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Single crystals of pristine and Sr’"-activated CsPbCl; were grown using the vertical Stockbarger
technique, and their luminescence properties were investigated. Under excitation with synchrotron-
radiation photons of 7.75 eV, which substantially exceeds the band gap energy, the pristine crystals
exhibit a pronounced excitonic emission band with a maximum at ~417 nm, whereas Sr**-activated
crystals reveal the emergence of additional exciton-like bands in the near edge region, accompanied by
a tendency of the edge emission to shift toward higher energies. The activated crystals also demonstrate
a pronounced enhancement of luminescence intensity, reaching nearly a tenfold increase for CsPbCls:Sr
(1 mol%). The additional exciton-like emission band Sr2*-activated crystals may originate from excitons
localized at defect-related sites. The average decay time constants of the excitonic emission bands in
both the pristine and the activated crystals are approximately 500 ps at 10 K and 60 ps at 77 K. The
temperature evolution of luminescence intensity is interpreted in terms of electron escape beyond the
Onsager sphere, whose radius decreases with increasing temperature, whereas the temperature-
induced changes in the decay time constants are attributed to thermally assisted exciton dissociation.
The pronounced enhancement of near band edge luminescence intensity in Sr2*-activated CsPbCls

rsc.li/materials-c

1. Introduction

The defect tolerance of halide perovskites opens a new pathway for
enhancing their functional properties. This effect is particularly
pronounced in the luminescence characteristics of halide perovs-
kite nanocrystals activated with alkaline-earth, 3d-transition, and
even lanthanide cations.' Remarkable results have been demon-
strated for the luminescence of CsPbCl; nanocrystals doped with
metal cations, such as cadmium and magnesium, where the
photoluminescence quantum yield increased from 2% to
100%.>* The primary factors underlying the enhancement of
excitonic luminescence intensity of nanoparticles are commonly
attributed to the improved structural quality of the perovskite
lattice and the passivation of surface defects.> This pronounced
trend of excitonic luminescence enhancement in doped perovskite
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crystals highlights their potential for application as fast scintillators.

nanocrystals may be innovative not only for the development of
composite nanocrystal-based scintillators®” but also for single-
crystal perovskite scintillators.®

Despite repeated attempts to evaluate the scintillation effi-
ciency of lead halide single crystals,’ the scintillation yield of
these materials remains under investigation and refinement."°
Metal cation activation offers a promising route to improve the
scintillation performance of perovskite single crystals, as it has
been shown to effectively enhance the photoluminescence
quantum yield in perovskite nanocrystals. A representative
example was reported in ref. 8 where CsPbCl; single crystals
activated with 4 mol% CdCl, exhibited more than an order of
magnitude increase in near edge luminescence intensity,
together with a decay constant of ~0.4 ns. The enhancement
factor in CsPbCl;:Cd single crystals is, however, smaller than in
analogous nanocrystals, where the luminescence intensity
increases by nearly two orders of magnitude. This difference
highlights the dominant role of surface passivation in nano-
crystals, whereas in single crystals the surface contribution is
not critical for luminescence quenching. Instead, the improve-
ment in single crystals is primarily linked to the ordering of the
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perovskite lattice, which contains numerous anionic and cationic
defects acting as exciton traps. Furthermore, single crystals
enable direct analysis of the impact of activation on exciton
dynamics, unlike nanocrystals, where excitonic emission arises
from the superposition of bands originating from an ensemble of
different-sized particles. The size distribution of nanocrystals,
together with varying manifestations of the quantum confine-
ment effect, results in a structureless luminescence band with a
full width at half maximum broader than that of the excitonic
band observed in single crystals.

In this study, we aim to elucidate the influence of Sr**
doping on the near edge luminescence efficiency of CsPbCl;
single crystals, by comparing it with the reported results for
CsPbCl,:Cd.® Unlike Cd?" activation, where the 4d states con-
tribute to the conduction band, Sr** ions introduce not only 3d
states but also 5s states into the conduction band. In the case of
hybridization with the Pb 6p states, this may lead to a widening
of the perovskite band gap and an increased probability of C1™
3p — Sr** 5s, 3d transitions. Another important distinction
between cadmium and strontium is associated with their
different ionic radii: 1.09 A for Cd** and 1.32 A for Sr** in
octahedral coordination, compared to 1.33 A for Pb*". Since the
ionic radius of Sr*" is close to that of Pb®", it is reasonable to
assume that its incorporation into the matrix will lead to the
formation of fewer luminescence-quenching defects.

