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Recent Developments in Halide Perovskite Nanocrystals for

Indirect X-ray Detection

Olexiy Balitskii, Mykhailo Sytnyk, and Wolfgang Heiss*

Metal halide perovskites are revolutionizing X-ray detection through a
combination of low cost, solution processing, favorable optoelectronic
properties, and high stopping power for high-energy ionizing radiation. While
perovskite single crystals and polycrystalline wafers are considered direct
X-ray converters, most medical X-ray applications are based on scintillators
that shift high-energy radiation into the visible. Several materials are on the
market, but demonstrations based on CsPbBr; nanocrystals, possibly
embedded in a matrix material or combined with organic molecules as
luminescent species, highlight their competitiveness with established
scintillators in terms of radioluminescence yield and transient behavior. Major
hurdles that perovskite nanocrystal scintillators must overcome are
environmental stability and toxicity. While there are still few examples of
high-performance lead-free perovskite nanocrystal scintillators,
microcrystalline perovskites are emerging with promising properties, reduced
toxicity, and significant Stokes shifts to avoid reabsorption of emission in
thick films. Thus, the near future of perovskite nanocrystal scintillator
materials will primarily be the adoption of recipes for materials with proven
properties in microcrystalline form. The nanocrystal colloidal solutions will
facilitate the large-scale printing of homogeneous and scattering-free films to
obtain high contrast and spatial resolution X-ray images by scintillation.

in photodiodes and transistors,!'®! for
water-splitting,'“! energy storage,!'d] and
as efficient absorbers in solar photo-
voltaic cells.'*fl Different cations and
anions can be incorporated during the
fabrication of HPs, and also exchanged
post-synthetically,[*?) to widely tune the
perovskite bandgaps, carrier densities,
and mobility values. Tuning their compo-
sition allows the design of the lumines-
cence, transport, and catalytic properties
of HPs and related structures.?><! Con-
sisting of heavy cations (caesium, lead,
copper, bismuth) and halide anions,
HPs are also widely studied as direct
X-ray detectors and down-conversion-
based scintillating imagers.’3  The
latter would benefit from high exciton
binding energies and near-unity pho-
toluminescence quantum yields but
also suffer from reabsorption losses.!*"!

A pressing need today is the detection
of X- and y-ray photons of different en-
ergies. For example, point-of-care facil-
ities operate a variety of X-ray sources,
specifically from 150 keV for whole-body
scans down to 50 and 20 keV, which is

1. Introduction

Organic-inorganic and all-inorganic halide perovskites (HPs)
have recently been intensively studied for their diverse ap-
plications in monochrome and white light-emitting diodes,*?!

implied in local imaging in dentistry and mammography,
respectively.[“l The former high-energy medical radiography de-
ficiencies in some common cases (e.g., obesity, in-bone scans,
etc.) require either increased radiation doses!*! or enhanced
penetration capability, given by shorter wavelength sources.[*!
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The industrial requirements (e.g., homeland security and cargo
radiography) in active and passive screening, inspection, and
identification cover broader radiation energies, typically up to
10 MeV.1*d] Systematic studies on scintillators have selected those
materials that offer a balance between high X-ray cross-sections,
photoluminescence (PL) with near-unity quantum yields (PLQY)
and decent Stokes shifts, improved radiation resistance and envi-
ronmental stability, and linear response as a function of absorbed
radiation dose. Organic scintillators offer various Forster and ra-
diative energy transfer processes, from aromatic matrices as pri-
mary absorbers to fluorophore dye molecules as wave-shifters,
separating absorption and emission between different organic
components.l>*l Commercial organic scintillators are competi-
tive as soft X-ray detectors due to high light yields, good spectral
matching of radioluminescence (RL) spectra to conventional Si
detectors, and negligible reabsorption, although they are outper-
formed in stopping power by high Z inorganic scintillators.!°"]
Detection materials for harder X-rays and y require higher stop-
ping powers than organic scintillators to keep scintillator thick-
nesses sufficiently small. The solution to broaden the appli-
cability of organic scintillators is to sensitize them by adding
high-Z materials in the form of heavy organometallic complexes
or inorganic nanoparticles, but this adds complexity to the de-
vice assembly and requires careful design of the energy transfer
pathways.[*?] The best performing but most expensive are single
crystal (SC) detectors made from pure or activated tungstates,
garnets, perovskites, and silicates.>¢] These are also advanta-
geous for imaging high-momentum fluences of neutrons and al-
pha particles due to their enhanced radiation resistance.
Historically, scintillating oxide materials were introduced si-
multaneously with the invention of X-rays by Roentgen.®®®! The
natural calcium scheelite minerals used for the pioneering X-ray
detectors in the 19th century were tungstates. Tungstates, mostly
in the form of variously processed CdWO4 materials, are still
routinely used in X-ray imaging and computed tomography.[®¢!
Cost, toxicity, high processing temperature, and poor scalabil-
ity of the SC covalent oxide growth techniques are the major
drawbacks preventing further expansion of their applications.
Conversely, ionic bonding in HP facilitates low-temperature so-
lution processes for the development of single, micro (MC),
and nanocrystalline (NC) devices. Colloidal nanocrystals can be
used to formulate stable inks suitable for printing and for easy,
high-throughput, large-scale deposition of scintillators with de-
sired geometries on various substrates, including imaging de-
vices such as a-Si photodetector pixel arrays. In the latter case, the
deposition must be performed at low temperatures to avoid dam-
age to the detectors. Recently, SC HP direct and indirect detectors
have made tremendous progress due to feasible solution growth
and high sensitivity to various types of ionizing radiation.!”*=!
Although HP NC assemblies for direct detection have been
reviewed,!’*8] the challenges of applicability, shortcomings, and
perspectives of HP nanocrystals in indirect detectors have not
been summarized. Currently in medical diagnostics, except in
mammography, exclusively scintillator-based X-ray detectors are
used for imaging. The reason for this preference is, that scin-
tillators are applied in combination with optimized photodiode
arrays that are used for the conversion of the scintillator radia-
tion into electrical signals. These diode arrays are based on stan-
dard semiconductor technologies, providing photodiodes with
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extremely low dark currents and thus extremely low noise. X-ray
direct converting detectors, even though having high sensitivity,
either provide too much dark current as is the case for practi-
cally all photoconductive perovskite materials, or are weak ab-
sorbers for X-ray radiation, as the amorphous Selenium applied
in mammography. In photoluminescence quantum yield the col-
loidal nanocrystals, when properly passivated, can outperform
the single-crystal materials, so they are ideally suited for scintil-
lator applications. Thus, this paper reviews the recent advances
in the synthesis of halide perovskite NCs, describes the mecha-
nisms of their electronic structure control, and focuses on the
state-of-the-art approaches in down-conversion of high-energy
photons, as is desired in scintillators applied for X-ray imaging
devices. The nanocrystal-based scintillator performances are dis-
cussed and a critical view on parameter comparison is provided,
finally suggesting that standards should be established for the
characterization of scintillators to provide a useful guide for po-
tential applications in medicine, X-ray spectroscopy, or security
inspection.

