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ABSTRACT

The effect of impurity doping with cadmium ions on the luminescent properties of CsPbBr; perovskite single crystals has been investigated.
The luminescence spectra of pure and Cd-activated CsPbBr; crystals, obtained upon excitation with synchrotron radiation, reveal character-

istic excitonic bands, which are interpreted as the emission of free and bound excitons in the vicinity of the crystal absorption edge, a broad- G
band luminescence at 556.3 nm, and additional luminescence bands at 920 nm. The introduction of Cd is shown to result in an increase in &
the intensity of the excitonic luminescence, the emergence of supplementary emission bands due to the scattering of excitons on quasilocal &
lattice vibrations, and a shift of the near-edge luminescence bands toward the high-energy region. Cadmium doping is proposed to improve
the tolerance factor of the perovskite structure, reduce the concentration of bromine vacancies, and increase the formation energy of anionic >
vacancies in Cd-Br pairs, thereby limiting halogen diffusion. These modifications lead to a reduction in non-radiative relaxation channels &
and enhance the efficiency of near-edge luminescence by a factor of 4. The luminescence band at 920 nm is attributed to the emission of 8
radiation-induced defects. The results obtained highlight the potential of CsPbBr;~Cd single crystals for the development of fast scintillators &
with improved light output.
© 2026 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(https://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0306690
I. INTRODUCTION shows a light yield of about 50 000 ph/MeV undlesr excitation with
Fully inorganic lead halide perovskites CsPbX; (where X =Cl, 12 k_e‘,’ X rays a'nd a decay constant of ~1ns, Whl,le _CSPbC,:h
Br, and I) have attracted significant attention due to their high pho- exhibits a light yield of about 19 000 ph/MeV under excitation w ith
. . . - 14 keV x rays at 10 K and the fastest decay constant of ~0.1 ns.
toluminescence quantum yield, narrow photoluminescence lines, L PR 19 .
high density, large resistivity, and carrier mobility-lifetime product A significant contribution is the work of Dorenbos, " in which
& 3 s 2Y> ge re RA Y proct he demonstrates that the integral light yield of CsPbBr; crystals
(~107" e’/ V_)’ as well e?s a be%ndgap that can be turll?? over a wide under x-ray excitation at 10 K amounts to 34 000 photons/MeV,
range by varying the halide X in the CsPbX; matrix. ™ These prop- yhjle the fast component alone reaches only 10 500 photons/MeV.
erties make CsPbX; perovskites promising candidates for a variety Considering the multiple attempts to evaluate the scintillation effi-
of optoelectronic applications, including light-emitting diodes, ™ ciency of lead halide crystals, the scintillation yield of these crystals
solar Cells,/_lo Photodetectors,lo’” and current and luminescent remains a Subject of Ongoing investigation and refinement.
detectors of ionizing radiation.'*™"” If isovalent substitution of Pb>* with divalent metal cations
In addition, peI'OVSkitCS have continuously attracted attention results in improved luminescence performance, activation with lan-
as scintillators. In Refs. 16 and 17, the prospects of using CsPbBr; thanide ions (La) leads to a substantial reduction in the light yield.”’
and CsPbCl; crystals as cryogenic scintillators with short decay A 17-fold increase in luminescence intensity was also reported upon
times were demonstrated. For example, at 7K, a CsPbBr; crystal activation with the monovalent Li" cation for Cs,_Li,PbCl; single
J. Appl. Phys. 139, 135101 (2026); doi: 10.1063/5.0306690 139, 1351011
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crystals at x=0.03%."' These examples indicate that perovskites
exhibit defect tolerance, which opens new opportunities for the engi-
neering of these crystals.