To clarify the scintillation mechanisms, we investigated the
luminescence properties of pristine and Sr**-activated CsPbCl,
single crystals under band-to-band excitation by synchrotron
radiation quanta with an energy of Av = 7.75 eV (1 = 160 nm).
This excitation energy significantly exceeds the band gap of the
crystal (E, = 2.97 eV), thereby providing conditions close to
those realized in scintillation processes.

2. Experimental

Single crystals of the halide perovskite CsPbCl; were grown
from the melt using the Stockbarger technique. CsCl of 99.99%
purity and PbCl,, which was preliminarily purified by multiple
zone melting, were used as starting materials. SrCl, of 99.99%
purity was employed for activation. The precursor components
in stoichiometric ratios were loaded into a quartz ampoule with
a diameter of 10 mm, which was evacuated for 8 h at 300 °C.
The sealed ampoule was placed into a high-temperature furnace
at a temperature slightly above the melting point of the starting
mixture. After complete melting, the ampoule was lowered
through a region with a controlled temperature gradient at a
rate of 1 mm h™'. Upon completion of crystal growth, the
ampoule was kept at 300 °C for 10 h, followed by cooling to
room temperature over 24 h. For the growth of activated single
crystals, the dopant was added in excess relative to the stoichio-
metric composition, and its concentration is indicated by its
amount in the initial mixture. The pristine CsPbCl; and Sr-
doped CsPbCl;-SrCl, (0.5 mol%, 1 mol%, and 5 mol%) single
crystals were grown. The concentration of strontium in the
crystals, according to the results of X-ray fluorescence analysis,
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is close to that added to the starting material (Fig. S1 and
Table S1).

Luminescence measurements under synchrotron excitation
were performed at the PETRA III P66 beamline of DESY."
Luminescence spectra were recorded using a Kymera 328i
spectrograph with a spectral slit width of 2 A and detected by
a Newton 920 CCD camera. The excitation radiation was
selected by a McPherson primary 2 m normal-incidence mono-
chromator with a spectral slit width of 4 A in a 15° mounting,
covering the UV and VUV spectral range from 3.7 eV to 40 eV.

Time-resolved luminescence measurements were carried out
using the time-correlated single-photon counting technique,
with the luminescence intensity being recorded with a Hama-
matsu R3809U-50 MCP-PMT detector. The decay time constant
of the synchrotron excitation pulse, taking into account the
time response of the photomultiplier, was 50 ps.

Temperature-dependent luminescence measurements in the
range of 10-300 K were performed using a helium-flow cryostat.
Measurements of the luminescence properties were performed
from freshly cleaved crystal surfaces.

3. Results and discussion

3.1. Luminescent properties of CsPbCl;:Sr at 10 K

3.1.1. Luminescence spectra. The luminescence spectra
dynamics of CsPbCl; single crystals as a function of Sr** ion
concentration at 10 K are presented in Fig. 1. This figure
facilitates a direct comparison of the luminescence intensities
among the samples. The maximum luminescence intensity of
the activated crystals is observed at the Sr** concentration of
1 mol% (Fig. 1, inset). At this concentration, the luminescence
intensity of the CsPbCl;:Sr** (1 mol%) is nearly one order of
magnitude higher than that of the pristine crystal. One possible
reason for this enhancement is the improved ordering of the
lattice due to a reduction in the number of cationic and anionic
vacancies, which act as quenching centers for excitonic

T T T T T
212
2500 - 2 ——1-CsPbCl,
5 é . \ ——2-CsPbCl,:Sr(0.5 mol%)
© 3 . —— 3-CsPbCl,:Sr(1 mol%)
~ c
22000 - 8 —— 4-CsPbCl,:Sr(5 mol%)
= @ 4
S £
@ 1500 |- 12 3 5 T=10K
g SrCl, concentration, mol. % _
3 Lexe=160 nm
21000 |
£
3
a
500
0 1 1
400 405 410 415 420 425 430

