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Synthesis and characterization of Cs,TeCls powder for scintillators
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We prepared powdered lead-free perovskite Cs,TeClg using a very simple hydrothermal method. We study in detail the
luminescence mechanism and characteristics of Cs,TeClg (CTC) by both the measurement and phenomenological modelling
of emission spectra and decays in a broad temperature interval 77-500 K. Theoretical DFT calculations of the electronic band
structure and exciton state were performed and discussed together with the experimental results. Radioluminescence
spectra at room temperature provide an estimate about the CTC overall scintillation efficiency. Both the electron
paramagnetic resonance and thermally stimulated luminescence characteristics give an insight into the energy transport in
the CTC lattice and involved charge carrier traps negatively affecting the scintillation performance. Concerted use of broad
portfolio of experimental and theoretical techniques provides a deep insight into scintillation mechanism of CTC, its intrinsic
limits and bottlenecks. This powder scintillator, in combination with a suitable host matrix, could be an interesting material
for double-beta decay detection.
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1. Introduction

Recently, interest in the development and study of alternatives
to lead perovskites has been growing as publications on
preparation of lead-free perovskites have been appearing for
several years!3. The cesium lead bromide (CsPbBrs, further
denoted as CPB) from a family of perovskites with general
formula A*B#*X-3 (where A = Rb, Cs; B = Pb; and X = F, Cl, Br, and
1) is a very promising material for many applications. However, it
turns out that one of crucial problems is the toxicity of Pb %) and
low structural stability’, especially due to its solubility in water
and oxidation of metal cation Me?*->Me**. For practical use, its
low light yield (LY), due to strong self-absorption, also represents
a limitation. The stability can be significantly improved by
surface modifications, i.e. by silica coating® or stabilization in
appropriate host matrix®. The problem of toxicity must also be
considered for new materials being developed, since their
application will be governed by EU standards for the use of toxic
elements in electronics’. The goal is to preserve the beneficial
properties of lead halide perovskites stemming mainly from the
electronic structure (lone-pair Pb 6s2 electrons and an empty Pb
6p orbital), large size (or crystal radius) and high effective mass
(Zetf), contributing to strong spin—orbit coupling and leading to
high optical absorption and only shallow defects observable in
the lead halide perovskites?. For this reason, metal cations with
lone pair s orbitals, such as In*, TI*, Ge2*, Sn?*, Bi3* and Sb3*, are
mentioned as a potential replacement for Pb. From this group,
Tl and Sb are highly toxic metals; Bi, Sn and Ge are non-toxic. Sn%*
should be an appropriate candidate due to its very low toxicity
and similar physical properties as Pb, but ASnX3 perovskites
showed inferior performance!®. The structure of A*B%*X;
perovskite can be advantageously replaced by the structure of
so-called double perovskites, A*,B*Xs; for example, CsSn?*Xs is
susceptible to oxidation, while Cs;Sn**Xg is very stable when
exposed to air and moisture. Unfortunately, it shows no or poor
luminescence, unless it is doped with other elements (Bi3*, Sb3*,
Te**)1. Another option is to replace Pb with two metals with
different valencies (A,B*B3*Xs) to yield the same overall charge
balance as conventional perovskites. Both structures have been
proposed as structurally stable, lead-free (“green”) materials
with promising optical and luminescence properties®. The
structure of A*;B*Xs is usually considered as vacancy-ordered
double perovskite, where B cation is partially replaced with
vacancy (B = Sn, Ti, Te and Pd)!!, possessing good structural
stability3. Empirical model predicted the lattice constants for a
series of cubic structures with A;BXg composition as already
published in'?, where the data from the model were compared
with crystallographic data). More information about halide
double perovskites is provided in reviews3 Cs,Snlg or Cs2SnClg
vacancy-ordered perovskites were studied as a prospective lead-
free perovskites for solar cell applications 1314 exhibiting poor
photoluminescence (PL) and low photoluminescence quantum
yield (PLQY). It was shown that A;Sn**Xs is not suitable for
absorber layer application in solar cells because of high Sn
vacancies density!3. Several other tetravalent ions such as Ti**,