We identify a pathway to enhance the performance of perov-
skite halide scintillators. Insights for this approach were inspired by
strategies used to improve the luminescence efficiency of nanoparti-
cles. Activation of these nanoparticles with metals such as Cd, Mg,
Ni, and Cu resulted in a significant increase in photoluminescence
intensity.'® For instance, doping CsPbBr; nanoparticles with mag-
nesium led to an increase in the photoluminescence quantum yield
from ~51% to ~100%.”> Similarly, CsPbBr; nanocrystals doped
with a substantial amount of Ce** ions (up to 2.88 at. %) exhibited
a twofold increase in quantum yield (up to 89%) compared to
undoped CsPbBr; nanocrystals.”” Doping with various monovalent,
divalent, and heterovalent metal ions (Ca>", Sr**, Na*, Ce**, Sb**)
also resulted in an enhancement of the quantum yield of perovskite
nanocrystals.”* ™’

Among these modifications, the most pronounced effects were
observed in CsPbCl; nanoparticles, where doping with Cd** and
Mg** cations increased the luminescence quantum yield from ~1%
to 100%.”” The improvement in luminescence efficiency is attrib-
uted to the refinement of the crystal matrix, including enhanced
short-range order, effective surface passivation of nanoparticles,
and a reduction in the concentration of point defects, particularly
CI™ vacancies. The conclusion regarding matrix ordering during
the activation of perovskites is supported by the analyses of their
luminescent characteristics, as well as independent structural and
spectroscopic studies (EXAFS,”” XPS*”) and quantum-mechanical
modeling of defect energy levels,”'® which indicate a shift of
defect levels toward reduced participation in non-radiative pro-
cesses. However, perovskite nanoparticles often suffer from low
stability under typical conditions, and the presence of surface
defects facilitates non-radiative recombination, thereby deteriorat-
ing their optical properties.””

We aim to implement the strategy of enhancing the lumines-
cence quantum yield of nanoparticles through metal doping in
CsPbBrj; single crystals. Bulk perovskite scintillators exhibit signifi-
cantly higher stability and possess intense picosecond excitonic
luminescence in the low-temperature region, indicating their poten-
tial for applications as cryogenic scintillators and detectors of high-
energy radiation.”” Promising results have already been achieved
for CsPbCl; crystals,'” where a substantial increase in luminescence
intensity was obtained upon doping with Cd ions.

This work analyzes the spectral and temporal parameters of
near-edge luminescence of CsPbBr; single crystals activated with
Cd** ions and excited by synchrotron radiation quanta. Such
studies are important not only for clarifying the mechanisms of
enhancement of near-edge luminescence intensity in single crystals
but also for identifying directions in the development of new scin-
tillators with high light yield and short luminescence decay times.

Il. EXPERIMENTAL SECTION

CsPbBr; single crystals were grown by the Stockbarger
method from CsBr and PbBr, precursors mixed in a stoichiometric
ratio. CsBr salt (99.999% purity) and PbBr, salt (98% purity) were
used; the latter was additionally purified by several stages of zone

ARTICLE pubs.aip.org/aip/jap

refining. For crystal activation, CdBr, salt (99.99% purity) was
added to the charge in excess with respect to the stoichiometric
composition. The nominal CdBr, concentrations (0.5, 1, 4, and
10 mol. %) in the crystals are reported according to the dopant
content in the initial mixture. The components were loaded into a
10 mm-diameter quartz ampoule, which was evacuated for 8 h at
300 °C to a residual pressure of 10™* Torr. The sealed ampoule was
placed in a high-temperature two-zone furnace. The melt was held
for 12h at a temperature of 20°C above the melting point of
CsPbBr; (567 °C). Subsequently, the ampoule was lowered through
a region with a controlled temperature gradient at a rate of 2 mm/
h. After completion of growth, the ampoule was annealed at 300 °C
for 10 h and then cooled to room temperature over 30 h. Undoped
CsPbBr; and CdBr,-doped CsPbBr; crystals (0.5, 1, 4, and
10 mol. %) were grown. Photographs of the samples are presented
in Appendix A (Fig. 8).

The elemental composition was analyzed using an ElvaX Pro
x-ray fluorescence spectrometer. An x-ray spectrum was obtained
with a Rh x-ray tube operating at an anode voltage of up to 60 kV
and a current of up to 1000 1A, coupled with an SDD detector
(Silicon Drift Detector) with an active area of 40 mm?.

