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Zero-Dimensional Gua;SbCl Crystals as Intrinsically
Reabsorption-Free Scintillators for Radiation Detection

Matteo L. Zaffalon, Ye Wu, Francesca Cova, Luca Gironi, Xiaoming Li,* Valerio Pinchetti,
Yang Liu, Muhammad Imran, Alessia Cemmi, llaria Di Sarcina, Liberato Manna,*

Haibo Zeng,* and Sergio Brovelli*

The search for efficient, re-absorption-free scintillators has recently focused
the attention on antimony-based halides, which exhibit largely Stokes shifted
luminescence due to radiative recombination of excitons self-trapped (STE) in
strongly Jahn—Teller distorted Sb*>* color centers. Here, the synthesis of a
hybrid structure is reported with chemical formula (C;3H,,N;);SbCl,
consisting of spatially isolated [SbCI¢]*~ octahedra separated by organic
N,N’-diphenylguanidinium (Gua) molecules. The optical properties of this
material are mainly determined by the inorganic component and are
characterized by a pronounced Stokes shift of 1.3 eV and a
room-temperature photoluminescence (PL) efficiency of up to 85%.
Remarkably, highly efficient radioluminescence (RL) is observed with
scintillation light yields of #2000 ph MeV~" using both soft X-rays and a

124 keV gamma source. Temperature-dependent PL and RL measurements
confirm the minor role of non-radiative channels, which are completely
suppressed below 100 K. Thermally stimulated luminescence measurements
suggest that the traps in Gua;SbCl, crystals have a significantly large energy

and space exploration.®] As of today, radi-
ation detection is mostly performed using
scintillating materials that convert ioniz-
ing radiation into ultraviolet or visible light
that is then collected and turned into an
electrical signal by efficient photo-detectors
(e.g., photodiodes or photomultipliers) cou-
pled to the scintillator body.”! In general,
scintillating materials must have a high
atomic number (Z) to ensure high radia-
tion cross-section (xZ", with n = 1-5 de-
pending on the type of interaction),*”) high
radiation hardness for long-term operation,
good yield proportionality, and they must
not contain radioactive isotopes to mini-
mize background noise in rare event ex-
periments. Several photophysical parame-
ters further determine the scintillator per-
formance, above all, the energy resolution,

depth distribution below the absorbing state.

1. Introduction

The detection of high-energy photons and ionizing particles is
of outmost importance for a wide range of scientific and tech-
nological areas including high-energy physics,!!! astronomy,!?!
geology,l industrial, and environmental monitoring,*! home-
land security,! oil extraction!®! as well as in medical diagnostic!’!

the decay timel'!l and the light yield (LY,
i.e., the number of emitted photons per 1
MeV of absorbed energy).['?! The LY is piv-
otal for energy resolution (the theoretical
limit of the relative qu] width at half maximum resolution is
proportional to (\/E' ) )33] and depends on the efficiency of
radiation-to-light conversion and of light outcoupling toward
photodetectors coupled to the scintillator.3®*] Therefore, de-
coupling of the emission and absorption spectra is required
to eliminate otherwise dramatic reabsorption losses.>! Cur-
rently, the largest share of the market is occupied by inorganic
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scintillator crystals(!®! that provide high LY and spectroscopic
capabilities but suffer from high cost, fragility, hygroscopic-
ity, heavy-weight, and cannot be produced in large sizes or
volumes.!”]