Zr*, Hf**, Pd* and Te*, can replace Sn* inDtOh‘(:e1
structure 415, The defect formation energy was evaluated for
verification of the ability to replace Sn** ions by Te** (partially or
completely) in the Cs;Snlg structure!l. The synthesized solid
solution Cs,SnixTexls showed increasing defect intolerance with
increasing Te concentration. Furthermore, studied Cs;Sni-xTexls
solid solutions exhibited poor thermal stability and the PL
quenched completely at 323 K. The dopant correlated
of Te*-doped Cs,SnCls
investigated  through  analysis of the absorption,
emission/excitation, and time-resolved PL spectroscopy?®. It was
that Cs2SnClg:Te*t
originates from the synergic contribution of the Te** ion triplet
(3P1—>1S0) (STE)
recombination which is analogous to the interpretation of
luminescence characteristics in the TI* -doped CsX crystals 7. The

luminescence mechanism was

considered green-yellow emission in

transition and  self-trapped exciton

energy gap decreases with the increased ratios of Te/Sn. The
pure Cs;TeClg (CTC) appears to have the smallest energy gap, PL
position is at 590 nm and the PLQY is low. It is interpreted as due
to high Te-doping concentration, causing the concentration
quenching, resulting from a critical distance of [TeClg]>-[TeClg]*
groups in the energy transfer process, calculated to be three
times longer compared to the shortest Te-Te distance?®.

Tellurium-based halide perovskites have been studied more in
recent years and their optical, electronic and luminescence
properties were described!®1%20, Tellurium is prospective for its
physicochemical properties —it is a nonmetallic element with the
strongest metallic properties. Te is considered less toxic than Pb,
but this only applies to inorganic compounds. Organic Te
compounds and their vapours are highly toxic, which could be
rather limiting for synthesis of Te-based halides. Usually, the
synthesis is carried out by a solvothermal route using inorganic
compounds, such as oxides or chlorides dissolved in hydrochloric
acid??2,  Te-based halide perovskites possess
advantageous properties, such as large absorption cross section,

some

wide emission band in the yellow spectral region and good
structural as well as chemical stability. Theoretical data of
structural stability and basic optical and electronic properties of
Cs,TeXs calculated from first-principles were reported?°. The
stability of three studied Te-based perovskites increases in the
sequence Cs;Telg<Cs,TeBrg<Cs,TeClg. As CTC features only poor
luminescence properties and low PLQY, doping with various ions
(Cr3*, Mn?*, Yb3*, Eu3*, Sm3*, Cd3*, Bi3*, and Ce3*) was studied®. It
was shown that Cr3* doping leads to the improvement of PLQY
from 6.7 % to 81.5 %. Such materials can be prospective for
white light emitting diodes application.

It is worth noting that Te-doped metal halides exhibit extremely
high PLQY (e.g., 95.4% for Te doped Cs,SnClg?3, 97.6% for the Te-
doped Cs,ZrClg2*). The mechanism of luminescence of Te-based
or Te-doped metal halides remains unclear. It was shown?® that
admission of Hf in the CTC structure significantly improved
scintillation properties; PLQY increased from 3% to 97% and the
LY increased nearly tenfold from = 4167 to 38523 photons/MeV.
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especially due to the neutrino-less double beta decay detection.
Isotope 3Te has large natural abundance (34 %), so natural
compounds do not need further enrichment. 13°Te double beta
decay half-lives measured over decades in different laboratories
usually provide two different values: 2.5 + 0.4 x 10! years and 8
+1 x 10?2 years?®. The geochemical method of measuring double
beta decay depends on the detection of the rare gas daughter
that has accumulated in geologically old minerals from BB-decay
of the parent nuclide?’:

130Te % 130K @

1287 BB 128y

Currently, efforts to incorporate tellurium directly into
scintillation cocktails have been noted??, so, the preparation of
scintillator containing tellurium would be an

alternative.

interesting

In this paper we study in detail the luminescence mechanism of
CTC by the measurement of emission spectra and decays in a
broad 77-500 K their
phenomenological modelling. Theoretical DFT calculations of the

temperature interval and
electronic band structure and exciton state are provided and
together with experimental

Radioluminescence spectra and decay at room temperature

discussed results.
provide an estimate about the CTC overall scintillation efficiency
and speed of scintillation response, respectively. Both the
electron paramagnetic resonance and thermally stimulated
luminescence characteristics give an insight into the energy
transport in the CTC lattice and charge carrier traps negatively
affecting the scintillation performance. Concerted use of such a
broad portfolio of experimental and theoretical techniques
provides a deep insight into luminescence and scintillation
mechanism of CTC, its intrinsic limits and bottlenecks.