The sample morphology was examined by scanning electron
microscopy (SEM) using a Tescan Vega3 LMU microscope. Surface
imaging was performed with an electron beam generated by a
W-thermocathode and accelerated to ~20-30kV. To verify the ele-
mental composition of the crystals and to determine the component
ratios, selected samples were analyzed by local x-ray microanalysis
using an Oxford Instruments Aztec ONE energy-dispersive x-ray
(EDX) system equipped with an X-MaxN20 detector. Elemental dis-
tribution across the sample surface was mapped using the same
microanalyzer. SEM images of their surfaces (Figs. 9-11) and maps
of the dopant distribution over the surface (Figs. 12-14) are provided
in Appendix A.

The luminescence properties under synchrotron excitation
were investigated at the experimental station of the P-66 Superlumi
beamline (DESY, Hamburg).”” Luminescence spectra were recorded
using a Kymera 328i spectrograph with a 2 A spectral slit and a
CCD detector. The excitation radiation was provided by a
McPherson normal-incidence monochromator with a 4 A slit, cov-
ering the spectral range from 3.7 to 40 eV (UV-VUYV region).

The luminescence decay kinetics were measured using the
time-correlated single photon counting technique with a
Hamamatsu R3809U-50 MCP-PMT detector. The effective time
resolution, including the synchrotron pulse width and detector
response, was 50 ps.

Illl. RESULT AND DISCUSSION
A. Phase composition and structure

The analysis of the diffraction pattern (Fig. 1) of the CsPbBr;
crystal doped with 4 mol. % CdBr, revealed that the sample is single-
phase and crystallizes in the orthorhombic system (space group
Pnma). A reduction in the unit cell volume was observed for the
doped crystal CsPbBrs-4 mol. % CdBr, (a=8.1683 A, b=82640 A,
c=11.7002 A, V=789.81A% compared to the undoped one
(a=8.208 A, b=8285A, c=11.768 A, V = 800.27 A*), amounting to
3.5%. Considering that the ionic radius of Cd** (~95 pm) is smaller
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FIG. 1. (a) X-ray diffraction pattern of the CsPbBr; crystal doped with 4 mol. % CdBr, (curve 1). Curve 2 corresponds to the reference CsPbBr; pattern. (b) X-ray fluores-
cence spectrum of a CsPbBr; crystal grown with 4 mol. % CdBr,.
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than that of Pb** (~119 pm) for a coordination number of 6, it can
be inferred that cadmium ions substitute lead atoms in the CsPbBr;
lattice. This substitution results in a contraction of the unit cell
volume.

X-ray fluorescence (XRF) analysis performed with an ElvaX
Pro spectrometer [Fig. 1(b)] confirmed that the Cs, Pb, and Br
ratios in the grown crystals correspond to the stoichiometry of
CsPbBr;. The Cd content was found to be close to the nominal
amount introduced into the raw material prior to crystal growth.
Figure 1 presents the XRF spectrum of the CsPbBr; sample pre-
pared with 4mol. % CdBr, in the charge, corresponding to
3.7 mol. % Cd, as determined by XRF analysis.

B. Spectral and kinetic luminescence properties
1. Luminescence spectra

The luminescence spectrum of the pristine CsPbBr; single
crystal [Fig. 2, curves 1 and Fig. 3(a), curve 1] under synchrotron
excitation with photons of 22.1 eV (A =56 nm) at 8.2 K exhibits
two peaks in the short-wavelength region at 533.6nm (2.323 ¢V,
hereafter referred to as peak A) and 541.5nm (2.289 eV, hereafter
peak B), as well as a broad band centered at 556.3 nm (2.228 €V,
hereafter peak C) with a full width at half maximum (FWHM) of
93 meV.