In this framework, metal halides and in particular lead halide
perovskites are attracting growing attention as alternative afford-
able scintillating materials because of their scalable low temper-
ature (up to a few hundred degrees Celsius) synthesis, high aver-
age Z, defect tolerance and tuneable, near unity efficient excitonic
luminescence.®! More recently, in the attempt to reduce possible
harmful effects of toxic lead, lead-free low dimensional halides
have been introduced as effective scintillators,!'81°] also prized
for their characteristic intragap luminescence originating from
the radiative recombination of excitons localized in isolated struc-
tural units or dopant sites.[?’) Among these systems, antimony
halides combine a relatively high average atomic number (Zg,
= 51) and highly efficient and intrinsically Stokes-shifted visible
luminescencel?!] that ensures reabsorption free emission with-
out the need for further doping.[2°*21-22] In such systems, unper-
turbed [SbX4]*~ octahedra (where X is a halogen atom) give rise
to sharp absorption peaks in the near UV region (~3-3.5 eV) due
to photoexcitation of the Sb** centers from their ground state to
their 3P, state.”3] Because of the non-spherical symmetry of the
P-states, upon excitation the [SbX,]*~ octahedra undergo strong
asymmetrical Jahn-Teller distortion?*] that leads to the formation
of the characteristic self-trapped exciton (STE) states ~1 eV be-
low the band-edge energy.??*¢"25] On the other hand, the spin-
forbidden nature of the STE dipole transition in antimony cen-
ters is reflected in an inherently slow decay rate, in stark contrast
to the Pb-based counterparts that exhibit sub-nanosecond lumi-
nescence dynamics.[?*! Despite this potential, as of today, the very
few examples of Sb halide-based scintillators have been focused
only on X-ray detection and no study has tackled the scintillation
process in detail. In addition, antimony chloride systems com-
bined with organic moieties in a hybrid organic-inorganic scin-
tillator could be interesting materials for fast neutron detection
that is traditionally performed using hydrogen-rich organic scin-
tillators and exploits a detection mechanism based on the elastic
scattering of neutrons on similar-mass hydrogen atoms.!?”] How-
ever, not much is known about the suitability of these systems for
gamma detection as well as on the details of trapping and detrap-
ping mechanisms involved in the scintillation process.

L. Gironi
INFN Sezione Milano — Bicocca
Piazza della Scienza 3, Milano 1T-20126, Italy

Y. Liu

CINBIO

Universidade de Vigo

Materials Chemistry and Physics Group
Department of Physical Chemistry

Campus Universitario Lagoas Marcosende

Vigo 36310, Spain

M. Imran

Department of Electrical and Computer Engineering
University of Toronto

10 King's College Road, Toronto, Ontario M5S 3G4, Canada
A. Cemmi, |. Di Sarcina

ENEA Fusion and Technology for Nuclear Safety and Security Department
Casaccia R.C., Rome 00123, Italy

Adv. Funct. Mater. 2023, 33, 2305564 2305564 (2 0f7)

www.afm-journal.de

Intensity (a. u.)

—— Simulated
—— Powder

10 20 30 )
2 Theta (degree)

b

Figure 1. a) Experimental and simulated PXRD patterns of Gua;SbClg
powders at 298 K. b,c) Structures of an individual Gua* cation and a six-
coordinated [SbCl¢]*~ octahedron. d) Configuration of a 2 x 3 x 2 supercell
of Gua; SbClg (H atoms have been hidden for clarity).

Here we aim to contribute to this field by investigating
the scintillation properties of a hybrid organic-inorganic zero-
dimensional antimony chloride system, namely Gua,SbCl,,
which consists of alternating layers of [SbCl;]*~ octahedra sepa-
rated by N,N’-diphenylguanidinium (Gua*, C;;H,,N;*) cations.
Concomitant optical and radiometric experiments show that the
optical properties of Gua, SbCl, are determined by the absorption
by isolated [SbCl]*~ units and that both the photoluminescence
(PL) and the radioluminescence (RL) are due to the essentially
purely radiative decay of the Sb-STEs. This leads to light yields
of up to 2000 ph MeV~! using *’Co as a 120 keV gamma source,
despite the relatively low density of the material (1.468 g cm™).
Finally, thermally stimulated luminescence (TSL) experiments,
performed here for the first time on Sb halides, reveal the signa-
ture of thermally activated de-trapping from defect sites.