2. Experimental
2.1. Synthesis

The synthesis of Cs;TeClg in the microcrystalline powder form
followed the method description in?2, which was based on the
hydrothermal reaction of tellurium oxide (TeO,, Merck, 99.995
%) and cesium chloride (CsCl, purified via combination of
chlorination agents and zone refining) dissolved in hydrochloric
acid (HCI) at 110 °C for 6 hours. This led to the CTC synthesis and
its precipitation into microcrystalline solid product. Solid phase
was then separated via microfiltration and dried at 60 °C. This
experiment was repeated for verification of results, for more
information see SI.

In the next step, attempts to reduce the particle size by synthesis
modification were carried out. However, solid CTC product was
formed directly after the mixing of dissolved precursors while
the
procedure was modified by omitting the hydrothermal step and

following the procedure described in 22. Therefore,

HCI by their dropwise direct mixing. Suspension was mixed for
20 hours, then
microfiltration. Sample prepared by this simplified procedure
was further used for luminescence characterization. The
comparison of sample properties is done in S| (Fig. SI1 and SI3,
Tab. SI1 and SI2).

and the product was separated via

2.2. Methods of characterization

X-ray powder diffraction (XRPD) was used for structural and
phase purity confirmation. XRPD was performed using Rigaku
MiniFlex 600 (Ni-filtered Cu-Kal,2 radiation) equipped with
Nal:Tl scintillation detector and diffractograms were compared
to the relevant records in the ICDD PDF-2 database (version
2013). The morphology characterization was performed using
scanning electron microscopy (SEM, Philips XL30ESEM).

Radioluminescence (RL) spectra were measured by a custom-
made spectrofluorometer 5000M (Horiba Jobin Yvon,
Wildwood, MA, USA) using the W-based X-ray tube (40 kV, 15
mA, Seifert) as the excitation source. The detection part of the
setup involved a single-grating monochromator and an Andor
Kymera 193i spectrograph equipped with a back illuminated CCD
detector iDus 420 (200 — 1100 nm spectral range). Measured
spectra were corrected for the spectral dependence of detection
sensitivity (RL).

Photoluminescence excitation (PLE) and photoluminescence
emission (PL) spectra were measured by a custom-made
spectrofluorometer 5000M using steady state laser driven xenon
lamp (Energetiq, a Hamamatsu Company). PL decays were
measured under excitation by microsecond flashlamp and
nanosecond nanolLED pulsed light sources using multichannel
scaling and time-correlated single-photon counting mode
(Horiba Scientific), respectively. The detection part of the setup
involved a single-grating monochromator and a photon-counting
detector TBX-04 (Hamamatsu). The PL and PLE spectra are
corrected for the experimental distortion. The convolution
procedure was applied to the PL decay curves to determine true
decay times (SpectraSolve software package, Ames Photonics).

Temperatures within 77 — 500 K were controlled by liquid
nitrogen-bath variable temperature cryostat with the sample in
vacuum DN-V (Oxford Instruments).

The fast X-ray-excited spectrally unresolved scintillation decays
are measured at room temperature by the time-correlated
single-photon-counting method using a FluoroHub unit coupled
with a hybrid photomultiplier HPPD-860, operating in the range
of 220-860 nm (Horiba Jobin Yvon) together with the picosecond
X-ray pulsed source at 40 kV N5084 (Hamamatsu) with maximal
frequency of 10 MHz. The FWHM of the instrumental response
function of the setup is 75 ps.

The thermally stimulated luminescence (TSL) glow curves were
measured using the Horiba Jobin Yvon 5000 M spectrometer
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with the liquid nitrogen cryostat (Oxford Instruments) and TBX-
04 photomultiplier operating in the 200-800 nm spectral range
(spectrally unresolved), or Andor Kymera 193i spectrograph
equipped with a back illuminated CCD detector iDus 420 (within
200 — 1100 nm spectrally resolved); the samples are irradiated
by a Seifert X-ray tube with a tungsten target operated at 40 kV.
The TSL is recorded during linear heating of the sample holder
(typical ramp rate 0.1 K/s).

EPR measurements were performed using a commercial Bruker
EMX plus spectrometer in the X-band (9.4 GHz) within the 10—
296 K temperature range. The spectrometer sensitivity is about
1012 spins per mT at room temperature.