A, NM

Fig. 1 Luminescence spectra of pristine CsPbCls single crystals (curve 1)
and SrCl,-doped crystals (0.5 mol% — curve 2; 1 mol% — curve 3; 5 mol% —
curve 4) at T = 10 K. Excitation: hveye = 7.75 €V (dexe = 160 nm). Inset:
Dependence of the luminescence intensity on the SrCl, dopant
concentration.
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luminescence. Chlorine vacancies with an energy of 0.7 ev'?
serve as traps for the electron component of the exciton. The
additional incorporation of chlorine during SrCl, doping helps
to reduce the number of chlorine vacancies. In parallel, Sr**
incorporation increases the formation energy of chlorine
vacancies’® and reduces the number of Pb>" vacancies (see
the SI, Chapter 3: Impurity formation energies in Sr-doped
CsPbCl; crystals).

Computational results show that the formation energy for a
chlorine vacancy is 2.79 eV for pristine CsPbCl; and increases
to 5.46-6.68 €V in Sr-doped CsPbCl;, depending on the relative
position of the chlorine vacancy to the Sr dopant (see the SI,
Chapter 5: Influence of strontium doping on the formation
energy of chlorine vacancies). A substantial increase in for-
mation energy of a chlorine vacancy indicates that isovalent Sr
substitution stabilizes the lattice and suppresses the formation
of anion vacancies. Therefore, Sr** doping contributes to a
reduced concentration of chlorine vacancies, thereby stabiliz-
ing the lattice and decreasing the number of exciton-trapping
defects.

The luminescence spectra of pristine and Sr**-doped
CsPbCl; samples, normalized to their respective intensities,
are shown in Fig. 2. Normalized spectra allow for a clearer
observation of spectral structure changes as a function of
dopant concentration. The luminescence of the pristine
CsPbCl; sample (Fig. 2, curve 1) exhibits a narrow emission
band at 416.9 nm, which is commonly attributed to free exciton
emission.®>'*'® In addition, as shown in Fig. 3a and Table 1,
based on the decomposition of the luminescence band contour
into individual components, several narrow emission bands
with a linewidth of approximately 10 meV are observed. These
bands can be interpreted as exciton-like luminescence asso-
ciated with excitons localized on crystal lattice defects. Similar
narrow exciton-like emission has also been reported for pure
CsPbCl;** and CsPbCl;-Cd crystals.®

The addition of 0.5 mol% SrCl, to CsPbCl; (Fig. 2, curve 2)
results in a slight increase in the intensity of the excitonic
emission at 416.9 nm and of the localized exciton at 425 nm.
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Fig. 2 Normalized luminescence spectra of pristine CsPbCls single crys-
tals (curve 1) and SrCl,-doped crystals (0.5 mol% — curve 2; 1 mol% — curve
3; 5mol% — curve 4) at T = 10 K. Excitation: hveye = 7.75 €V (Aeye = 160 nm).
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Fig. 3 Decomposition of the luminescence band of the pure CsPbCls
crystal (a) and 1 mol% SrCl, doped CsPbCls crystal (b) at a temperature of
10 K.

Tablel The decomposition parameters of the CsPbCls and the CsPbClz—
SrCly(1 mol %) near-edge luminescence spectrum at a temperature of 10 K.
Enax is the position of the maximum of the band, and AE represents the
half-width of the band

Peak number Emax, €V AE, meV Emax, €V AE, meV
CsPbCl; CsPbCl;-SrCl,(1 mol%)
1 2.974 4.01 3.021 13.1
2 2.972 7.60 2.997 17.9
3 2.963 6.84 2.978 11.8
4 2.954 11.20 2.973 10.8
5 2.944 10.20 2.961 14. 9
6 2.934 12.20 2.945 19.0
7 2.917 8.90 2.923 36.3

Striking changes in the luminescence spectra are observed for
CsPbCl,:Sr*" (1 mol%) crystals (Fig. 2, curve 3): (i) the emission
band maximum shifts slightly toward higher energy, reaching
416.7 nmy; (ii) the band broadens, which may result from the
superposition of several narrow emission bands associated
with localized excitons; (iii) the excitonic emission intensity at
the maximum increases by a factor of six, and a new emission
band appears at 410.6 nm, which may indicate a reconstruction
of the band structure in CsPbCl;.