2. Results and Discussion

Gua,SbCl, powders were prepared by mixing N,N’-
diphenylguanidine monohydrobromide (Gua-HBr) and SbAc,
powders in hydrochloric acid solution directly. The detailed
synthesis steps of (Gua);SbCl, powders, single crystals (SCs)
and material characteristics can be found in the Experimental
Section. The crystal structure of the obtained (Gua);SbCl, SCs
was determined by single-crystal X-ray diffraction (SCXRD)
at 298 K. The powder X-ray diffraction (PXRD) pattern of
the as-synthesized powders in Figure 1a is consistent with
the simulated structure of Gua;SbCl, SCs. As illustrated in
Figure 1b-d and Figure S1 (Supporting Information), six-
coordinated [SbCI(]*~ octahedra are isolated by bulky Gua*
cations, adopting a trigonal R3 symmetry. The details of lattice
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Figure 2. a) Normalized PL spectrum (black solid line) of Gua;SbClg powders at room temperature with the corresponding PL excitation spectrum
(dashed line). The absorption spectrum (solid grey line) is presented as the Kubelka—Munk transform of the Gua;SbClg powders reflectivity. The PL
excitation and the pseudo-absorption profiles measured at high energies with synchrotron light are reported as red dashed and solid lines, respectively.
b) PL decay trace acquired at the PL maximum under pulsed 3.5 eV excitation. The red line is the fit with a single exponential decay function. c) RL
spectra of Gua;SbClg (rescaled by factor of 2.5) and BGO (black line) powders. d) RL decay traces of the same sample before (orange line) and after
(grey line) irradiation with °Co y-rays (1 MGy). (e) Light yield spectrum of Gua; SbClg powders obtained exciting the sample with a >’ Co y-ray source.
The red line is the result of the fitting of the photoelectric peak with a Gaussian function. Inset: comparison of the LY values obtained from the relative
and absolute measurements from “c” and “e”. f) RL spectra of non-irradiated (orange line) and irradiated (grey shaded area) Gua;SbClg powders with

1 MGy of %9Co y-rays.

parameters are listed on Table S1 (Supporting Information).
The shortest Sb-Cl distance is #2.690(4) A, which is larger than
four- and five-coordinated [Sb,Cly]>~ and [SbCL]*~ inorganic
units.?®] To further elucidate the crystalline lattice structure,
bulk Gua,SbCl, SCs were grown for the first time by slow
evaporation of anti-solvents in a precursor solution, yielding
colorless single crystals of almost one centimeter in size with
preferential exposure of the (101) facets (Figures S2 and S3,
Supporting Information). The thermostability of the Gua;SbCl
powders was assessed by thermogravimetric analysis (TGA)
that evidenced that the they had a robust stability above 250 °C
(Figure S4, Supporting Information).

The optical properties of the Gua;SbCl, crystalline powders
were then studied by steady-state and time-resolved optical spec-
troscopy, also using synchrotron light. A qualitative represen-
tation of the absorption profile up to 30 eV excitation is ob-
tained by transforming the diffuse reflectance spectrum accord-
ing to the Kubelka-Munk function,® which shows the char-
acteristic atomic-like transition bands of [SbCL]*~ octahedra
(Figure 2a). In particular, the absorption bands at ~3.3, 3.7,
and ~4.1 eV are attributed to the optical transition coupling
the 'S, ground state of Sb with its 3P;, 3P,, and 'P, excited
states, respectively.*"] This is further corroborated by the perfect
agreement of the spectral position of the transformed reflectivity
peaks with the semi-empirical nephelauxetic series introduced
by Shi and co-workers within the dielectric theory for complex
crystals,®!l which also suggests that the organic cationic sub-
lattice increases the polarizability volume of the Sb—Cl bonds
compared to other fully inorganic zero-dimensional perovskite

Adv. Funct. Mater. 2023, 33, 2305564 2305564 (3 0f7)

systems such as Rb;SbCl,1??"] resulting in a ~0.6 eV redshift
of the lowest Sb transition. The PL profile in Figure 2a was
relatively broad (full width at half maximum, FWHM =390
meV), centered at #1.95 eV, in agreement with the radiative
recombination of STEs in [SbCI]*~ octahedra previously ob-
served in other Sb-based systems, where the large PL Stokes
shift originates from the transient stretching of Sb—Cl bonds
following a Jhan-Teller lattice rearrangement in the excited
state.[220:32]