3. Theoretical calculations

Cs,TeClg crystallizes in a cubic structure, space group Fm3m, No.
225. The lattice constant a =10.445 A, there are four formula
units per one-unit cell?®. The calculations of its structural,
electronic and optical properties were done by the CASTEP
module3® of Materials Studio package3!. The local density
approximation (LDA) with the Ceperley—Alder—Perdew—Zunger
(CA-PZ) functional®?> and the general gradient approximation
(GGA) with the Perdew—Burke—Ernzerhof (PBE) functional®?
were employed. The plane-wave basis energy cutoff was 240 eV.
The Monkhorst—Pack scheme k-points grid sampling was set at
4x4x4; the convergence criteria were the following: energy 10-5
eV/atom; maximal force 0.03 eV/A maximal stress 0.05 GPa and
maximal displacement 10-3A. The electronic configurations
were as follows: 5525p®6s! for Cs; 5s25p* for Te, 3s23p° for Cl.

o

The optimized lattice constants were 10.9186 A (GGA
calculations) and 10.1257 A (LDA calculations), the calculated
indirect electronic band gaps were 2.760 eV (GGA) and 2.324 eV
(LDA). These values are close to other calculated indirect band
gaps of 3.1 eV3* and 2.78 eV35. The calculated effective Mulliken
charges were as follows (the GGA/LDA values are given): Cs
+0.77/0.66; Te +1.38/+1.44, Cl -0.49/-0.46. A large difference
between the formal and effective charges, especially for the Te
and Cl ions, indicates a high degree of covalency of the Te-Cl
chemical bond.

Fig. 1 shows the GGA-calculated band structure diagram for
Cs,TeClg (the LDA results are not shown for the sake of brevity
and clarity of the figure). The composition of the electronic
bands can be clarified by analyzing the density of states (DOS)
diagrams given in Fig. 2. The conduction band is made mainly by
the Te 5p states with a minor contribution of the Cs 6s states.
The valence band between 0 eV and -2.5 eV is dominated by the
Cl 3p states, whereas the top of the valence band has also some
contribution from the 5p states of tellurium because of
hybridization effects between Cl and Te ions. Highly hybridized
Te 5p and Cl 3p states make another narrow band at about -4 eV.
The 5s and 5p states of Cs peaked at -19 eV and -7 eV,

Page 4 of 14

respectively. The 5s states of Te produce a narrow band at'abtiticle Online
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-10 eV, and the Cl 3s states are spread between -15 and -12.5 eV

The structure of the valence band with several sub-peaks within
it as well as the presence of several narrow electronic bands just
below the valence band is responsible for the structured
absorption spectra of Cs;TeCls.

E, = 2.760 &V
’ i_/_
2
D o L AU
b
% q'ﬁ‘
i

X R M G R

Fig. 1. The calculated (GGA) band structure of Cs,TeCls. The
indirect band gap is shown by a dashed arrow.
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Fig. 2. The calculated (GGA) density of states (DOS) diagrams
for Cs,TeCle.

After the electronic band structure of a solid is calculated and
plotted, it is possible to estimate effective mass of the charge
carriers (electrons in the conduction band and holes in the
valence band). To do that, one has to find the curvature of the
electronic bands (or the second derivative of these bands over
the wave vector k):
* hZ
Mpe) = FLT
dk?

(1)
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where h (e) denotes the holes (electrons), and the subscripts v
(c) stand for the upper (lower) energy bands in the valence
(conduction) bands, respectively.

With the knowledge of the electrons and holes effective masses,
the exciton diameter ag can be calculated from the following
equation3637

_ 2h2%E,
Ao =" (2)
mym, . . .
where m* = ——=is the charge carriers reduced mass, € is
mp+me

the dielectric constant value in the limit of infinite wavelength
(according to 35, its value is equal to three for Cs,TeClg). With this
value of the exciton diameter, the exciton binding energy E}, is
E, =21 (3)
m*ag
The results of estimations of all these parameters for Cs;TeClg
are as follows: m=1.48m,; m;,=3m,; m* = 0.99m,; ap=3.1 A;
Ep=1.5 eV. It can be emphasized that the valence band top is
remarkably flat, which leads to a very high value of the hole
effective mass. A small effective exciton diameter and a rather
high exciton binding energy indicate strong exciton localization
in Cs,TeClg. Presumably, due to a great positive charge of Te ions,
the electron is likely to be localized on the tellurium ion in the
center of the TeCls octahedron, whereas the hole may diffuse
between nearest six chlorine ligands in the first coordination
sphere around Te ion. Several other references also report
similarly high values of exciton binding energies in highly
covalent systems, for example, 0.7 eV in WS238, 0.69 eV in
CrSBr3°, 0.85 eV in phosphorene and 2.03 eV in graphene
fluoride?®.