Increasing the Sr** concentration to 5 mol% (Fig. 2, curve 4)
further shifts the edge of the near edge luminescence toward
shorter wavelengths, reaching 405 nm, while the maximum
luminescence intensity corresponds to the spectral region
associated with localized exciton emission (4 > 417 nm).
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As in the case of a pure crystal, the contour of the lumines-
cence band of the activated crystal can be decomposed into
separate narrow components (Fig. 3b and Table 1). At present,
the identification of such bands in CsPbCl; is generally limited to
the terms free or localized excitons, without unambiguous attri-
bution to specific defect types. Intrinsic lattice defects, such as
chlorine, lead, or cesium vacancies, are not considered as exciton
localization centers, since they represent deep charged states
with energies of 0.15-0.7 eV and primarily act as carrier traps,
resulting in quenching of excitonic luminescence.

The luminescence observed upon Sr activation of CsPbCl,
enables us to propose a defect model responsible for exciton
localization. Incorporation of Sr** into the lattice results in the
formation of an isovalent neutral defect, in which Sr** sub-
stitutes Pb>" (Sr_Pb°). The formation of this defect gives rise to
a local potential well where an exciton can be trapped. The
number of quasi-stationary excitonic states (emission bands) is
associated with different local configurations of the same
isovalent defect (Sr occupying the Pb site), corresponding to a
set of closely spaced potential minima. We attribute the
observed bands to excitons weakly localized at the isovalent
Sr_Pb° defect, where Sr*>* substitutes Pb>" without introducing
deep electronic levels in the band gap. The Sr substitution
locally distorts the PbCls octahedra and stabilizes several quasi-
equilibrium lattice configurations. Each configuration supports
a specific exciton-phonon coupled state characterized by a
distinct localization depth.

Considering the nature of the defects responsible for the
exciton-like luminescence in CsPbCl;:Sr, it can be assumed that
additional exciton-like bands observed in pure CsPbCl; crystals
are related to excitons localized at uncontrolled extrinsic defects.

Theoretical calculations allow the high-energy shift of the
absorption edge in CsPbCl;:Sr** crystals to be interpreted as a
result of the mixing of Sr 5s- and 3d-states with the Pb p-states
at the bottom of the conduction band.'® This mixing renders
transitions from the Cl 3p valence states to the conduction
band s- and d- states dipole-allowed, which may enhance the
intensity of near edge luminescence. The evolution of the band
structure parameters and density states upon Sr incorporation
is presented in Fig. S2 and S3.

The overall impact of doping on the luminescent character-
istics of the CsPbCl;:Sr crystal can be highlighted. The intro-
duction of Sr** leads to a spectral shift of the near edge
luminescence toward higher energies, and additional emission
bands can be attributed to excitons localized at lattice defects.
Considering the influence of dopants on the perovskite struc-
ture, in particular the reduction of anionic vacancies,">"? as
well as analogous effects observed in nanocrystals and in
CsPbCl;:Cd,? it can be concluded that Sr** doping improves
the structural ordering of the perovskite lattice.

In CsPbCl; crystals with 1 mol% Sr** (Fig. 1, curve 3), the
integrated luminescence intensity increases by nearly one order
of magnitude. This is a promising result for the use of CsPbCl;
crystals as scintillators. Theoretical estimates of the light yield
of CsPbCl; crystals reach 133000 photons per MeV. Recent
measurements'® report a light yield of 2200 photons per MeV
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under X-ray excitation at 40 keV. Taking these results into account,
it can be expected that the light yield of doped crystals, particularly
CsPbCl,:Cd® and CsPbCl;:Sr, may reach 22 000 photons per MeV,
highlighting the potential of doped crystals as fast scintillators at
low temperatures.