The measured PL quantum yield was as high as @, =85 +8%.
The corresponding PL excitation spectrum followed the absorp-
tion profile indicating that recombination always occurred from
STEs states independently of the excitation energy, up to 40 eV
(see also Figure S5, Supporting Information). In Figure 2b, the
PL dynamics under pulsed 3.5 eV excitation followed a single ex-
ponential kinetics with lifetime of ~2.5 us, consistent with the
partially allowed nature of the 3P,~!S transition of Sb. Such re-
sults suggest that the electronic isolation of [SbCl;]*~ octahedra
effectively prevents the migration of excitation between neigh-
bouring Sb centers, rendering Gua,;SbCl, crystals almost unaf-
fected by non-radiative defects and trap sites, as will be discussed
later. This picture is further corroborated by the PL spectra ac-
quired at progressively longer delay times (Figure S6, Supporting
Information), which were characterized by essentially identical
profiles, providing a clear spectroscopic signature of the absence
of excitation migration.

Crucially, by exciting the system with soft X-rays, we observed
a RL spectrum in close match with the corresponding PL, in-
dicating that, regardless of the excitation energy and the relax-
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ation path of the photogenerated carriers, radiative recombina-
tion always occurred via STEs localized on single [SbCl(]*~ oc-
tahedra. Consistently, the RL decay kinetics shown in Figure 2d
resembled well the PL dynamics except for a weak additional fast
contribution likely due to ionization of the material or to minor
nonradiative losses under ionizing excitation. These results are
of technological interest for the realizationn of large-area scin-
tillators, ideally unaffected by self-absorption optical losses, and
motivate a detailed study of the scintillation performance of this
material system. In this light, we quantified the scintillation ef-
ficiency of our Gua;SbCl, crystals by performing two indepen-
dent scintillation experiments aimed at estimating a LY value.
First, we compared the RL spectra of the Gua,;SbCl, powders
with those of a reference Bi, Ge;0;, (BGO) crystalline powder (LY
~ 10* ph MeV~1)[33] obtained under the same experimental con-
ditions (Figure 2c). This approach yielded a LY value as high as
2300 + 500 ph MeV~'. Such result was further confirmed by the
direct measurement of the LY obtained by the experimental ob-
servation of the peak associated with the full-energy absorption
events occurring in the Gua; SbCl, powders upon excitation with
a %’Co y-source. This isotope decays by electron capture to the
136.5 keV level of °”Fe: this level decays by emission of a 122 keV
gamma ray 85.6% of the time and by emission of a 136.5 keV
y-ray 10.7% of the time. The observed peak in Figure 2e is thus
due to events where the energy of the y-rays is fully transferred
inside the scintillator by the photoelectric effect or by multiple
Compton events: the width of this peak is affected by the overlap
of the 122 and 136.5 keV y-ray lines. Importantly, the photoelec-
tric peak was well reproduced by a Gaussian function centered
at 1800 + 500 ph MeV~1, providing a LY value in good agree-
ment with that obtained by comparison with the reference BGO
powder. Such scintillation properties make Gua;SbCl, crystals
promising candidates as active materials in high-energy detec-
tors. This potential was further confirmed by their excellent sta-
bility to prolonged exposure to ionising radiation. Specifically, to
test their hardness to prolonged exposure to y-rays, we measured
the RL intensity before and after irradiation with a cumulative
dose as high as 1 MGy delivered by a ®*Co source (Figure 2f) con-
ducted at the Calliope irradiation facility (see also the Experimen-
tal Section and Figure S7, Supporting Information). Remarkably,
despite the large content of organic moieties in their structure,
the Gua; SbCl, powders retained over 70% of their initial RL in-
tensity and both the spectral linewidth (FWHM %0.56 eV) and RL
kinetics remained essentially unchanged compared to the pris-
tine sample, suggesting that the slight RL weakening is prob-
ably due to radiation damage suffered by a sub-fraction of the
sample.