The novelty of the performed calculations for Cs,TeClg is at least
two-fold: i) demonstration of high degree of covalency of
chemical bonds by comparing the effective Mulliken charges of
all ions with their formal charges expected from the chemical
formula; ii) estimation of the exciton diameter and exciton
binding energy from the calculated electron band structure.

4. Experimental Results and Discussion

Journal of-Materials Chemistry C

4.1. Structural properties

In total, three batches of CTC powder samples were prepared
hydrothermally and by direct precipitation. All samples were
bright yellow with sub-millimeter grain size containing no visible
foreign phase.

The XRPD of Cs;TeCls powder samples (Fig.3) confirmed the
presence of pure Cs;TeCls crystal phase belonging to the cubic
space group Fm3m with a vacancy-ordered double perovskite
structure (Fig. 3 — inset), which is structurally derived from
elpasolite CLYC (Cs; Li Y Clg)?°. The diffraction patterns of samples
prepared by direct precipitation at room temperature (Fig. 3)
and hydrothermally at 110 °C showed no significant changes (see
all XRPD data in Supplementary Information, Fig. SI1), which
means that the CTC crystal phase was formed practically
immediately after both solutions came into contact.

Lattice parameters and average crystallite size were calculated
from XRPD data and are listed in Sl (Table SI1). Lattice parameter
a = 10.4712 A is in a relatively good agreement with values
reported in the literature - the experimental value published
already in 1935 by Engel is 10.445%°; 1? indicates the value 10.500
A, while3* states the experimental value 10.5167 A; theoretical
value calculated in 4t is 10.497 A. Experimental lattice parameter
determined by us lies in between those obtained by the GGA and
LDA calculations described above. Average crystallite size
calculated from XRPD was 524 nm, which was also confirmed by
SEM images) showing the microcrystalline nature of the powder
CTC sample (Fig. 4 a-d). SEM images also showed that the
powder was partly composed of particles with average size of
several micrometers (Fig. 4 d), sometimes crystallites with
characteristic dimensions of 200-400 nm were observed as well.
Fast degradation of samples was observed after one day of the
SEM measurement. Crystallites were basically not observed
anymore, only large smoother objects. Moreover, both samples
turned completely black (as observed by naked eye). On the
following SEM images (Fig. 4 e,f), noticeable degradation of
crystallinity was observed, with clearly recognizable signs of
water droplets. Given that, despite SEM measurements, they
were not stored under special conditions, possibly their
degradation and hygroscopicity were initiated by electron
radiation.
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Fig. 3: XRD data of Cs,TeClg after direct precipitation from reaction solutions (Cs,TeCls_3); the phase was analyzed as a cesium
tellurium chloride in the perovskite structure (#01-075-0377); inset — cubic crystal structure of Cs,TeCls, theTe** cations (green) are

represented in the center of the octahedra, Cs* cations (blue-grey) are surrounded by eight octahedra, and ClI- anions (yellow) are

placed at the vertices of the octahedron.

Fig. 4: SEM images of microcrystalline CTC powder 2_2 (a-d - as prepared, e,f- one day after the first SEM measurement)

4.2. Luminescence characteristics

Fig. 5 shows the normalized PL excitation and emission spectra
of CTC sample measured at 77 K (Fig. 5 a) and RT (Fig. 5 b). Given
the excitonic nature of the emission centre'®1® the excitation
long-wavelength edge could coincide with the absorption edge,
i.e. around 440 nm and 460 nm at 77 K and RT, respectively, but

the character of the band-to-band transition (Fig. 1) might
somewhat obscure such a coincidence. The peak at 375 nm in
PLE (Fig. 5 a) does not shift with temperature and might be
related to particular feature of the density of states in the
bottom of the valence band (Fig. 2). The structures in PLE spectra
at around 200-260 nm might be due to the onset of the
multiplication of electronic excitation (>2£¢)*? or the transitions
from electronic bands located below the valence band to the

Please do not adjust margins
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excitation and emission spectra in Fig. 5a which excludes exciton
migration. At RT, however, due to the shift of the low energy
edge of the excitation spectrum and broadening of the emission

considered?® as a reason for concentration quenching of exciton
emission.
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Fig. 5: a) Normalized PL excitation (red curve) and emission (black curve) spectra of CTC measured at 77 K; b) normalized PL excitation

(red curve) and emission (black curve) spectra of CTC measured at RT.