3.1.2. Luminescence decay curves at 10 K. The lumines-
cence decay curves of pristine CsPbCl; and Sr-doped CsPbCl;
crystals are shown in Fig. 4. These curves provide information
not only on the quantitative parameters of the decay kinetics
but also on the role of defects in shaping the scintillation
response. The decay curve of the excitonic emission (~417 nm)
in the pristine CsPbCl; crystal can be described by an average
decay time constant of t,, = 493 ps (Table 2), calculated using
the formula

ZA,“E,Z
i
= ————— 1
Tay ZA,"L‘," ( )
i

where 7; are the decay time constants of the individual compo-
nents, and A; are the corresponding amplitudes of these
components in the decay curve decomposition.

In CsPbCl;:Sr (0.5 mol%), the luminescence pulse width
increases significantly to 1 ns (Fig. 4, curve 2) compared to

—— 1-CsPbCl,, 1,,=416.9 nm

—— 2-CsPbCl,:Sr(0.5 mol%), A,,=417 nm

—— 3-CsPbCl,:Sr(1 mol%), A,,,=416.5 nm
4-CsPbCl3:Sr(5 mol%), Ay, =419.2 nm

— 5-Excitation pulse

1000 ¢

100 |

!
1 "
0

Fig. 4 Luminescence decay curves of pristine CsPbCls single crystals
(curve 1) and SrCl,-doped crystals (curve 2 — 0.5 mol%; curve 3 — 1 mol%;
curve 4 — 5 mol%) at T = 10 K. Excitation pulse profile — curve 5. Excitation:
Nvexe = 7.75 €V (Jexe = 160 nm).

s e

Luminescence intensity (a. u.)

time, ns

Table 2 Decay time constants of near edge excitonic luminescence in
CsPbCls and CsPbClz:Sr (T = 10 K) and 5 mol% remain close to that of
pristine CsPbCls, approximately 500 ps

Maxima of Ty T, Tav
Crystal band (nm) A, (ps) 42 (ps) (ps)
CsPbCl; 416.9 1896 191 146 1147 493
420.7 1688 183 145 1290 601
CsPbCl,:Sr (0.5 mol%) 417 1156 534 534
424 1086 593 593
CsPbCl;:Sr (1 mol %) 416.5 1877 204 162 1060 469
410.6 1886 161 41 1931 527
CsPbCl;:Sr (5 mol %) 419.3 1884 193 218 887 434
409 1941 159 31 1820 416

This journal is © The Royal Society of Chemistry 2026
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0.2 ns for pristine CsPbCl; (Fig. 4, curve 1), while the decay
time constant remains nearly unchanged at 7; = 534 ps,
similar to that of the pristine crystal (tr,, = 493 ps). The
observed broadening of the pulse for 0.5 mol% Sr** can be
attributed to the formation of shallow traps. The processes
involving multiple capture and release events from these
shallow traps may account for the pulse broadening. Further
increase in Sr** concentration (1 mol%, 5 mol%) leads to a
restoration of the scintillation pulse width, which may be
associated with the disappearance of shallow traps. At the
same time, the scintillation pulse exhibits a relatively long
decay component that contributes to the background signal at
longer times. The increase in the background level can be
associated with the presence of deeper traps, whose slow
carrier release gives rise to a long-lived tail in the decay curves.
The average decay time values for CsPbCl;:Sr at 1 mol% and
5 mol% remain close to that of pristine CsPbCl;, approxi-
mately 500 ps.

As emphasized, the near-edge luminescence comprises a
series of narrow exciton-like bands, with one dominant band
that can be tentatively assigned to free exciton emission.
Comparing the decay time constants of the excitonic band
and the exciton-like luminescence can provide additional
insight into their origin. The fast decay components, t,, of
the pristine CsPbCl; crystal for the 416.9 nm exciton band
and the longest-wavelength band at 420.7 nm, with values of
7, =191 ps and 1, = 183 ps, respectively (Fig. 5a and Table 2),
may indicate a similar nature of these luminescence bands.
For CsPbCl;:Sr (1 mol%), the decay curves of the most
intense band at 416.5 nm and the highest-energy band at
410.6 nm (Fig. 5c¢) reveal 7, = 204 ps and 7; = 161 ps,
respectively (Table 2). This difference in decay time constants
may suggest a slightly different origin of these bands. A
similar distinction is observed for the bands at 419.3 nm
and 409 nm (193 ps and 159 ps, respectively) for 5 mol% Sr**
(Fig. 5d, Table 2).

