2O precipitation
(reaction 2). For H2O > 6%, a third mechanism dominates the
reaction (3), involving the direct degradation of Cs4PbBr6 into

Adv. Funct. Mater. 2026, 36, e12571 e12571 (5 of 9) © 2025 The Author(s). Advanced Functional Materials published by Wiley-VCH GmbH
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Figure 3. a) Normalized absorption, b) and PL spectra, c) PL quantum yield, and d) PL decay traces of Cs4PbBr6 powder with increasing amount of
water (from 0 to 12%). Continuous and dashed PL spectra in (b) were excited at 3.2 and 4.0 eV respectively. PL spectra are shifted vertically for clarity.
The inset in (d) shows the effective lifetimes of Cs4PbBr6 powder extracted as the time after which the PL intensity decreased by a factor e. The same
color code applies throughout the figure.

a final product primarily composed of CsPbBr3 rather than
Cs4PbBr6 (1). This process leads to a reduced yield (Table S4, Sup-
porting Information) and a significant presence of [PbBr6]

4−in
the supernatant.

Cs4PbBr6 +H2O → 3CsBr + CsPbBr3 (1)

PbBr3
− + Br− ⇌ PbBr4

2− PbBr4
2− + 2Br− ⇌ PbBr6

4− (2)

Cs4PbBr6(s) ⇌ 4Cs+ + PbBr6
4− (3)

The optical absorption spectra of powders with increasing
amount of H2O in the antisolvent (Figure 3a) were obtained
from the reflectance spectrameasuredwith an integrating sphere
using the Kubelka Munk method.[46] Two main characteristic
features can be found in the absorption spectra, namely a nar-
row peak at 4.02 eV that can be attributed to the Cs4PbBr6 0D
phase[47] and a characteristic extended band with absorption edge
at 2.40 eV that is characteristic of the CsPbBr3 (3D phase).[48]

The relative contribution of those features to the absorption spec-
tra varies in the different samples and with increasing H2O in

the antisolvent, indicating the gradual conversion of Cs4PbBr6
into CsPbBr3 phase, which is also in accordance with the Raman
and XRD analysis (Figure 1). The observation of the absorption
contribution by CsPbBr3 in the spectrum of the nominally anhy-
drous Cs4PbBr6 0Dmaterial confirms the partial spontaneous in-
terphase conversion observed previously.[27,49] Moreover, the ab-
sorbance peak at 2.40 eV shows a clear and consistent mono-
tonic peak broadening trend with increasing H2O volume per-
centage in the antisolvent mixture (Figure S6a, Supporting Infor-
mation). This trend highlights the gradual modification in sam-
ple composition and crystalline quality as the phase transition
progresses. Additionally, the ratio of the integrated absorbance
areas between 2.2–2.5 and 3.9–4.1 eV steadily increases withH2O
content, clearly supporting the progressive transformation from
Cs4PbBr6 to CsPbBr3 (Figure S6b, Supporting Information). The
PL spectra of all samples (Figure 3b, continuous and dashed lines
respectively) excited at 3.2 and 4 eV, that is below and above the
bandgap energy of theCs4PbBr6 phase, show a substantially iden-
tical single peak at 2.40 eV, consistent with CsPbBr3 emission
with a weak low-energy shoulder at 2.31 eV ascribed to CsPbBr3
excitons trapped in shallow defects likely associated with halide

Adv. Funct. Mater. 2026, 36, e12571 e12571 (6 of 9) © 2025 The Author(s). Advanced Functional Materials published by Wiley-VCH GmbH
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Figure 4. a) Normalized RL spectra of Cs4PbBr6 powders with increasing amount of water (from 0 to 12%, vertically shifted for clarity). b) LY of Cs4PbBr6
powders purified with increasing amount of water measured in comparison with BGO powder in the same conditions (X-ray 20 kV irradiation) and
c) respective RL decay traces. d) Comparison between PL spectra collected using synchrotron excitation at 10 eV (colored triangles) and 3 eV (white
circles), and CL spectra (shaded area) of Cs4PbBr6 powders purified with increasing amount of water. RL spectra of the same samples are reported as
dashed lines for clarity. e) RL spectra collected as a function of temperature for the Cs4PbBr6 powder samples purified with 12% of water. f) Integrated
intensity of the shallow trapped (filled circles) and deep trapped exciton (hollow circles) components as a function of temperature.

vacancies.[50] Those halide vacancies might be created by the re-
lease of CsBr in the supernatant during the Cs4PbBr6 to CsPbBr3
conversion (see sketch in Figure 2). The relative intensity of this
shoulder is constant for H2O up to 6%, while it drastically de-
creases for higher water quantities. This trend is, however, ac-
companied by a substantial decrease of the PLQY of the per-
ovskite powders (Figure 3c) that follows a non-monotonic trend
with the water content, with an initial increase from ΦPL = 17%
to ΦPL = 27% followed by a substantial decrease to less than 3%
at 12% of H2O. The initial increase in ΦPL, corroborated by the
longer corresponding PL decay time (Figure 3d) suggests that a
tiny amount of water in the antisolvent can have a beneficial ef-
fect on the optical properties of the resulting perovskite powder,
leading to a partial conversion of the 0D to 3D phases and re-
duced nonradiative losses for CsPbBr3 excitons. A higher amount
of water, however, leads to an overall reduction of ΦPL, likely due
to nonradiative recombination of both band edge and shallow
trapped excitons. Deeper insights into the recombination process
are provided by the scintillation experiments discussed below.
Given the recent interest in lead halide perovskites for scintilla-