2. Nature of Indirect High Energy Photon
Detection

High-energy radiation detection is generally based on strategies
of temporally and spatially resolved tracking of ionization events
that have occurred. Traditional high-energy Geiger detectors are
based on ionized gas discharges. Solid-state detectors are much
denser than gases, overcoming the efficiency and accuracy of gas
detectors. Semiconductor detectors allow the fabrication of large
arrays with improved spatial resolution, are more sensitive to
longer wavelengths of radiation due to lower ionization energies,
and have faster readouts and shorter dead times. In semicon-
ductors, inner ionization of the atoms occurs when high-energy
photons are either completely absorbed or inelastically scattered.
Here, “inner” means that the photo-excited electron is removed
from an atom in the semiconductor, but is not removed to the
vacuum after excitation; instead, it remains within the bulk of the
semiconductor. The inner photoelectron excitation and its effect
on the free carrier concentration are sketched in Figure 1a). Af-
ter excitation by photon absorption, inner electrons are highly ex-
cited and released from their parent atom, creating deep nuclear
holes (Figure 1a). Subsequently, electrons from an outer shell fill
the deep holes by Auger recombination or by emission of sec-
ondary electromagnetic radiation. This leads to a multiplication
of holes in the higher levels of the nucleus and gradually also
to holes in the valence band of the bulk material. On the other
hand, the energy dissipation of the high-energy electrons is as-
sociated with the excitation of further electron-hole pairs due to
inelastic scattering by electron-phonon interactions, causing an
increase in the lattice temperature. Thermalized electrons and
holes localize in conduction and valence bands and either form
free excitons or can be trapped by luminescence centers in the
scintillator material, forming bound excitons that contribute to
photon emission at reduced energies. Alternatively, the electron-
hole pairs can be trapped for radiative recombination by lattice
point defects such as cation and anion vacancies, either intrin-
sic or radiation or thermal induced. Other defects include alio-
valent ions and bulkier defects such as dislocations and grain
boundaries. These defects eventually lead to trap states that favor
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Figure 1. a,b): Sketch of the inner photoelectric effect and the generation of multiple excitons creating radioluminescence (Adapted with permission.[32]
Copyright 2021, Springer Nature); c) Comparison of inelastic attenuation cross-sections for CsPbBr;, cadmium wolframate, and diphenyloxazole (PPO)
scintillators and contributions of the photoelectric effect, the Compton scattering and pair production to the total cross-section of CsPbBr; calculated
using XCOM database.[8%] d) Crystal structure of cesium lead bromide exhibiting the most common cubic pm3m (top), and orthorhombic pnma CsPbBr;

(bottom) phases.

nonradiative recombination of the excitons, reducing the effi-
ciency and degrading the detection limit of the scintillators. The
defects can accumulate over the lifetime of the detector, especially
for high-energy photon detection devices. The carriers trapped
in the defect sites are also responsible for a delay of the lumi-
nescence, often seen as an unwanted afterglow, which reduces
the temporal and spatial resolution of the scintillator detection.
The chosen detector processing must avoid defects through crys-
tal quality control and surface passivation during and after the
syntheses. While the internal photoelectric effect (PE) dominates
the inelastic attenuation cross section at X-ray energies below
~300 keV, the Compton effect becomes relevant at higher ener-
gies (Figure 1b).

The Compton effect is an inelastic scattering process in which
the incident photon deposits only part of its energy in the scat-
tering atom, resulting in the excitation of electrons. For incident
y rays whose energies exceed the threshold of 2 free electron
masses (1.02 MeV), pair production will be the dominant inelas-
tic scattering mechanism. This process also produces electron
holes, either directly or indirectly via positron annihilation. The
absorption cross-section in the energy region where the internal
photoelectric effect dominates is highest for heavy elements with
high order number Z. Thus, lead halide perovskites are ideally
suited for X-ray detection in these regions because the incorpo-
rated Pb represents the nuclei with the highest Z value, which is
still non-radioactive. The next element in the periodic table of el-
ements is Bi, which would still be acceptable due to its very slow
radioactive decay, but Bi-based perovskites exhibit much lower
photoluminescence efficiencies than lead halide-based ones. In
the region where pair production in a nuclear field dominates,
the lead halide perovskites exhibit essentially the same small at-
tenuation coefficient as many other materials. In this region,
the only advantage of lead-halide perovskites may be their self-
healing property, discussed below, which allows them to com-
pensate for performance losses due to radiation damage. In con-
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trast to halide perovskite single crystals, which exhibit slow pho-
toluminescence decay with components in the ms lifetime range,
lead-halide NC assemblies typically exhibit short decay times in
the ns range or faster.l® The applications of scintillating detectors
require either rather high radiative recombination rates of exci-
tons in the UV-VIS (c.a. 10°—10'? s7!), which competes with non-
radiative recombination, which can be assisted by trap states. The
relative efficiency quantifies the ratio of radiative to non-radiative
recombination,'%! which can be read as the energy of the emit-
ted photons (E,,,-N,;,) versus the energy of the absorbed X-rays or
y-rays (E):

Eem “N, ph

E

abs

n = 1)

Even for the best detector, the relative efficiency rarely exceeds
20% due to nonradiative and radiative losses (e.g., secondary pho-
tons, Compton scattered photons). For practical use, it is more
convenient to omit the energy of the emitted photons in Equa-
tion (1) and to express the detector efficiency as the light yield
(number of emitted photons per MeV of an incident photon).
Important for this number is also the absorption coefficient for
high-energy electromagnetic radiation, which can be roughly ex-
pressed as

4
« =22 2)
A E;bs
where p is the material density, Z and A are the averaged atomic
number and mass, respectively. One should choose denser ma-
terials (obviously with higher average atomic numbers) to im-
prove detector performance for as thin films as possible. Such
materials are also advantageous in terms of radiation resistance
since their atoms can scatter higher energy (higher momentum)
photons without in-lattice displacements. The power to the cube
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dependence of the photon energy in the denominator of Equa-
tion (2) indicates the toughness in the precise detection of y rays
whose primary scattering mechanism is electron-positron pro-
duction that rapidly annihilates into secondary y quants.