Representative RT PL decay curve (Aex = 452 nm, Aem = 570 nm)
of CTC is shown in Fig. 6. It is well approximated by a single-
exponential with the decay time of 65.7 ns.

ex=452nm, em=570nm

1000

of the excitation spectrum edge is visible from Fig. 5 which
means that Stokes shift becomes somewhat smaller with
increasing temperature. In principle, there might be two reasons
for such behaviour: (a) temperature dependence of relaxation
process into the self-trapped exciton state; (b) inhomogeneous
broadening of the exciton emission, i.e. some effect of lattice
defects or irregularities on the relaxed exciton state and earlier

z; _ quenching of emission subbands at the low energy side of the
}.’ 100 ) E);;le:)nf:rt]ental data emission band. This aspect needs further investigation.
2 Instrumental response
E ‘E 16 Strong emission intensity quenching appears above 200 K.
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Fig. 6: RT PL decay curve (Aex = 452 nm, Aem = 570 nm) of CTC. = —— 197K-closed cycle
Solid line is the convolution of instrumental response and the 81.510° - —— 140K-clesed cycle |
function I(t) in the figure. %‘ — 67K-closed cycle
g 1 105 —— 9K-closed cycle
£
-l
o 5
4.3. Temperature dependences of PL spectra and decays 510
Temperature dependence of PL emission spectra of CTC under 0
500

the 430 nm excitation in low temperature region is shown in Fig.
7. Apart from the expected spectral broadening due to the
interaction with lattice phonons there is small high energy shift
of the spectral maximum. At the same time the low energy shift

650
Wavelength (nm)

600 700

Fig. 7: Temperature dependence of PL emission spectra of CTC
under the 430 nm excitation.
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Temperature dependence of the emission spectra integrals is View Article Online
DOI: 10.1039/D5TC04464B

displayed in Fig. 8a. Mild increase of emission intensity within

77-200 K can be due to the shift of the absorption/excitation

edge, see Fig. 5. Phenomenological two-excited-state level

model is applied consistently to the temperature dependence of

both the PL spectra integrals (Fig. 8a) and decay times (Fig. 8b).

The model is sketched in SI, Fig. SI2, and consists of two closely

spaced excited state levels frequently used for the description of

temperature dependences of spectra and decays of excitons in

halides!”. More details are reported in Sl. Energy barrier for

thermal quenching to the ground state is calculated to be 350 meV

considering the quenching process occurring equally from both

levels. PL yield at room temperature can be estimated from Fig.

8a: under the assumption that before the onset of temperature

quenching around 200K the luminescence quantum efficiency is

close to 1, around room temperature, due to thermal quenching

(included in the phenomenological model in Fig. SI2), it is about

0.05-0.07.

Fig. 8b demonstrates that the data can be excellently fit with the
same model parameters (see values in Fig. 8a and 8b) supporting
the model validity. Slowly decreasing decay time within 77-200
K points to two closely spaced levels in the exciton state which is
typical for exciton emission in CsX halides'’. Above 200 K the
pronounced decay time shortening occurs and is fully consistent
with the emission intensity quenching evidenced in Fig. 8a.

It is worth discussing further the nature of emission quenching
above 200 K which was proposed as due to concentration
quenching!® and considered in later publications, e.g. in'®. From
temperature dependence of emission spectra integral the onset
of quenching process is situated at about 200 K. The nature of
concentration quenching lies in the energy migration over the

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

donor (exciton) states until an acceptor (a quenching site) is
reached. The process is energy diffusion-limited and as such
obeys the Yokota-Tanimoto model®. PL decays in this case show

Open Access Article. Published on 24 February 2026. Downloaded on 3/17/2026 3:17:04 PM.

clearly accelerated initial part and an exponential tail. However,
in our case, within 200-300 K interval, where the emission
intensity decreases by more than twenty times, the PL decays