The luminescence spectra of the CsPbBr; single crystals
exhibit features similar to those previously reported in Refs. 31-34.
The narrow band A at 533.6nm [Figs. 1 and 2(a)] is most often
interpreted as the emission of free excitons.”””**>**'" In contrast,
the nature of band B at 541.5 nm remains under discussion. This
band has been attributed either to the luminescence of bound exci-
tons localized at specific types of defects”” or to emission associated
with indirect transitions from Rashba minima’"*® to the valence
band. The interpretation of non-elementary long-wavelength band
C at 556.3 nm (2.228 eV) is also ambiguous. It has been ascribed to
the recombination of trapped excitons, donor-acceptor pairs, or
self-trapped excitons.””" ">

For CdBr, concentrations of 0.5mol. % (Fig. 3, curve 2) and
1 mol. % (Fig. 3, curve 3), the position of the free exciton band
remains essentially unchanged (Fig. 3, curve 1). This indicates that,
within the impurity concentration range up to 1 mol. % CdBr,, no
significant modifications occur in the energy structure of the
CsPbBr; crystal. A slight blue shift of band A (by 0.02-2.334 eV for
1 mol. % CdBr,) can be attributed to changes in the crystal lattice
parameters caused by the incorporation of Cd>" ions, whose ionic
radius (95 pm) is smaller than that of Pb** (~119 pm). At the same
time, an increase is observed in both the integrated luminescence
intensity (Fig. 2, inset) and the exciton emission intensity (Fig. 2),
accompanied by a simultaneous decrease in the intensity of the C
band.

For CdBr, impurity concentrations above 1 mol. %, bands A
and B in CsPbBr; continue to broaden and shift toward the short-
wavelength region, while the position of the broad luminescence
band shifts from 556.3nm (2.228¢eV) to 545.1nm (2.274¢V),
accompanied by a decrease in its intensity. The integrated lumines-
cence intensity of the CsPbBr; crystals increases fourfold at the
CdBr, concentration of 4mol. %, reaching a maximum (Fig. 2,
inset). Based on the reported light yield of 3100 photons/MeV for
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FIG. 3. Normalized luminescence spectra of the CsPbBry crystals with
varying CdBr, concentrations measured at 82K (Aex=56nm, 22.1eV):
(@) 1—0mol. %, 2—0.5 mol. %, and 3—1 mol. %; (b) 1—0 mol. %, 2—4 mol. %,
and 3—10 mol. %.

exciton emission at 538 nm with decay time constant (t; = 0.44 ns)"’
for undoped CsPbBr; and taking into account the approximately
fourfold enhancement of exciton luminescence intensity observed in
this study, the light yield of excitonic luminescence at 534 nm
(t; = 0.45 ns) for CsPbBr; doped with 4 mol. % CdBr, is expected to
reach approximately 12400 photons/MeV at 10 K. This is a highly
encouraging result, particularly in view of the fast decay times.

With increasing CdBr, concentration up to 10 mol. % in the
CsPbBr; crystal, the trend of the exciton-like luminescence
musicum  shifting toward the short-wavelength region continues,
reaching 527.9 nm (2.348 eV). The intensity of band C continues to
decrease and is significantly quenched at the CdBr, concentration
of 10 mol. % [Figs. 2 and 3(b), curve 5].

The observed blue shift of the luminescence bands in the
CsPbBr; single crystals upon doping with CdBr, is a characteristic
feature of near-edge luminescence in lead halide perovskite nano-
particles activated by metal cations.'”***'

J. Appl. Phys. 139, 135101 (2026); doi: 10.1063/5.0306690
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A more detailed analysis of the modification of the lumines-
cence spectra of the CsPbBr; crystals induced by CdBr, doping
(Fig. 4) was carried out using spectral curve decomposition into
individual components.

In the undoped CsPbBr; crystal [Fig. 4(a)], emission bands can
be distinguished at 2.322 eV (band 1), 2.289 ¢V (band 2), 2.245eV
(band 3), 2.195¢eV (band 4), and 2.168 ¢V (band 5) (Table I). The
first two bands correspond to the emission of the free exciton (band
A) and the Rashba exciton (band B), respectively. Their FWHM
does not exceed 12.5meV, in agreement with the data reported in
Ref. 34. The non-elementary band C can be approximated by bands
3, 4, and 5, with FWHM values ranging from 70 to 150 meV.