3. Crystal Structure, Electronic Properties of HP
NCs, and Approaches to their Syntheses

Obviously, the common feature of the materials classified as “per-
ovskites” is their relationship to a particular lattice structure.
Therefore, let us first present the crystal structure of the per-
ovskites, which in fact goes back to that of calcium titanate, but
is discussed here for lead bromide perovskite (Figure 1d,e). It
shows the most common cubic Pm3m phase at room temper-
ature. The lattice consists of lead bromide tetraanions [PbBry]*~
surrounding cesium or isovalent organic monocations (shown
in blue in Figure 1d), which balance the net crystal charge. Varia-
tion of the structural geometry (Figure 1le) of lead halide tetraan-
ions (i.e., their displacement, stretching, or stretching) results in
phase transitions to various pseudocubic (tetragonal, orthorhom-
bic) lattices in which the [PbBry]* ions deviate from the ideal
octahedral geometry. This occurs in the dynamically disordered
phases of cesium lead halides consisting of bulkier iodine an-
ions or isovalently substituted lead. For typical short alkylamine
(MA, FA) cations, the NCs usually retain their original stable cu-
bic structure. The double (sesqui-) perovskites (e.g., Cs,PbBr,,
Cs;PbBr;) have a stoichiometric imbalance of their monovalent
cations. These are periodically displaced from primarily linearly
aligned positions (Figure 1), but open the possibility of more di-
verse cation exchanges. Due to the ideal alignment of [PbBr],.
and the monocations A* therein, the hybridization in halide per-
ovskites obeying a sum formula of APDX; is due to an overlap
of p-orbitals of the halides with s- and p-orbitals of lead. Quan-
tum confinement effects of the optical properties in HPs are ob-
served when the dimensions are reduced from bulk material to
NCs. On the other hand, unaligned [PbBr]*~ in A,PbX, act as
single radiation centers and are classified as 0D semiconduc-
tors or 0D “perovskites”, inheriting electronic properties of lead
halide precursors. “Bulk” APbX, single and nanocrystals have
broader absorption spectra and their PL is red-shifted with re-
spect to their lower dimensional A;BX, and A,BX, counterparts.
The singlet-triplet splitting in lead halide perovskites (LHP) re-
sults in a tiny Stokes shift (about tens of meV). This is already
observed in concentrated solutions and even more so in densely
packed NC films, which are less luminescent than their diluted
counterparts. This shortcoming is most pronounced in the bright
triplet materials, and applications in scintillating films typically
require size, shape, or dopant control to increase the Stokes
shift or the use of additional dyes coupled to the HP NCs as
emitters. The first HP nanocrystals were accidentally obtained
by attempting to grow lead-activated cesium halide SC scintilla-
tors from metal halide melts using the Bridgman technique.'!?]
Instead of forming substitutional point defects as in activated
sodium halides, the intended high-temperature CsCl:Pb growth
resulted in the nucleation of CsPbCl; NCs exhibiting PL with
near-unity quantum yield and subnanosecond decay times. Sub-
sequently, this growth process was improved to control the size,
anion composition, and optical properties of the NCs via tun-
able annealing procedures,'™® sorting of anion sublattices!''¢!
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and host matrices,"' and elucidation of the nucleation of HP

and 0D HP NCs during thin film deposition.['¢] The major draw-
back of such NCs has been that they are irreversibly embedded in
SCs or thin-film matrices during the preparation stage, limiting
further NC processing. The Kovalenko group has overcome this
drawback by introducing a solution-processed approach. Their
high-quality, narrow, size-distributed lead HP NCs of cubic shape
were synthesized via a conventional colloidal hot injection route
in a high-boiling point coordinating solvent (octadecene) under
an inert gas atmosphere,[22] where a cesium oleate was injected
into a dissolved lead halide precursor enriched with stabilizing
agents, namely oleylamine and oleic acid. As mentioned above,
HPs are predominantly ionic bonds, so the NC sizes were mainly
controlled by the reaction temperature, with prolonged reaction
time being responsible for the growth of bulkier nanowires and
nanoplatelets.?’] The anion lattice composition can be set at the
synthesis stage or changed post-synthetically by rapid mutual an-
ion exchange.”d The lead HP NCs chemistry includes melt
quenching, low-temperature “one-pot” syntheses, templated syn-
theses, solvo-(aqua-) thermal procedures, with implemented fea-
sible precursors and surfactants. Later, the Konstantatos group
introduced a room-temperature coprecipitation procedure in po-
lar solvents.[3] A subsequent post-synthetic NC surface func-
tionalization in nonpolar media allowed us to achieve near-unity
PL by selecting stronger binding ligands. Due to the ease of sub-
stitution of cesium for alkylamine ions in the perovskite lattice,
specific add-on spacers of bulkier butyl or octyl ammonium can
be added during SC growth. They break the interlayer ionic bonds
and enable top-down approaches (e.g., tape-assisted mechanical
exfoliation) for the fabrication of platelet-shaped NCs with excel-
lent PLQY values and fast PL decays.!'*d]

By using oleic acid species as ligands, surface functionalization
was achieved in the pioneering work of L. Protesescu et al.[12]
and has been extensively applied by others as well.'*] The ligand
species are mainly chosen to provide improved luminescence
properties, i.e., to suppress surface recombination and thermal
quenching,"*! for scintillator purposes where short ligands with
low electrical resistance are not urgently needed. Among them,
phosphonic complexes show better surface passivation, simi-
lar to what was observed for cadmium chalcogenide NCs.['*]
Later, specific metal-organic frameworks based on chromium
and zinc were shown to tune the ultrafast scintillating proper-
ties of CsPbBrCl, NCs.!'*d] While lead-containing perovskites
show record performances not only in solar cells but also in
colloidal nanocrystals, their use is limited due to their toxicity.
Thus, there are many efforts to replace lead with other metals,
in the best case by divalent ones. A prime candidate here is tin.
Tin-based HP NCs were synthesized in Ref. [15a] by introduc-
ing trioctylphosphine as tin reducing agent. Extensive studies of
tin-based HP NCs revealed luminescence properties inferior to
those of lead-based HPs, combined with lower environmental
stability.">"! Tin-based perovskites are notoriously unstable be-
cause thermodynamically, Sn favors oxidation from (+2) to (+4),
which destroys the metal halide tetraanion [SnX,]*~ that is the
fundamental feature within perovskite semiconductors. Similar
drawbacks, such as low luminescence, have been observed for
bismuth HP NCs.[">¢]

Antimony and europium-based perovskite NCs are more com-
plicated to synthesize and require advanced surfactant chemistry
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to prevent rapid degradation of the NCs PL.["*d] Naturally, met-
als with a native oxidation state of +3 and higher can only be
involved in double perovskite configurations.[>¢] These double
perovskites, namely Cs,ABX, (A represents a monovalent ion
such as Na, K, Ag, and B represents a trivalent cation, X repre-
sents the halide), have recently emerged as materials with PLQY
values close to untity. The reason may be that different cations
have favorable coordination with A* and B** sites. These dou-
ble HP (Cs,Ag,Na,  InCl,, Cs,Ag Na, BiCl,, Cs,Ag Na, SbCl,
Cs,Ag,Na, ,YCl, etc.) exhibit bandgap energies that are widely
tunable by alloying with A+ alkali cations. The alkali cation-
alloyed HPs either exhibit indirect band gaps or their optical
transitions are forbidden at their direct band gaps.["**11 How-
ever, these forbidden transitions are broken by small traces of ns?
B** ions doping (e.g., In/Bi, In/Sb, Y/Sb, Bi/Sb),">"] stimulat-
ing broad and fast self-trapped exciton (STE) emission with near
unity efficiencies. To increase the Stokes shift, double HP NCs
can be doped with trivalent lanthanide cations. Alternatively, lan-
thanides are introduced as intrinsic ions at the B** sites.[">" In
both cases, high PLQY can be achieved, but the emission is sig-
nificantly red-shifted. As a disadvantage, the lanthanide emission
suffers from a slow decay time on the scale of 1-10 ms. Neverthe-
less, nanocrystals of interest for scintillator applications, mainly
lead halide perovskites, have been investigated and reported in
the literature.