=

1000 CsPbCly a CsPbCly:8r(0.5 mol%) |
El T=10K T=10K
< hexe= 160 NM exe= 160 NM
‘D
£ 100 ——1-72,,=4169nm —— 1= 47 0m
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Fig. 5 Luminescence decay curves for different luminescence bands of

near edge luminescence in CsPbCls (a), CsPbClz:Sr (0.5 mol%) (b),

CsPbClz:Sr (1 mol%) (c), and CsPbClz:Sr (5 mol%) (d). T = 10 K. Excitation:

hvexe = 7.75 €V (Aexe = 160 nm).
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3.2. Temperature dependence of luminescence parameters
3.2.1. Luminescence spectra. The temperature dependent

luminescence spectra of the pristine CsPbCl; sample and the
CsPbCl;:Sr (1 mol%) sample are presented in Fig. 5 and 6. The
CsPbCl;:Sr (1 mol%) sample was chosen for comparison with
CsPbCl; as it demonstrates the largest increase in the inte-
grated luminescence intensity upon Sr** doping. In addition,
we restrict our analysis to the temperature dependence of the
integral luminescence intensity, since this quantity is directly
relevant for scintillation detectors, where the total emitted light
yield is the key parameter.

For the pristine sample, the luminescence quenching corre-
lates with a decrease in the excitonic luminescence intensity
(Fig. 6). In the Sr**-doped CsPbCl; (1 mol%) sample (Fig. 7),
luminescence quenching occurs differently across various spec-
tral regions. Upon increasing the temperature, the bands in the
short-wavelength region of the spectrum exhibit a slower rate of
luminescence quenching (Fig. 7b and Fig. S4).

The temperature dependences of the luminescence intensity
for the CsPbCl; and CsPbCl;:Sr (1 mol%) samples are shown in
Fig. 8. The quenching of the integrated luminescence is
approximated using the Mott formula with two activation
barriers,

Iy

= (15 -en-enn)

(2)

where i = 1 and 2, and E; and E, are the activation energies for
luminescence quenching. For the pristine crystal, E; = 5.1 meV
and E, = (39 £ 3) meV. For the CsPbCl;:Sr (1 mol%) crystal,
E; = 4.7 meV and E, = (30 £ 3) meV. Similar values of the
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Fig. 6 Luminescence spectra of the pristine CsPbCls single crystal for the
temperature ranges 10-60 K (a) and 60-150 K (b).
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Fig. 7 Luminescence spectra of the CsPbCls:Sr crystal (1 mol%) for the
temperature ranges 10-60 K (a) and 60-150 K (b).
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Fig. 8 Temperature dependence of the integrated luminescence inten-
sity of the CsPbCls single crystal (curve 1) and the CsPbClz:Sr (1 mol%)
single crystal (curve 2). Excitation: hvexe = 7.75 €V (lexc = 160 nm).

activation barrier for exciton quenching (~30 meV) in the
pristine crystal are also reported in ref. 9 and 14. In particular,
ref. 9 reports that in pristine CsPbCl; single crystals the authors
distinguish five luminescence bands, for which the activation
energy for quenching of excitonic emission lies in the range
from 8.4 meV to 37.9 meV.