Decomposition into constituent components was also per-
formed for the CsPbBr; crystal with 4 mol. % CdBr, impurity,
which exhibits the maximum intensity of near-edge luminescence
[Fig. 4(b)]. In the emission spectrum, four exciton-like narrow
bands can be distinguished: 1-2.329 eV, 2-2.388 eV, 3-2.371¢V,
and 4-2.344 eV [Fig. 4(b), Table I], with FWHM below 28 meV,
along with a broad band 5 at 2.274 eV with a FWHM of 223 meV.

CsPbBr,-Cd(4 mol%)

. CsPbBr3—4 mol. % CdBr, (b) into com-
ponents at a temperature of 8.2 K.

TABLE |. The decomposition parameters of the CsPbBry and CsPbBrs—4 mol. %
CdBr, near-edge luminescence spectrum at a temperature of 8.2 K. Ea represents
the position of the maximum of the band and AE represents the half-width of the
band.

Peak number Epax (€V) AE (meV)
CsPbBr3
1 2.322 12.3
2 2.289 10.2
3 2.245 74.0
4 2.195 63.1
5 2.168 150.0
CsPbBr3;—4 mol. % CdBr,
1 2.388 21.6
2 2.371 13.8
3 2.344 27.8
4 2.329 18.5
5 2.274 223.1
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In the impurity concentration range up to 1mol %, the
CsPbBr; crystal can be considered weakly activated, as the intro-
duction of the dopant does not significantly affect the position of
the fundamental absorption edge of the crystal. For CdBr, concen-
trations of 4 and 10 mol. % in CsPbBr;, the absorption edge shift
becomes noticeable, reaching 46 and 119 meV, respectively, sug-
gesting the possible formation of a solid solution CsPb;_,Cd,Brs;.
At the same time, no evidence for the formation of CsCdBr; crys-
talline phase was found based on the luminescence parameters.*”
The formation of solid solutions over a wide range of activator con-
centrations is a characteristic feature of halide perovskites.

The introduction of CdBr, not only leads to the formation of
defects responsible for the appearance of additional near-edge
luminescence bands but also reduces the number of defects that
quench exciton luminescence. The additional incorporation of Cd
and Br into the lattice is expected to decrease the number of lead
cation vacancies and bromine anion vacancies, which are the main
quenchers of exciton emission. Considering that the Pb-Br bond
length in hexagonal CsPbBrs; (2.99 A™) is larger than the Cd-Br
bond length in hexagonal CsCdBr; (2.79 A™) and that the electro-
negativity difference of Pb-Br (0.63) is smaller than that of Cd-Br
(1.27), it is reasonable to assume a higher degree of ionic character
for the Cd-Br bond and, correspondingly, a higher bond energy of

ARTICLE pubs.aip.org/aip/jap

Cd-Br compared to Pb-Br. The results of quantum mechanical cal-
culations in the density functional theory (DFT) approximation
show that the formation energy of a bromine vacancy is 2.91 eV for
pure CsPbBr; and increases to 6.41-7.12 eV in Cd-doped CsPbBrs;,
depending on the relative position of the bromine vacancy with
respect to the Cd impurity (see Appendix B). The higher formation
energy of a bromine vacancy in the Cd-doped CsPbBr; crystal
compared to the pure one contributes to the reduction of bromine
vacancies. This promotes the stabilization of the CsPbBr; lattice
against the formation of bromine vacancies. The ordering of the
CsPbBr; matrix is also evidenced by the increase in the tolerance
factor from 0.815 for CsPbBr; to 0.882 for CsCdBr; upon substitu-
tion of Pb with Cd. Therefore, the emergence of additional exciton-
like bands, apart from the free exciton band, can be attributed to
exciton scattering by defects introduced through doping.