4. Scintillating Detectors Assembled from
Lead-Halide-Perovskite Nanocrystals

4.1. Beneficial Lead Halide Nanocrystal Materials

There is a limited number of lead-containing HP NCs due to a
limit on possible ion combinations. The limitation is summa-
rized by the Goldschmidt tolerance factor, which predicts size
ranges for possible combinations of cations to form stable 3D
HP compositions.!'] This limitation also limits the possibility of
increasing the X-ray mass stopping power by introducing larger
ions with higher Z-numbers. Thus, strategies to improve the
scintillating properties of NCs focus on their electronic modifica-
tions, i.e., defect and surface control, increasing the Stokes shift
and PLQY values, and eliminating slower components in the lu-
minescence decays. The control of cesium vacancies, for exam-
ple, is a crucial factor in obtaining a short PL decay,'7?] which
is advantageous to avoid the long afterglow of X-ray detectors.
Maddalena et al. carried out a preliminary study on the potential
efficiency of HP NCs with regard to their application in scintil-
lating detectors.['”?! The estimated luminescence efficiencies for
Cu X-rays suggest CsPbBr; as a prime HP material for scintil-
lator research due to its high conversion yield of ~24 000 pho-
tons MeV~1. Other luminescent HP NCs in the same family (e.g.,
FAPbBr, or CsPbl,) are less efficient and provide light yields of
~5 500 photons MeV~1, although CsPbl, has a higher X-ray stop-
ping power than the bromide. A lower light yield excludes many
NCs based on 3-D perovskite materials compared to CsPbBr;, al-
though such NCs may have similar or even better afterglow char-
acteristics. Their low light yield is related to thermal quenching
of the luminescence by nonradiative recombination or to a tiny
Stokes shift causing reabsorption losses, as is explicitly the case
in FAPbBr; NC films.['7"]
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4.2. CsPbBr; Nanocrystal Scintillation Performance in Solutions

X-ray detection using scintillating HP NCs usually starts by test-
ing them in colloidal solutions. Zhang et al. prepared by co-
precipitation CsPbBr; nanosheets exhibiting strong radiolumi-
nescence response.'83 A concentrated solution (150 g L™1) was
shown to be brightly fluorescent under X-rays (Figure 2a), pro-
viding a conversion yield of roughly 21 000 photons MeV~! even
for 662 keV rays, exhibiting high penetration length. A modi-
fied liquid scintillator was proposed in Ref. [18b] by coupling col-
loidal CsPbBr; NCs with 2,5-diphenyloxazole, a bright UV dye.
Being a strong Lewis base, PPO provides strong binding with lead
ions positioned at the NC edges, replacing the native oleic lig-
ands there. The PPO-stabilized HP NCs perform as wavelength
shifters (Figure 2b), which provide linear response versus dose
rate up to 500 mGy s~! (Figure 2c). Furthermore, the PPO cou-
pling improves stability and allows for obtaining a light yield of
23 300 photons MeV~!. The CsPbBr; NC solution yields better
scintillating properties than CsPbCl, with lower stopping power
and even better than CsPbl; NCs (Figure 2c) with higher stop-
ping power. Still, it emerges to be clearly overperformed by PPO-
HP hybrid composites. Thus, the tactic to improve the efficiency
of HP NC-based liquid scintillator by using nonradiative reso-
nant energy transfer between donor and acceptor species, i.e.,
the Forster effect, seems successful. In Ref. [18c], coupling vari-
ous organic dyes to CsPbBr; NCs as high-Z X-ray absorbers were
tested to obtain hybrid scintillators with enhanced light yield val-
ues (Figure 2d). In detail, PPO, 9,10-diphenylanthracene (DPA),
p-terphenyl (PTP), and naphthalene (NAP) modified HP NCs
were compared. The light yield was increased for all of them, and
the maximum value obtained reached 16 700 photons MeV~!. A
decay time enhancement (from c.a. 25 to 37 ns) was registered
but considered not to be crucial.

X-ray detection using scintillating HP NCs usually starts
with testing them in colloidal solutions. Zhang et al. prepared
CsPDbBr; nanosheets by co-precipitation, which exhibited a strong
RL response.['8] A concentrated solution (150 g L~!) was shown
to be brightly fluorescent under X-rays (Figure 2a), giving a con-
version yield of ~21 000 photons MeV~! even for 662 keV rays,
exhibiting a high penetration length. A modified liquid scintilla-
tor has been proposed in ref. [18b] by coupling colloidal CsPbBr,
NCs with 2,5-diphenyloxazole, a bright UV dye. As a strong Lewis
base, PPO provides strong binding with lead ions positioned at
the NC edges, replacing the native oleic ligands there. The PPO-
stabilized HP NCs act as wavelength shifters (Figure 2b), provid-
ing a linear response versus a dose rate of up to 500 mGy s~!
(Figure 2c). In addition, the PPO coupling improves the stability
and allows a light yield of 23 300 photons MeV~! to be achieved.
The CsPbBr; NC solution gives better scintillating properties
than CsPbCl; with lower stopping power and even better than
CsPbI; NCs with higher stopping power (Figure 2c). However,
they are clearly outperformed by PPO-HP hybrid composites.
Thus, the tactic of improving the efficiency of HP NC-based lig-
uid scintillators by exploiting the non-radiative resonant energy
transfer between donor and acceptor species, i.e., the Forster ef-
fect, seems to be successful. In Ref. [18¢], the coupling of var-
ious organic dyes to CsPbBr; NCs as high-Z X-ray absorbers
was tested to obtain hybrid scintillators with enhanced light yield
values (Figure 2d). Specifically, PPO, 9,10-diphenylanthracene,
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Figure 2. a) Colloidal CsPbBr; nanosheet solution under daylight and X-rays (Reproduced with permission.[8] Copyright 2019, American Chemical Soci-
ety); b) CsPbBr; NCs, PPO and CsPbBr; NCs+PPO liquid scintillator under daylight and UV (Reproduced with permission.!'8®] Copyright 2020, Springer
Nature), c) RL dose dependencies of cesium lead halide NCs in pristine form and dressed by PPO dye (Reproduced with permission.!'8®] Copyright 2020,
Springer Nature), d) Integrated RL intensities of commercial EJ-301 scintillator, CsPbBr; NCs in pristine state and covered by PTP/PPO/DPA/NAP dyes
(Reproduced with permission.['®] Copyright 2022, American Chemical Society).

p-terphenyl, and naphthalene modified HP NCs were compared.
The light yield was increased for all of them, and the maximum
value obtained reached 16 700 photons MeV~!. An increase in
lifetime (from =25 to 37 ns) was observed but was not consid-
ered critical. The hybrids were sensitive to various y beams (356~
1274 keV), providing lower light yields at these high energies. The
light yields obtained, ranging from 6 115 for DPA to 8 370 pho-
tons MeV~! for PTP dye, is still advantageous for high-energy de-
tection because of the linearity of their detection responses versus
the quantum energy of various y sources.