The obtained activation energies for luminescence quench-
ing do not correspond to the exciton binding energy in CsPbCl;.
Based on the positions of the excitonic absorption bands, the
exciton binding energy is estimated to be 64 meV.'® The
difference between the activation energies derived from lumi-
nescence quenching and the exciton binding energy can be

J. Mater. Chem. C

View Article Online

Journal of Materials Chemistry C

explained by analyzing the relationship between the electron
thermalization length and the Onsager radius (Rons)-

Under high-energy band-to-band excitation at 160 nm
(7.75 eV), a geminate electron-hole pair is generated with the
electron having a kinetic energy of 4.7 eV in the conduction
band. The electron loses its energy through scattering on
electrons and lattice phonons. The average electron thermaliza-
tion length (r?)** during scattering on phonons can reach tens
to hundreds of nanometers."” "

To estimate the efficiency of recombination of the geminate
pairs, the electron thermalization length (r?)*? should be
compared with the Onsager radius. If the thermalization length
exceeds the Onsager radius, there is a certain probability that
charge carriers will be trapped at defects, which leads to exciton
luminescence quenching. The Onsager radius is defined as the
distance at which the magnitude of the Coulomb interaction
between the electron and the hole approximately equals the
thermal energy kgT. In CsPbCl;, according to the formula

&2

R ns — 7. 7 0 3
Ons (4reockgT) (3)

where ¢ = 6.5 is the static dielectric permittivity,'® the Onsager
radius is 310 nm at T = 10 K, 100 nm at 45 K, and 30 nm at
150 K. Typical thermalization lengths for halide fluorides and
iodides are around (r?)"* ~ 100 nm,'”"*® and a similar order of
magnitude can be expected for chloride perovskites.

When the thermalization length exceeds the Onsager radius,
trapping processes become dominant and determine the
course of luminescence quenching. This means that at elevated
temperatures, already around 45 K, where the electron therma-
lization length ((r*)** ~ 100 nm) is comparable to the Onsager
radius (Rons = 100 nm), the contribution to exciton lumines-
cence quenching is governed by recombination of stochastic
charge carriers at non-radiative defects. Based on the above, it
can be assumed that for pristine CsPbCl;, one of the quenching
mechanisms of the integrated exciton luminescence intensity is
the escape of electrons beyond the Onsager sphere, with an
activation energy of 39 meV, which is lower than the exciton
binding energy of 64 meV. Considering that the Onsager radius
decreases in the presence of activator dopants,'” it can be
expected that luminescence quenching via electron trapping
at defects will occur at lower activation barriers. Accordingly, in
CsPbCl;:Sr (1 mol%) crystals, the activation energy for lumines-
cence quenching is lower and equals 30 meV.

The difference between the activation barrier (14 meV) for the
quenching of near edge luminescence and the exciton binding
energy (39 meV) was observed in the CsPbBr; crystal and was
explained in terms of an increased probability for electron
excitations to escape the Onsager sphere® due to the reduction
of the Onsager sphere size with increasing temperature.

3.2.2. Decay time parameters. The luminescence decay
curves in the temperature range of 10-150 K are presented for
CsPbCl; in Fig. 9 (Fig. S5) and for CsPbCls:Sr (1 mol%) in
Fig. 10 (Fig. S6). The decay curves exhibit a general trend of
decreasing decay time constants with increasing sample tem-
perature. The average decay constants, t,,, vary approximately
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Fig. 9 Luminescence decay curves of the 417 nm luminescence band of
the CsPbCls single crystal at different temperatures under excitation with a
light of hvexc = 7.75 €V (lexc = 160 nm).
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Fig. 10 Luminescence decay curves of the 416.7 nm luminescence band
of the CsPbCls:Sr (1 mol%) single crystal at different temperatures under
excitation with a light of hvexe = 7.75 €V (dexc = 160 nm).

from 7,, = 500 ps (T = 10 K) to 1,, = 60 ps (T = 120 K). The decay
time constants for the doped crystals are slightly higher than
those for the undoped crystals. It should be noted that the
decay curves of CsPbCl;:Sr (1 mol%) (Fig. 10) display a larger
background contribution, particularly in the temperature range
of 10-30 K, which arises not from the photomultiplier dark
current but rather from a slow decay component perceived as
the background, attributable to the involvement of traps in the
recombination luminescence.

The temperature dependence of the decay time constants
shown in Fig. 11 differs from the temperature dependence of
the luminescence intensity presented in Fig. 8. While the
luminescence intensity decreases with increasing temperature,
the decay time constants remain nearly constant in the tem-
perature range of 10-60 K. This behavior is observed for both
the undoped and the doped CsPbCl; crystals.