In addition to the exciton-like edge luminescence in the
visible region described above, the CsPbBr; crystals exhibit broad-
band luminescence in the infrared spectral region under excitation
with synchrotron radiation at photon energies of 7.51 eV, with a
maximum at 920 nm (Fig. 5).

Previously, this infrared luminescence (800-1050 nm) was
reported by Dorenbos'” and is excited by x rays but not by photons
with energies below 10eV. In the present study, under excitation

1500 8
CsPbBr,
1 16
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FIG. 5. Luminescence spectra of the undoped CsPbBr; crystal (curves 1 and 3—on the same scale); curve 2—luminescence spectrum in the infrared region on an
enlarged scale (right-hand axis). T =8.2 K. Excitation photon energy hve, =7.51 eV (Aex = 160 nm).
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with 8.8 eV synchrotron photons, we observed the same long-
wavelength luminescence in the CsPbBr; crystals, with a
maximum at 920 nm (Fig. 5). However, its intensity, as evident
from the comparison of curves 1 and 3, is negligible. The possibil-
ity that this luminescence may originate from excitation by high-
energy scattered light cannot be excluded. It is more likely,
however, that the luminescence originates from the emission of
radiation-induced defects, as suggested in Ref. 19 and evidenced
by the luminescence of F-centers in the CsPbCl; crystals. With
increasing irradiation dose, the broadband F-centers’ lumines-
cence at 555 nm in CsPbCl; significantly increased in intensity."”
Based on this luminescence mechanism, the weak infrared emis-
sion of CsPbBr; under synchrotron excitation can be explained by
the lower probability of generating radiation defects. This is
evident because the probability of defect formation under x-ray
irradiation is higher than that under synchrotron excitation.
Synchrotron radiation is predominantly absorbed near the
surface, whereas x rays are absorbed throughout the crystal
volume. Consequently, the formation of radiation-induced defects

ARTICLE pubs.aip.org/aip/jap

is considerably more probable under x-ray excitation than under
synchrotron irradiation.

2. Time parameters of near-edge luminescence

For the undoped CsPbBr; single crystal, the decay time kinet-
ics of the luminescence intensity for the free exciton band
(533.6 nm, 2.323 eV) consists of two components, t; = 0.36 ns and
T, =2.69ns (Fig. 6, Table II). The time parameters for doped crys-
tals were measured for the bands with the maximum intensity
(Table II). The contribution of the fast decay component 1, to the
luminescence pulse is predominant for all crystals. With increasing
dopant concentration, the average decay constant, calculated
according to the formula 7, = nA1+nd; - decreases from 0.47 ns

A4,

(undoped crystal) to 0.23ns (0.5mol. % CdBr,). For higher
cadmium concentrations, the average decay constant of CsPbBr;
varies within 0.41-0.73 ns. In contrast, the non-elementary C-band
is likely characterized by a decay time in the microsecond range, as

previously reported in Ref. 33.
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—— 3 - CsPbBr;-Cd(1 mol%)
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FIG. 6. Decay time kinetics curves of the CsPbBr; luminescence intensity as a function of CdBr, concentration. T=8.2 K, hve, =7.51 €B (Aex = 160 uMm).
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TABLE II. Fast and slow components of the luminescence decay kinetics of
CsPbBr; depending on the concentration of CdBr, at a temperature of 8.2K and
Aex = 160 HM.

Aem T1 T Taver
Compound (nm) (ns) A, (ns) A, (ns)
CsPbBr; 534 036 1924 2.69 98 047

CsPbBr;-0.5mol. % CdBr, 532 0.17 2654 1.54 124 0.23
CsPbBr;-1 mol. % CdBr, 532 0.26 1688 2.25 141 041
CsPbBr;-4 mol. %CdBr, 532 045 1455 3.35 155 0.73
CsPbBr;-10 mol. %CdBr, 529  0.32 1669 2.13 207 0.52