Liquid scintillators have obvious advantages: low cost, mass
scalability, and ease of processing. However, their Forster reso-
nance energy transfer is highly dependent on the stability of the
dye-NC and the small coupling distance, which are difficult to
maintain in solution, especially at high doses. Additional disad-
vantages of scintillating solutions that limit the efficiency and
spatial resolution of the detector are flocculation in colloids, sol-
vent volatility, Brownian motion, etc. Furthermore, in solution,
the scintillating nanocrystals are naturally diluted by the solvents,
requiring larger device dimensions to absorb all of the X-ray radi-
ation, which also limits the spatial resolution in imaging devices.
Any fractures in the scintillator housings will result in leakage of
toxic lead-containing liquid environments, which no user wants.
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Therefore, the assembly of NCs into a scintillating solid is pre-
ferred for any application.

4.3. CsPbBr,; Nanocrystal Assemblies in Scintillating Solids

There are several ways to obtain solid nanocrystal assemblies ap-
plicable to scintillator applications. They can be applied as purely
nanocrystal solids or they can be incorporated into matrix mate-
rials, organic or inorganic, crystalline or amorphous. Of course,
the matrix materials have a profound effect on the overall per-
formance of the scintillator by influencing reabsorption, lumi-
nescence yield, or environmental stability. Several strategies are
discussed in detail below.

4.3.1. Pure CsPbBr; Nanocrystal Assemblies

While structurally the most perfect form of solids is given by
single crystals, self-assembled NC arrangements can even out-
perform the single crystal HP materials for instance due to the
stronger coupling of the wave functions of the individual NCs,
eventually providing superradiance.l’] An easy way to integrate
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NCs into solids is given by the possibility of preparing thick films
simply by drop casting. The sub-nanosecond time of the main
decay component (0.67 ns) was achieved by size selection of the
NCs used, as the slow decay component is attributed to “thick”
nanosheets that adopt the bulk properties of CsPbBr;. More ad-
vanced than drop casting is deposition by a doctor blade. A ho-
mogeneous CsPbBr; NC film deposited by doctor blade coat-
ing was tested as an X-ray phase contrast imager in Ref. [20a].
The unprotected NCs withstood a dose of 3.6 Gy at a dose rate
of 1 mGy s7!, after which they were susceptible to bleaching.
The simple oleic acid ligands usually attached during nanocrys-
tal synthesis do not prevent their photodegradation even after ex-
posure to lower X-ray energies of 1.5 keV. Therefore, protec-
tive ligands or matrices are desirable.2! In later work, the long-
term stability of NC scintillator films was improved with protec-
tive organometallic surfactants!?®®! or by changing the shape of
the nanocrystals. With their native oleic acid ligands, CsPbBr;
films of nanosheet-shaped NCs were self-assembled by solvent
evaporation. These films outperformed conventionally activated
sodium halide scintillators in efficiency and provided a fast re-
sponse with a main decay component of ~11 ns over a wide
range of dose rates up to mGy/s.[?*I The NCs were cast onto flex-
ible substrates of choice, such as polydimethylsiloxane (PDMS),
for scintillator preparation, which was placed on a photomulti-
plier tube (PMT) for detection of the emitted photons (inset in
Figure 3a). Imaging was demonstrated with a film of 120 um
thickness, and ultralow doses (rates as low as 13 nGy s7!) of X-
rays were detected.d] The films showed an approximately linear
response at high dose rates (10 nGys™'-mGys™!), and their re-
sponse saturated at 0.1 mm thick films, most likely due to the
increasing influence of self-absorption (Figure 3a). This 120 um
NC film outperformed several commercial scintillating materials
in luminescence yield, and of CsI:Tl, for example, a 5 mm thick
piece was required to compete with the colloidal NCs.

4.3.2. CsPbBr; Nanocrystals in Organic Polymer Matrix

As a further development of nanocrystal films, the CsPbBr; NCs
were embedded in polymers. For example, the nanocrystals were
embedded in a poly(methyl methacrylate) PMMA film that was
mechanically attached to an organic photodetector. This combi-
nation was investigated as a proof-of-concept for a flexible in-
direct X-ray detector.?%! The active layer of the organic photo-
diode was chosen to be ~2 pm thick. With the attached NC in
PMMA film, the detector is sensitive to 100 pGy x-ray doses.
While this value is by no means a record, the PMMA-CsPbBr;-
NCs composite approach proved very attractive in a device geom-
etry reminiscent of commercial devices in which the scintillator
is packed directly onto a photodetector array and protected by a
carbon fiber-reinforced polymer film. For these devices, the X-
ray absorption efficiency has been optimized up to 80%. Such a
device showed a luminescence efficiency of up to 177 000 pho-
tons MeV~!, the highest value ever reported for perovskite ma-
terials, and a linear conversion dependence for dose rates up to
0.6 mGy 571121 The CsPbBr, NC scintillator lost only 4% of its
initial conversion value after the stability test at a radiation dose
of 40 Gy s71, which is comparable to the sensitivity loss observed
for commercial gadolinium oxysulfide scintillators. Imaging with
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Figure 3. a: RL for a CsPbBr; NC film-based scintillator as a function of
dose rate. The inset shows a sketch of a sandwich detector consisting of
CsPbBr; NC film, a polydimethylsiloxane layer, deposited on a photomulti-
plier (Reproduced with permission.!204] Copyright 2018, Springer Nature)
b: Photographs of CsPbBr; NCs embedded in Cs4PbBrg single crystal ma-
trix irradiated by sunlight (top) and 365 nm-LED (bottom). The size of the
crystal was ~8 X 8 X 3 mm (Reproduced with permission.[232] Copyright
2022, Elsevier B.V.) c: Comparison of RL stability of CsPbBr; NC film and
Europium doped CsPbBr; NC-in-glass composites under prolonged com-
bined radiation, and thermal stress: arrows indicate X-rays on (first), X-
rays-off and start heating (second), terminate heating (third) (Reproduced
with permission.[24¢] Copyright 2021, Wiley VCH GmbH); d: Water stability
of CsPbBr; in a sodium and zinc modified borosilicate glass (Reproduced
with permission.[248] Copyright 2021, Royal Society of Chemistry).