[{ec

are strictly single exponential, see Fig. Sl4. Such a feature of PL
decays rules out the concentration quenching as an explanation
of emission quenching. As the binding energy of exciton state is
large (calculated value in Section 2 is Ep=1.5 eV) thermal
disintegration of exciton state as a reason of emission quenching
is improbable, and thus the classical thermal quenching, i.e.
transition from an excited state to the ground state via the
crossing point of the respective parabolas (used in our two
excited-state-level model), is the proper explanation.
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Radioluminescence spectra (Ex = X-ray 40 kV, W-based tube)
measured at both RT and 77 K temperatures are shown in Fig. 9 g
and severe emission intensity quenching is noted similar to that ——
m described for PL spectra in Fig. 7. Characteristic broad emission N — 205K
L band with maxima at around 590 nm is consistent with the PL - s - ]
spectra and thus attributed to the self-trapped exciton’?%°, The _:_?’ N
highest RL intensity was observed in Cs,TeClg (Fig. 3 SI) possibly due 3 210° |
to the formation of larger CTC (microsized) grains (see Fig.4). % |
Significant decrease of RL intensity between 77 K and RT is caused £ 1.5 10*
by the luminescence thermal quenching described in Section 4.3. o
110 - g
5000 - -
o . s
300 400 500 600 700 800

Wavelength (nm)

Fig. 9: RL spectra (Ex = 40 kV X-ray) of CTC measured at 77 K (black
curve) and 295 K (red curve).
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Spectrally unresolved scintillation decay curve of CTC recorded
at RT under the X-ray excitation (40 kV) is shown in Fig. 10. It is
approximated by the sum of exponentials in the following form:

t
1(t) = Xit, Aje " +background
(4)

convolved with the instrumental response function, where /(t),
Aj and T stand for intensity as a function of time t (expressed as
the number of photons detected in the time interval), amplitude
of it component and decay time of ith component, respectively.
So-called mean decay time was assessed, defined in a simple
way:

Tmean = Z?:l 7;LS; (5)

where the light sum, LS, of it component is derived
correspondingly:

AiT;
LS, = A%
LoskiAT

(6)

The fastest component of the scintillation decay shows the decay
time of 14.3 ns and corresponding light sum of 9%, while the one
with the highest light sum of 81% is characterized with the decay
time of 75.7 ns close to that measured in PL decay in Fig. 6. These
are followed by the low-amplitude slowest component on the
order of hundreds of ns. Calculated mean decay time is then
135.3 ns.

1000 —o — ; . ) — i
I(T) = 221exp(-/14.3 ns) +
+ 392exp(-t/75.7 ns) +
+ 6exp(-t/670 ns) + 2.166
mean decay time = 135 ns
__ 100 | o
- © Experimental data ]
E.- 1 exp fit
= Instrumental response
‘®
c
]
o
-C- =] o [+
10 o 08 o 0o o 3
ch OONFEND (DT D em@ogmcg)c% Cgclpﬂguﬂﬂ Bo IIE
s A CRDAEOSIOND NI O () (EQIED O 580 O OG0 00Dy
VA IO
] o H
1 D L " 1 L L .

110° 1.5 10°

Time (ps)

510°

Fig. 10: Spectrally unresolved scintillation decay of CTC under the X-
ray (40 kV) excitation measured at RT; LS1 = 9%, LS2 = 81%, LS3 =
10%.

4.4. Thermally stimulated luminescence (TSL) characteristics

Fig. 11 shows the TSL glow curve of CTC sample, irradiated by the 40
kV X-rays at 77 K. The shape of the TSL glow curve points to the
presence of several strongly overlapped peaks of different

10 | J. Name., 2012, 00, 1-3

Journal Name

intensities. The strongest ones were observed at 95 and 136 K with
shoulders at about 119 and 185 K. Detrappingof thelééi/trappedtant
trapped holes from various sites is probably the key element in the
TSL process, see EPR characteristics in section 4.6.

410*

3510% [

Cs2TeCl6

310° |
2510% [
210* |

1.510* |

TL intensity (a.u.)

110* |

5000 |

0“\““\““\‘ L L L L L
100 150 200 250 300 350 400 450 500

Temperature (K)

Fig. 11: TSL glow curves measured in CTC powder sample

4.6. EPR measurements

The defects contributing to TSL were further investigated by EPR. Fig.
12 shows the EPR spectrum of CTC powder measured at 15 K, both
before (blue solid line) and after irradiation at 405 nm and the
temperature 15 K (green solid line). Prior to irradiation, the CTC
powder exhibits a narrow spectral line at a magnetic field 333.4 mT
(with the g factor of 2.012), along with broad features of low
intensity at lower and higher magnetic fields. These broad features
are primarily attributed to the quartz tubes of the liquid helium
cryostat. The narrow line, however, is clearly associated with the CTC
powder itself. The positive shift in the g factor of this narrow line
indicates that it originates from a hole-type center.