3. Excitation spectra of near-edge luminescence

Normalized excitation spectra of luminescence for the
undoped (curve 1) and the 4mol. % CdBr,-doped (curve 2)
CsPbBr; crystals in the energy range of 4-10eV are shown in
Fig. 7. The normalized luminescence excitation spectrum of the
4 mol. % CdBr,-doped CsPbBr; crystal (curve 2) reproduces the
features (peaks and dips) characteristic of the undoped CsPbBr;
crystal (curve 1). The retention of the excitation band positions for
the 4mol. % CdBr,-doped crystal in the 6.2-10eV energy range
indicates only minor changes in the energy band structure of
CsPb;_xCdBr;. However, in the spectral region of 4.5-6.2eV
(275-200 nm), changes in the luminescence excitation efficiency
are observed, as clearly reflected by curve 3, which represents

ARTICLE pubs.aip.org/aip/jap

CsPbBr;-4 mol. % CdBr, to the undoped crystal. In this spectral
region, the excitation of luminescence is most efficient.

It should be noted that if the luminescence enhancement were
uniform across all wavelengths, this ratio would be equal to 1 and
would appear as a straight line. In our case, for the energy range of
6.2-10 eV (curve 3), the ratio is close to unity, whereas in the 4.5-
6.2 eV energy range, the excitation efficiency of the doped crystal
increases, reaching a maximum that is approximately twice as high.
This difference may be associated with changes in the density of
states of the conduction band upon cadmium incorporation. It is
evident that more accurate results regarding the luminescence
enhancement in Cd-doped CsPbBr; can be obtained under x-ray
excitation, which is absorbed throughout the crystal volume, in
contrast to synchrotron excitation, which is predominantly
absorbed at the sample surface.

IV. SUMMARY

In the Cd-doped CsPbBr; single crystals, under excitation by
synchrotron quanta with an energy of hv=7.747 eV (160 nm), in
addition to exciton luminescence, the appearance of additional
emission bands is observed, caused by the exciton scattering at
lattice defects. The luminescence decay time constants remain at
the level of the undoped crystal, the near-edge luminescence bands
shift toward higher energies, and the edge exciton luminescence
intensity increases by a factor of 4.

The incorporation of cadmium ions into the CsPbBr; single

the ratio of the normalized excitation spectra of the doped crystals over stoichiometric levels reduces the number of bromine S
A, nm g
320 280 240 200 160 120 s
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=
o) 15+ FIG. 7. Normalized luminescence exci-
a ’ tation spectra of the CsPbBr; crystals
~ with different CdBr, concentrations
- (1—undoped; 2—4 mol. % CdBry; 3—
ratio of curve 2 to curve 1). T=8.2K.
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vacancies, increases the formation energy of anion vacancies in the
Cd-Br pair, which acts as a diffusion barrier for chloride ions, and
improves the tolerance factor of the perovskite lattice. This leads to
the elimination of non-radiative relaxation pathways during elec-
tron thermalization and reduces exciton energy transfer to non-
radiative centers.

In addition to near-edge luminescence, infrared luminescence
is detected, which is most likely associated with the emission from
radiation-induced defects.

The significant enhancement of exciton luminescence in the
cadmium-activated CsPbBr; crystal, with decay time constants of
~0.5 ns remaining at the level of the undoped crystal, opens pros-
pects for the development of fast cryogenic scintillators with suffi-
ciently high light yield at the level of 12400 photons/MeV at the
temperature of 10 K based on the CsPbBr; matrix.
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APPENDIX A: CHARACTERIZATION OF THE GROWN
Cd?*-DOPED CsPbBr; SINGLE CRYSTALS

1. Photographs of the grown crystals
See Fig. 8.

2. SEM images of the sample surface
See Fig. 9.

3. SEM-EDS elemental maps acquired from the
sample surface

See Figs. 10-14.