this scintillator has also been demonstrated and better lateral res-
olution has been reported compared to a commercial gadolin-
ium oxysulfide scintillator or even an amorphous selenium direct
conversion imager. As an alternative, embedding in polystyrene
was demonstrated in Ref. [21c]. Special care was taken to avoid
any aggregation of the CsPbBr; NCs within the matrix, which
was achieved by using different ligands. The ligand exchange
to didodecyldimethylammonium bromide allowed a 10% filling
factor in the polymer with reduced scattering compared to the
original oleic acid and oleylamine-capped NCs.[?' Instead of a
pure polystyrene matrix one with small amounts of additional or-
ganic species (2-(4-tert-butylphenyl)—>5-(4-phenylphenyl)—1,3,4-
oxadiazole) was used, and instead of pure CsPbBr; NCs also
CsPDb(Cl/Br); NCs emitting at shorter wavelengths were incor-
porated which allowed to enhance the faster and suppress the
slower luminescence decay channels in the scintillator.[d]
Embedding into an organic matrix is a strategy that is also
highly suitable for combining the CsPbBr, nanocrystals with or-
ganic downshifters, as described above for CsPbBr; nanocrys-
tals in solution. In a recent example, CsPbBr; nanocrystal sheets
were shown to be potent X-ray sensitizers for directly attached or-
ganic chromophores exhibiting thermally activated delayed flu-
orescence (TADF chromophore).?23] The luminescence in the
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chromophore is excited by interfacial energy transfer. TADF chro-
mophores are one of the best candidates for luminescent cen-
ters due to their minimized singlet-triplet energy gap.!??*) This
allows them to utilize both singlet and triplet excitons for light
emission through highly efficient spin upconversion from non-
radiative triplet states to radiative singlet states. Difluoroboron
1,3-diphenylamine g-diketonate was chosen as the chromophore,
which contains 2 fluorine atoms that can form strong bonds with
the lead atoms (F-Pb) within the CsPbBr; nanosheet, ensuring
efficient interspecies energy transfer to enhance emission. The
donor-acceptor structures were incorporated into PMMA films,
which acted as scintillating films with a low detection limit of
~39 nGy s71.1223] An important feature of this donor-acceptor ap-
proach in a polymer matrix is that the emission is virtually non-
absorbing and thus loss-free. This has been demonstrated in de-
tail in Ref. [22b] by combining the CsPbBr, nanocrystals as sensi-
tizers with a perylene dye called 9,9-bis[perylene-3,4-dicarboxylic-
3,4-(N-(2,5-di-tert-butylphenyl)], which was chosen as emitter due
to its perfectly aligned highest occupied molecular orbital and
lowest unoccupied molecular orbital with the valence and con-
duction bands of CsPbBr;. The scintillator was tested to provide
a decent photon yield of ~10 000 photons MeV~! and a short
emission lifetime of 3.4 ns. In a PMMA-based waveguide, the
propagation of radioluminescence from a scintillator film was
shown to exhibit low losses on a > 10 cm scale, demonstrating the
reabsorption-less property of the composite scintillator. Similar
composite scintillators based on CsPbBr; nanocrystals and an or-
ganic wavelength shifter have been tested for X-ray imaging and
in so-called radioluminescent nuclear batteries. The latter con-
tains a radionuclide as an energy source, whose radiation is con-
verted by a scintillator into the UV/Vis spectral range. The gener-
ated light is then harvested by a highly efficient solar cell, possi-
bly based on epitaxial III/V semiconductor single or even multi-
junction devices. In Ref. [22¢] such a battery has been simulated
and tested using CsPbBr; NCs in PMMA matrix combined with
an organic dye, PPO, as a wavelength shifter to match the spectral
response of the chosen solar cell. As a result, it was demonstrated
that CsPbBr, nanocrystals can be used as a wavelength shifter to
control the emission spectrum of PPO and significantly improve
the overall performance of the radioluminescent nuclear battery.

4.3.3. CsPbBr; Nanocrystals in Inorganic Crystalline Matrix

Since the embedding of colloidal perovskite NCs in organic ma-
trix materials resulted in scintillators with promising properties
in terms of photon yield, radiation hardness, and dynamic behav-
ior, the question arises of how such a strategy could be further im-
proved. One possibility would be to embed the ABX; NCs in in-
organic matrix materials, at best in the form of single crystals. In
this case, the matrix material has to be chosen in such a way that
a close lattice match with the NCs is achieved in order to obtain
perfect interfaces and thus NC surface passivation. A promising
attempt in this direction was reported in,[2*?] where single crys-
tals were grown by a solvent-cooling method. By using a special
temperature cooling profile with a hold at ~70 °C to nucleate the
growth of nanocrystals at this stage, mm-sized Cs,PbBr, single
crystals with embedded CsPbBr; NCs were obtained (Figure 3b),
exhibiting luminescence with a quantum yield close to 80%. This

Adv. Mater. Technol. 2024, 9, 2400150 2400150 (8 of 22)

www.advmattechnol.de

resulted in excellent scintillator parameters with a photon yield of
15 290 photons MeV~!, a linear response as a function of irradi-
ance, and a low detection limit. In addition, the average emission
lifetime was short (12.8 ns), indicating a low concentration of
radiation-induced trap states. Ref [2®! reports light yield parame-
ters for CsPbBr; embedded in Cs,PbBr, in the form of nanocrys-
tals instead of single crystals. Their performance was tested un-
der y radiation exposure, providing 64 000 photons MeV~" and an
average emission lifetime of less than 10 ns. In addition, energy-
resolved detection was demonstrated with a resolution signifi-
cantly better than commercial NaI(Tl) scintillators, highlighting
the advantages of CsPbBr; nanocrystals when properly passi-
vated by a shell or inorganic matrix. The overall advantages of
such a CsPbBr; in inorganic wide bandgap matrix strategy have
been discussed in Ref. [23c] as i) higher X-ray stopping power
of the host matrix compared to low-Z glasses and acrylates used
as matrixes; ii) protection of the nanocrystalline emitters from
degradation; iii) suppression of reabsorption via higher Stokes
shift; iv) activation of the wide bandgap host to low bandgap
guest excitation transfer; and v) facilitation of device processing
and complexity reduction, since both host and guest are derived
from the same raw precursors. Thus, as with the organic ma-
trix, an inorganic matrix for CsPbBr; offers several promising
advantages and thus represents a research avenue worth pursu-
ing. In addition to high photon yield and low detection limit,
stability has also been achieved, which is an important compo-
nent for X-ray detectors in modern applications. What remains
to be improved is the spatial resolution of scintillating detectors.
In CsI:Tl scintillators, arrays of oriented columnar structure are
often grown, with each column acting as both an X-ray converter
and an optical waveguide. Similar structures have been obtained
from perovskites.?3-¢ In particular, single crystalline nanowires
were fabricated by infiltrating a perovskite precursor solution
into the pores of commercially available anodized aluminum ox-
ide (AAO) membranes.[?*d] This templated grown nanowire ar-
ray with more or less regular spacing between the wires allowed
X-ray imaging with a spatial resolution of ~160 lp mm~" at mod-
ulation transfer function (MTF) = 0.1, which is nominally bet-
ter compared to CsI(Tl). Besides 2D imaging, even 3D X-ray to-
mography with um resolution has been demonstrated; however,
the required illumination times were too long for practical ap-
plications due to a too-short wire length and thus a too-low light
yield.[2%¢]