This journal is © The Royal Society of Chemistry 20xx
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Fig. 12: EPR spectra of the CTC powder measured at 15 K. The blue
solid line represents the spectrum before irradiation, the green line
corresponds to the spectrum after irradiation at 405 nm and
temperature 15 K, and the red solid line shows the spectrum after
the irradiated powder was heated to approximately 100 K for 4 min
and then cooled back to 15 K.

After irradiation, a new spectral feature appear primarily at the field
range of 340-380 mT. This feature consists of several narrow spectral
lines, resembling a hyperfine structure due to nuclear spin
interactions, superimposed on a broad line. The observed hyperfine
structure is similar to that of the paramagnetic Cl; molecule (Vi
center) described, for example, in* for the similar compound
Cs,HfCls. To verify this assumption, we performed a simulation of the
spectrum. The simulation was carried out using the following spin
Hamiltonian:

H=gBBS + X1 SALLY + Y2 SALLL, 7)

ARTICLE

where g is the g tensor, S is an electron spin operator with, S z1/2, /s
(I2) and A; (A2) are the nuclear spins and hyp&pfine. [HF)/Eonstamts of
the two 3%37Cl isotopes. We employed the bispiral approach to
determine the directions of crystallites homogeneously distributed
within a sphere. For the search of resonance magnetic fields and
transition probabilities for reference directions, HF interaction was
treated as a perturbation to the magnetic Zeeman energy*. The
measured and calculated spectra are compared in Fig. 13. The
simulated parameters are presented in Table 1. It is evident that the
3537 CI HF structure of Cl; molecule well describes the HF structure
observed in the measured spectrum. As with other materials, the Vi
center remains thermally stable up to about 70-80 K. Its spectrum
completely disappears upon heating to the temperature 100-110 K
for 4-5 min, as shown in Fig. 12.

—— measur. spectrum
—— calcul. spectrum

330 345 360 375
Magnetic field (mT)

300 315

Fig. 13: Comparison of the measured (black solid line) and calculated
spectra of the Cl; molecule in Cs,TeClg powder irradiated at 405 nm.

Table 1. Spin Hamiltonian parameters for the Vi centers in Cs,TeClg irradiated by 405 nm at 15 K and Cs,HfClg irradiated by X-rays at 77 K.

The HF constants are given in units of 10* cm™.

material Ox gy 9. Ax(3>Cl) Ay(3>Cl) A,(35Cl) Thermal Ref.
stability

CsaTeClg 2.08(1) 2.02(1) 1.889(1) 8(2) 10(2) 41(1) ~70K This work

Cs:HfCls | 2.046(5) | 2.046(5) | 2.003(1) 10(2) 10(2) 85(2) ~55K [45]

Finally, it should be noted that the line at g = 2.012 may be attributed
to an oxygen-related center, such as 0, molecule or O~ ion.
However, determining its precise origin would require a separate
study.

Conclusions

Cs,TeCls  microcrystalline  powders prepared by the
hydrothermal method, easy and fast way allowing to prepare large
amount of the material. Electronic band structure calculations were

were

This journal is © The Royal Society of Chemistry 20xx

performed by GGA and LDA methods where the former provides the
bandgap value of 2.76 eV which is close to the earlier literature data.
From the electronic band structure, the effective mass of charge
carriers was calculated used further for the exciton diameter ay=3.1
A and finally exciton binding energy E,=1.5 eV calculation. The self-
trapped exciton is ascribed to the observed luminescence band in
agreement with previous literature. PL spectra and decays
temperature dependences show strong quenching of luminescence
above 200 K which was assigned to simple thermal quenching to the
ground state in contrast to previous explanation based on the
concentration quenching. Phenomenological two-excited-state level

J. Name., 2013, 00, 1-3 | 11
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model provided an excellent fit for both the spectra integral and
decay time temperature dependences over the broad temperature
interval. Calculated energy barrier for quenching process is 350 meV.
Scintillation decay at room temperature is dominated by the
component with the 75.7 ns decay time, close to that observed in PL
decay. Such a fast scintillation response is promising for practical
scintillation counting. Complex TSL glow curve points to several
trapping sites acting in the process of energy transfer in the CTC
lattice. EPR measurements identify the hole Vi center, i.e. self-
trapped hole, as the key feature in the charge trapping. Exciton
formation is then likely based on the Vi center attracting an electron
from the conduction band followed by formation of an excitonic
state. Future work is concerned with the embedding of CTC micro or
nanocrystals into a suitable host to create a bulk scintillation element
which can be used in practical applications.
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