We assume that the luminescence quenching occurs via two
mechanisms: (i) the escape of electron excitations from the
Onsager sphere followed by recombination with defects, and
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Fig. 11 Temperature dependence of the luminescence decay constants
for the 417.2 nm band of the CsPbCls single crystal (squares, curve 1 —
approximation of experimental data) and the 416.5 nm band of the
CsPbCls:Sr (1 mol%) single crystal (triangles, curve 2 — approximation of
experimental data). Excitation: hveyxe = 7.75 €V (dexe = 160 nm).

(ii) the thermal dissociation of excitons. The first process does
not affect the kinetic parameters, as the electron excitations are
captured by defects before exciton formation. Therefore, only
processes associated with the thermal dissociation of excitons
contribute to the temperature dependence of the decay time
constants. Accordingly, the activation energies E,, obtained
from the analysis of the temperature dependence of the decay
time constants
70

(1 + B-exp(—E,/kT))

o(T) = 4)
can be expected to be close to the exciton binding energy (o -
the decay time constant in the absence of exciton dissociation).

For the undoped CsPbCl; crystal, the activation energy is
(52 £ 4) meV, whereas for CsPbCl;:Sr (1 mol%), it is (55 £ 5) meV,
which is slightly lower than the exciton binding energy (64 meV).
Within the experimental uncertainty, the activation energy (i.e.,
the exciton binding energy) appears to be insensitive to the Sr
concentration of 1 mol%.

The influence of Sr on the thermal activation energy has
been analyzed in terms of changes in exciton binding energy,
using the band structure of the crystals. According to quantum-
mechanical calculations for 12.5% Sr doping, the band gap
increases by 0.3 eV, and the band dispersion is altered, leading
to a decrease in the effective mass of charge carriers and the
reduced mass of excitons. The reduced exciton mass results in a
lower exciton binding energy. Calculations indicate a trend
toward reduced exciton binding energy upon Sr incorporation
(see the SI, Chapter 3: Exciton binding energy). For 12.5% Sr,
the exciton binding energy is 31 meV in Sr-doped CsPbCl;
compared to 69 meV for pristine CsPbCl; (Table S2). Experi-
mentally, this would manifest as a reduction in the thermal
activation energy for exciton luminescence quenching. F 1% Sr,
the thermal activation energy E, = (52 & 4) meV coincides with
E, = (55 £ 5) meV for the pristine crystal within experimental
error. This result can be explained by the fact that at 1% Sr
concentration, the electron energy band structure and,
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consequently, the band dispersion do not undergo significant
changes, as the position of the main exciton peak in Sr-doped
CsPbCl; (416.7 nm) remains almost unchanged compared to
that in the pristine crystal (416.9 nm).

4. Conclusions

The activation of CsPbCl; crystals with Sr dopants leads to
modification of the near edge luminescence spectrum, resulting
in the appearance of additional exciton-like bands and their shift
toward the high-energy region. These additional exciton-like
bands may arise from the scattering of excitons at defects
introduced by the Sr dopants. The blue shift of the emission
bands can be associated with changes in the lattice parameters
and modifications of the conduction band of CsPbCl;, specifi-
cally through the mixing of 5s and 3d states of S with 6p states
of Pb*" at the bottom of the conduction band. Another outcome
of Sr** activation in CsPbCl, crystals is a pronounced increase in
the near edge luminescence intensity (by nearly an order of
magnitude), which is attributed to the improved ordering of the
host lattice and the reduced concentration of chlorine and lead
vacancies that act as traps for excitons. The temperature-
dependent quenching of the integrated near edge luminescence
under high-energy excitation is ascribed to the escape of electrons
during thermalization from the Onsager sphere, where they can
recombine non-radiatively at defects. The activation energies,
determined from the temperature dependence of the decay time
constants of the near edge luminescence, are close to the exciton
binding energies. The observed increase in the edge lumines-
cence intensity of the doped CsPbCl; crystals indicates their
potential for application as fast scintillators, with 7; ~ 200 ps
at low temperatures.
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