tion radiation detection, we investigated the emission properties
of our 0D–3D sample under ionizing excitation. The RL spectra
under X-irradiation (average energy 10 keV) of the powders with
increasing % of H2O are shown in Figure 4a. The corresponding
PL peak energies are marked by a vertical line. In all cases, RL
shows a high energy shoulder centred at 2.40 eV with negligible
spectral shift coinciding with PL and a main peak in the 2.26–
2.33 eV region, resonant with the defect emission, which isminor
under optical excitation and now dominates RL. The branching
ratio between the two emissions does not seem to depend sig-
nificantly on the amount of H2O used in the processing, while
their spectral separation essentially doubles from≈90 to 160meV
suggesting that defects become gradually deeper in samples with
larger 3D phase content. Consistently with the PL results, the

scintillation yield (or light yield (LY), expressed as the number of
emitted photons per energy deposited) follow a similar trend. As
shown in Figure 4b, LY was measured by direct comparison with
bismuth germanate powder (BGO) (LY∼9000 ph MeV−1).[51,52]

The LY initially increases compared to the anhydrous sample but
gradually decreases at higher H2O contents, confirming optical
spectroscopy observations that defect-related non-radiative losses
significantly impact the emission efficiency. The RL decay traces
at room-temperature agree with the cw data (Figure 4c), showing
slower RL decay kinetics for 3% H2O followed by a substantial
nonradiative acceleration for the lower LY samples. We noticed
that for all systems the RL kinetics is markedly faster than the
corresponding PL, which agrees with the reportedmultiexcitonic
character of scintillation in nanostructures.[53,54,55] The substan-
tial change in the spectral shape of RL compared to PL may in-
dicate a higher probability of trapping under ionizing excitation,
or that this leads to a different population of excited states, simi-
lar to what was recently observed in CsPbBr3 NCs.

[50,53,56] To in-
vestigate this further, we performed PL and CL measurements
that reproduce the excitation by fast electrons following the pri-
mary photoelectric interaction event with X-rays (Figure 4d). In-
terestingly, we found that the PL spectrum retains the same shape
dominated by free exciton emission from theCsPbBr3 phase both
under UV excitation at 3.5 eV and under synchrotron light excita-
tion at 10 eV, corresponding to more than 2.5 times the bandgap
of both 0D and 3D phases. In contrast, the CL spectrum excited
by electrons at 7 keV follows the RL spectrum. This reinforces
the scenario that free charges are more likely to localize in shal-
low defect states, while optical excitation, although high-energy,
produces predominantly band-edge excitons. RL measurements
as a function of temperature confirm this scenario showing
the gradual intensification of the shallow defect RL (2.26 eV)
and the emergence of a further broad RL band at 1.98 eV with
decreasing temperature that is absent in the cryogenic PL and

Adv. Funct. Mater. 2026, 36, e12571 e12571 (7 of 9) © 2025 The Author(s). Advanced Functional Materials published by Wiley-VCH GmbH
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is ascribed to the recombination of deep stable traps that are
completely quenched in ambient conditions. In agreement with
recent observations in CsPbBr3 NCs,

[50,56,57,58] at T = 20 K the
broad defect RL persists for minutes over time after irradiation
and shows strong intensification upon warming the sample to
≈100 K, thus further confirming its origin from stable deep trap
states that require thermal budget to detrap to emissive intragap
defects (Figure 4e,f).

3. Conclusion

In conclusion, we explored the emission properties of 0D–
3D lead halide hybrid perovskites under ionizing excitation,
elucidating the role of defect states in scintillation mecha-
nisms. Our synthesis approach allowed for precise control of
the CsPbBr3/Cs4PbBr6 phase ratio, demonstrating that the in-
troduction of water selectively promotes the formation of the 3D
phase at the expense of the 0D phase. The phase composition of
CsPbBr3/Cs4PbBr6 was confirmed through a comprehensive set
of characterizations, including Raman spectroscopy, XRD, and
optical analyses of the supernatant and of the final powder. RL
spectra revealed two key emission features: an excitonic peak
at 2.40 eV and a dominant defect-related emission in the 2.26–
2.33 eV range, which intensifies under X-ray excitation. The pro-
gressive deepening of defect states, as indicated by an increasing
spectral shift with hydration, correlates with variations in scintil-
lation yield, which initially improves but declines at high water
content due to enhanced non-radiative losses. CL measurements
confirmed that ionizing excitation favors charge localization in
shallow traps, while PL remains dominated by band-edge ex-
citonic recombination. Additionally, temperature-dependent RL
studies identified a deep trap emission at 1.98 eV at cryogenic
temperatures, which persists post-irradiation, further support-
ing the presence of thermally activated recombination pathways.
These findings provide crucial insights into the interplay between
structural phase composition, defect states, and scintillation in
hybrid perovskites. Overall, our results highlight the potential
of controlled phase engineering to optimize perovskite-based
scintillators for radiation detection applications. Future studies
should further investigate defect passivation strategies and ex-
plore alternative synthesis routes to enhance light yield and min-
imize non-radiative losses.

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