4.3.4. CsPbBr; Nanocrystals in Inorganic Glass Matrix

Several references use a melt-quenching approach to achieve nu-
cleation and growth of perovskite NCs within various types of
glasses.[2**] The first to use such perovskite in a glass matrix
were probably Wang et al.,[2*] who not only showed scintilla-
tion with different colors depending on the halide composition,
but also a long lifetime. They also showed that radiation-induced
damage to the scintillator can be healed by reheating it to the glass
transition temperature, making these devices reusable. Improve-
ments of the CsPbBr; in the borosilicate glass experiment were
achieved in terms of homogeneous distribution of the nanocrys-
tals within the matrix, resulting in reduced scattering, and in PL
quantum yield by light doping with europium. In such a hybrid
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assembly, europium is partially incorporated into the lattice of
HP NCs, resulting in a slight shrinkage of its lattice. A similar
glass has been thoroughly tested for stability and degradation in
Ref. [24e], where X-ray imaging with a remarkably high resolu-
tion of 15 Ip mm~' was demonstrated. The CsPbBr;:Eu** NCs
glass composites have a reasonable stopping power for X-rays up
to 300 keV, a negligible afterglow, stable characteristics almost
independent of the ambient humidity, and elevated temperature
conditions (Figure 3c) withstanding up to tens of mGy accumu-
lated doses. The stabilizing dopant does not necessarily have to
be europium, as shown in Ref. [24f], where CsPbBr; NCs were
doped with lutetium ions. In such NCs-in-borosilicate glass com-
posites, the NCs are uniformly distributed, resulting in highly
transparent and waveguiding samples. The incorporation of Lu**
into the NCs stimulates a fast response with decay times of 27 ns
and low detection limits of 50 nGy s7!. As already discussed for
undoped CsPbBr; NCs in a glass matrix,[?*l the authors here
introduce thermal healing processes that allow the healing of
various photodamages in the detectors caused by high-dose X-
rays, ultraviolet, and daylight irradiation. The CsPbBr; NCs de-
scribed in Ref. [24g] were crystallized inside sodium and zinc-
modified borosilicate glass and not only showed that they operate
with increased environmental stability and water resistance over
weeks (Figure 3d) compared to colloidal nanocrystal films but
also highlighted the possibility to fabricate fibers from such glass-
ceramics. As an important argument for possible commercializa-
tion, the cost of the CsPbBr;-in-glass approach was also estimated
to be significantly lower than that of Bi,Ge; 0, single crystals. A
special case is CsPbBr; NCs precipitated in tellurite glasses due
to their relatively high refractive index, which is close to that of
the embedded NCs. This should reduce scattering and improve
transparency. Unfortunately, the PLQY in such a ceramic-glass
composite was limited to 7%, partly caused by self-absorption
due to the small PL Stokes shift of the embedded NCs. The
advantages of the CsPbBr; in telluride glass are an almost lin-
ear dependence of RL versus X-ray flux and only low X-ray
darkening and thermal quenching of RL.?*"] Furthermore, the
lower melting and glass transition temperatures of the telluride
glass as compared to the borosilicates make its preparation less
energy-consuming.

From section 4.3 it can be concluded that CsPbBr; is excel-
lently suited for scintillator applications, regardless of whether
the nanocrystals are present as a pure nanocrystal assembly
or whether they have been embedded in various matrix ma-
terials. CsPbBr; is sufficiently stable and has a sufficiently
high melting point so that all these treatments can be carried
out. CsPbBr; always shows excellent emission behavior and
is therefore probably the most important material for scintil-
lators made of perovskite semiconductors. However, there are
also alternatives, especially inorganic-organic hybrid perovskites,
whose suitability as X-ray scintillators has of course also been
investigated.

4.4. Alternative Lead-Halide Perovskites to CsPbBr,
As mentioned above, the 3-D lead halide perovskite CsPbBr,

is primarily used in NCs, especially in scintillator applications,
and any deviation from this composition generally results in
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NCs with less convincing properties. Changing the halide from
bromine to chlorine already leads to strongly changed prop-
erties, not only regarding the emission wavelength. This was
demonstrated with CsPb(Cl,Br),; NCs embedded in borate glass,
which exhibited much higher PLQY for either pure bromine
or bromine-rich HPs than for chlorine-rich ones. The latter ex-
hibits much faster emission, which is attributed to the pre-
dominance of non-radiative recombination.!?®*] While NCs pre-
pared by precipitation within a glass matrix at high tempera-
tures are expected to exhibit predominantly non-radiative recom-
bination due to the lack of sufficient surface passivation, a large
difference between the PLQY of bromides and chlorides was
also observed in colloidal NC solutions of FAPbBr;,Cly, syn-
thesized by ligand-assisted precipitation (Figure 421).[ZSCls To ob-
tain transparent plastic scintillators (Figure 4b) with low scat-
tering, the NC was covered with bis(2-(methacryloyloxy)ethyl)
phosphate (BMEP) ligands, which allowed the nanocrystals to
couple to the polymer matrix during polymerization. FAPbBr,
NCs were embedded in an EJ-290 plastic scintillator and com-
pared with a FAPbBr;/PMMA nanocomposite, which showed
superior performance in terms of both photon yield and lumi-
nescence decay time, which was found to be in the order of
~150 ns. X-ray imaging was also successfully demonstrated with
the FAPbBr;/PMMA nanocomposite (Figure 4c). However, to
compete with CsPbBr;, the novel FAPbBr; /PMMA nanocompos-
ite must be significantly brighter to overcome the reduced X-
ray stopping power, which may be difficult to achieve. For this
reason, hybrid HP nanocrystals with and without Cs have been
developed for scintillating detectors of radiation other than X-
rays. While the nanocrystals described in Refs. [2°4] were tested
with an 80 kV X-ray source, and the following NC scintillators
have been demonstrated for fast neutron imaging,[**®! and for
gamma radiation detection,[?>*¢] respectively. Both scintillators
are NCs in solution. The attractive feature of the Mn?*~doped
CsPb(BrCl); NCs in Ref. [25b] is the Stokes-shifted radiation,
which is observed with quantum yields up to ~60% for a Br
content x~0.5 (Figure 4d), allowing for nearly self-absorption-
free emission. This feature, together with the possibility to ob-
tain relatively highly concentrated solutions, shows the potential
of Mn**:CsPb(BrCl); NCs to replace the currently used ZnS:Cu
NCs as the leading scintillator for fast neutron imaging. Ref. [25¢]
discusses the use of perovskite NCs for neutrino detection but
uses a gamma-ray source to demonstrate the feasibility of HP
NCs as wavelength shifters in a liquid scintillator. The primary
scintillator is 2,5-diphenyloxazole in a toluene solution at a con-
centration of 1 g L™'. The nanocrystals used are platelets with a
composition of L,[MAPDbBr,]PbBr,, where L is a ligand such as
n-butylammonium or n-octylammonium. The addition of these
NCs to the PPO scintillator allows to obtain a two-color emission,
which is dominated by the perovskite emission only at high con-
centrations. For applications such as neutrino detectors, the de-
scribed liquid scintillators still require many improvements.
The observation that perovskite NC materials are suitable
for scintillator applications for different high-energy radiations
with the same device was demonstrated by Datta, Fiala, and
Motakef,[2>¢] who used a 2-D perovskite based on lithium-alloyed
phenethylammonium lead bromide (PEALPB). The advantage of
lithium is that it absorbs thermal neutrons, passivates trap states,
and thus increases the light yield. In addition to scintillation by
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Figure 4. Lead-perovskite nanocrystals. a) The integrated photoluminescence intensity measured for FAPbBr;,Cl;_,y NCs as function of the Br/Cl
x. Inset: Photograph of dispersed FAPbBr3,Cl3(1_,y NCs under UV light; from left to right: x = 0, 0.2, 0.4, 0.6, 0.8, 1. b) Photograph of FaPbBr; NCs
embedded in a plastic scintillator. ¢) X-ray image of a metal spring, acquired using the 1.8 wt.% loading FAPbBr; /PMMA nanocomposite scintillator
(Reproduced under terms of the CC-BY license.[2d] Copyright 2022, The Authors, published by MDPI). (d) Photoluminescence quantum yield of a 50%
Mn-doped sample series of CsPb(BrCl); NCs as a function of Br content (blue dots — total quantum yield, orange dots—quantum yield of Mn?* emission
(Reproduced with permission.[2°b! Copyright 2021, American Chemical Society).