Next, we investigated in deeper detail the nonradiative pro-
cesses competing with the emission from our Gua,SbCl; crys-
tals, by performing PL and RL experiments as a function of tem-
perature, T, from 300 K down to 18 K. As shown in Figure 3a,b,
upon lowering T, both the PL and RL progressively intensified,
blueshifted, and narrowed. The T-dependence of the spectral
linewidth, ['(T), of both the PL and RL is quantified in Figure 3c

through the equation, T'(T) = 2.36 X V/SXx Ej4 /coth(ki;),

which is typically used to describe the phonon-related homoge-
neous broadening of the emission peak (kg is the Boltzmann
constant and S = 5 is the Huang—Rhys factor). Through this

Adv. Funct. Mater. 2023, 33, 2305564 2305564 (4 0f7)
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Figure 3. a) RL and b) PL spectra of Gua;SbClg powders as a function
of temperature, T, from 300 to 17 K (from orange(gray) to black curves).
c) Spectral linewidth and d) integrated intensity versus T extracted from
“a” and “b" (colored symbols correspond to the RL; white symbols corre-
spond to the PL). The black lines are the fitting curves. e) Intensity ratio
between the RL and PL signals as a function of T (normalized to the value
at 20 K). The red line highlights when Iy, /Ip; = 1, indicating an identical
T-dependence for both the PL and RL. f) PL decay curves of Gua;SbClg
powders at decreasing temperature (300 K, black, 18 K grey line). Exci-
tation energy 3.5 eV. g) Zero-delay PL intensity (squares) and PL lifetime
(triangles) extracted from “f". The grey shading in panel “d” and “g” high-
lights the T-regime in which emission occurs primarily from the >P; state
of [SbClg]3~ octahedra.

analysis, we obtained a phonon energy, E,, ~ 32 meV (%260
cm™!), which is consistent with the internal vibrational mode of
[SbCl]*~ octahedra.l>*] In agreement with the high room temper-
ature PL efficiency, the integrated PL and RL intensity (Figure 3d)
increased by only ~#15% upon cooling, with an activation bar-
rier for T-dependent nonradiative losses extracted through Ar-
rhenius fitting of the RL intensity of E, = 40 meV, which is
consistent with the phonon energy found by the analysis of the
spectral linewidth. Interestingly, the RL and PL intensity trends
with T appeared to be remarkably similar, as highlighted by their
Ip (T)/Ip.(T) ratio reported in Figure 3e thus indicating that the
luminescence and scintillation processes are affected by simi-
lar, nearly negligible multi-phonon losses. Consistent with the
suppression of nonradiative thermal losses between 300 and 100
K, the PL decay traces highlighted ~15% lengthening of the PL
lifetime from 2.7 to 3.1 ps in the same T-range (Figure 3f). For
lower temperatures, the PL lifetime underwent drastic decelera-
tion reaching 20 us at T'= 18 K, accompanied by a steep decrease
of the initial PL intensity (Figure 3g). This effect is known to be
the result of the fine structure of the Sb-related STEs featuring a
higher energy, partially bright 3P, state (the 3P, —!S transition
is parity forbidden) separated by a lower lying dark state *P, state
weakly coupled to the ground state by a forbidden transition with
negligible oscillator strength.[?"] We were able to fit the experi-
mental PL decay curves in the whole 300-18 K range with a single
exponential decay function, resulting in the T-dependent PL life-
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ion of T in the 10-300 K range, obtained after a 5 Gy X-ray dose at 10 K. b)

T-dependence of the integrated TSL intensity as extracted from panel “a” and c) TSL spectra at T = 15, 50, 100, 200, and 300 K, vertically shifted for

clarity.