APPENDIX B: INFLUENCE OF CADMIUM DOPING ON
THE FORMATION ENERGY OF BROMINE VACANCIES

We investigated the effect of Cd-doping on the structural
stability of the perovskite by calculating the formation energy of
the Br vacancy (Vg,). Total energy calculations were performed

using the density functional theory (DFT) implemented in the ;

CASTEP package based on pseudopotential plane-wave
methods.”” We apply the Perdew-Burke-Ernzerhof (PBE)
parametrization for generalized gradient approximation (GGA)
to describe the exchange-correlation functional. After conver-
gence tests, the plane-wave basis set cutoff energy was set as
450eV; the convergence tolerance for energy was set as
5x107%eV/atom, and the tolerance for maximum force was
0.01eV/A. A 2x2x2 supercell was used to simulate the
CsPbBr; substitutional doping system. First, we provide geome-
try optimization of the undoped CsPbBr; crystal using the

CsPbBr3-

0.1mol%CdBr;

CsPbBrs-

CsPbBrs3-

0.5mol1%CdBr;

4mol1%CdBr;

FIG. 8 Photographs of the grown CsPbBr; crystals without and with cadmium impurities.
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FIG. 9. CsPbBr; crystal surface imaged in (a) secondary electron (SE) and (b) backscattered electron (BSE) modes.
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FIG. 10. CsPbBrs—1mol. % CdBr, crystal surface imaged in (a) secondary electron (SE) and (b) backscattered electron (BSE) modes.
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FIG. 11. CsPbBrs—4 mol. % CdBr, crystal surface imaged in (a) secondary electron (SE) and (b) backscattered electron (BSE) modes.
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FIG. 12. SEM-EDS elemental maps of Pb, Br, and Cs acquired from the sample surface of CsPbBr; crystal.
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effective Broyden-Fletcher-Goldfarb-Shanno algorithm. Next,
we substituted one Pb atom in the supercell with a Cd atom, and
the optimization procedure was repeated using the same algo-
rithm. The interactions between the atomic core and valence
electrons were described using ultrasoft pseudopotentials.

To calculate the formation energy of bromine vacancies in
CsPbBr;, a supercell model (2 x 2 x 2) of the cubic perovskite struc-
ture was constructed, and bromine vacancies were introduced by
removing a single Br atom, followed by full geometry optimization.
For Cd-doped systems, a Pb atom was substituted by Cd**, and the
Br vacancy was created at various positions relative to the dopant
to analyze coordination effects.

The vacancy formation energy (E,,.) was calculated using the
following expression:

Evoc = Es_yac + Ep, — Ej, (Bl)

where E; is the total energy of the supercell CsPbBr; without a
vacancy, E;_,, is that of the supercell with a vacancy, and Ep, is
1/2 of the total energy of the Br, molecule in the gas phase.

J. Appl. Phys. 139, 135101 (2026); doi: 10.1063/5.0306690
© Author(s) 2026

Pb M series

Cd L series

FIG. 13. SEM-EDS elemental maps
of Cs, Pb, Br, and Cd acquired from
the sample surface of the CsPbBry—
1 mol. % CdBr; crystal.

The study of perovskite stability in relation to point defects is
critical, given their substantial influence on electronic and optical
properties. Computational results show that the formation energy
of a bromine vacancy (E,,.) is 2.91eV for pristine CsPbBr; and
6.41-7.12 eV for Cd-doped CsPbBr; (depending on the position of
the chlorine vacancy relative to the Cd dopant ion, where higher
formation energy is characteristic of bromine vacancies located
closer to cadmium). The positive values confirm that vacancy for-
mation is endothermic in both materials. Our results on the forma-
tion energies of chlorine vacancies are consistent with the data
reported in Ref. 46; in particular, the formation energy of Vg, in
the pristine crystal is 3.32 eV.

The observation that the vacancy formation energy is
higher in the Cd-doped perovskite than in the undoped
structure is highly significant. This result implies that introduc-
ing Cd as a dopant makes the formation of Br vacancy less ther-
modynamically favorable. This finding can be directly
interpreted as the Cd dopant stabilizing the perovskite structure.
Essentially, the presence of Cd atoms enhances the lattice’s
overall structural integrity, thereby reducing the likelihood of
point defects.
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