times reported in Figure 3g that were then well reproduced by the
equation, 7(T) = (1 + exp(—A/kT))/(z, ™! + 7, lexp(—A/ky T))
where 7, . are the intrinsic PL lifetimes of the energy levels *P,
and 3P, respectively, and A ~ 5.5 meV is their energy differ-
ence, in good agreement with previous results on both bulk and
nanocrystalline Sb halides.[202:22d:24b,30,35]

Finally, to gather deeper insights onto the nature of the
trap states responsible for the residual nonradiative losses in
Gua, SbCl, crystals, we performed TSL experiments that directly
reveal the thermally induced de-trapping of charges from the trap
states, providing direct information about their energy position
within the semiconductor energy gap. A typical TSL experiment
consists in exposing the sample to a predetermined dose of soft
X-rays while maintaining it at cryogenic temperature where the
populated trap states are stable. The sample, kept in dark and in
unstimulated conditions, was slowly warmed up to room tem-
perature while monitoring the stimulated luminescence result-
ing from the charges that progressively gain enough thermal
energy to jump back to the emissive states from the localized
traps. Specifically, we irradiated the Gua,; SbCl; crystals with soft
X-rays (E,,.x = 20 keV) for 15 minutes (corresponding to an over-
all dose of 5 Gy) and then increased the temperature from 10 to
300 K with a rate of 0.1 Ks™!. The resulting TSL contour plot is
reported in Figure 4a, and it is dominated by an intense emis-
sion peak appearing in the 150-200 K T-range and centered at
1.9eV.

In Figure 4b, we report the spectrally-integrated TSL signal as
a function of temperature (the so-called glow curve), which high-
lights the broad TSL signal (FWHM %90 K) centered at T = 170
K, suggesting the presence of a significantly large distribution of
trap states.[**] To quantitatively determine the energy depth of the
trap states responsible for the TSL signal, we performed a partial
cleaning analysis and applied the initial rise method (see Supple-
mentary Discussion 1, Supplementary Figure S8 for the calcula-
tion details),?”) which leads to an energy depth range spanning
from 200 + 12 to 370 + 20 meV. It is also worth noting that,
at any temperature, the TSL signal arose from the Sb-centers,
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as highlighted in Figure 4c, showing essentially no modification
in the recorded TSL spectra from T = 15 to 300 K, centered at
~1.9 eV, and in very good agreement with the PL and RL spec-
tra discussed above, further corroborating that the only emissive
centers are the distorted [SbCl;]*~ octahedra. We highlight that
the weak signal observed at 2.9 eV at low temperatures is prob-
ably associated to charges trapped in shallow states (this signal is
absent for T > 70 K) that undergo radiative recombination from
the organic Gua layers. Such an effect is tentatively ascribed to
the suppressed charge migration in the Gua,; SbCl, crystals at low
temperature, thus making emission from the Gua molecules de-
tectable, despite still drastically less intense than emission from
the [SbCI(]>~ octahedra.

3. Conclusion

In conclusion, we reported the optical and scintillation properties
of a Sb-based hybrid crystals composed of isolated [SbCl(]*~ octa-
hedra separated by layers of Gua* molecules, showing >1.3 eV
large intrinsic Stokes shift with UV absorption and highly ef-
ficient, orange emission. Spectrally- and time-resolved PL ex-
periments as a function of temperature have demonstrated that
the minor nonradiative recombination channels affect the exci-
ton prior the STE formation and are assisted by phonon modes
quenched at cryogenic temperatures (T < 50 K). Interestingly, the
very similar T-dependence of the PL and RL experiments indicate
that the optical response of the Gua,; SbCl, crystals shows no ap-
preciable modification by increasing the excitation energy from
the UV up to the X-ray energy region (i.e., from 3.5 to 20 keV).
Such results, combined with the high ®;; at room temperature
(85%), suggest excellent scintillation properties, as confirmed by
the light yield value as high as ~#2000 ph MeV~! using 124 keV
gamma ray source. Finally, TSL experiments evidenced that the
traps responsible for the remnant charge trapping pathways in
Gua, SbCl, crystals are featured by a broad distribution of energy
depths.
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