X-ray excitation, the PEALPB was also shown to detect gamma
rays and neutrons. The special highlight of Ref. [25¢] is that the
perovskite was filled into a microcapillary plate to obtain an ar-
ray of 1.2 mm long hexagonal rods with lateral dimensions down
to 20 microns (Figure 5a). These arrays mimic the columnar
growth of commercial CsI:T] detectors and allow the improve-
ment of lateral resolution for X-ray imaging due to waveguid-
ing effects in each of these microcapillaries. By combining this
structured scintillator plate with a Si-based pixelated photodiode
array X-ray images could be taken. As a result, high-resolution
X-ray imaging was achieved, as illustrated by an image of a USB
flash drive (Figure 5b). A modulation transfer function was mea-
sured as a function of spatial frequency and compared favor-
ably with those obtained by other direct and indirect X-ray im-
agers (Figure 5c). This ultra-high resolution, which is promis-
ing for a wide range of applications, was achieved in Ref. [25¢]
using single crystals grown in the microcapillaries, and thus
it is an open question whether similar or even better results
could be obtained using NCs made of the same material or other
perovskites.

4.5. Radiation Hardness and Self-Healing of Lead-Halide
Perovskite Nanocrystals

What remains to be improved for metal halide perovskite
nanocrystal scintillators is stability. A milestone in this direction
was reported by Brovelli's group,[?!?) which demonstrated a com-
bination of extreme y-ray hardness and high scintillation yield.
This achievement was made possible by post-synthetic fluorina-
tion of the nanocrystal surface to reduce surface trap states, re-
sulting in a fivefold increase in scintillation efficiency. The scin-
tillation efficiency of the CsPbBr; NCs changed only insignifi-
cantly with the absorbed dose of up to 1 MGy delivered by a
non-monochromated °°Co source,?!?l a dose equivalent to the
annual dose accumulated by the inner walls of a nuclear reac-
tor chamber and by the inner magnetic coil of the Large Hadron
Collider at CERN. The relevance of these results to X-rays used
for medical imaging is still questionable. However, the low radi-

Adv. Mater. Technol. 2024, 9, 2400150 2400150 (10 of 22)

ation damage observed for the non-monochromated %°Co source
is still surprising, considering that the plastic vials in which the
nanocrystals were kept during the irradiation experiment eventu-
ally appeared brittle, whereas the CsPbBr; remained almost un-
affected. The low radiation damage could also be attributed to an-
other amazing ability of HPs, which has been described as a self-
healing phenomenon. The effect has been clearly demonstrated
in bulk single crystals for various APbBr; perovskites.[?'] Here,
the damage was induced deep in the material by 2-photon ab-
sorption, resulting in bleach in the luminescence of the samples,
which recovered on different time scales depending on the cho-
sen perovskite materials. These self-healing phenomena may be
related to the diffusion of ions within the single crystals, healing
previously generated point defects. An important point for self-
healing is that after damage, no species provided by the damage
can escape from the spatial region of damage. This condition is
provided in the single crystals, and damage is induced deep in
the volume by the surrounding crystalline material. Self-healing
was also briefly discussed for lead-halide perovskite nanocrys-
tals. Even though this is possibly not a very clear demonstra-
tion of self-healing, the high photoluminescence quantum yield
and the long stability of CsPbBr; nanocrystals in polar solu-
tion have been ascribed to a ripening effect, which can heal sur-
face defects.?>!l Clearer evidence for self-healing in lead-halide
nanocrystals was given for MAPbBr, encapsulated in NiO nan-
otubes. In the study by Kamau et al.?>¢! A decrease in the per-
ovskite’s luminescence intensity was observed as a function of il-
lumination duration by a UV laser. The reduced luminescence in-
tensity, however, recovered after the laser was switched off for sev-
eral hours. Self-healing of lead-halide perovskite nanocrystals has
been reported also several times for cases where the nanocrys-
tals have been incorporated into the polymer matrix. In this case,
however, more of the self-healing properties of the polymers have
been demonstrated than those of the nanocrystals, for instance,
the healing of a scratch in the composite, as was demonstrated in
Ref. [25h]. It should be noted, however, that there are very clear
demonstrations of self-healing in lead-free perovskite nanocrys-
tals and related lead-free materials, as will be discussed in
chapter 5.1.
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Figure 5. Imaging detector based on a 2-D perovskite, based on lithium-alloyed phenethylammonium lead bromide (PEALPB). a) Plan view of a single-
crystalline PEALPB scintillator array produced by filling a borosilicate glass microcapillary plate. b) Electronic circuits within a USB drive visualized by
X-ray imaging with a PEALPB array of hexagonal microrods. c) Modulation transfer function of PEALPB array-based X-ray detector along with MTF
functions of other state-of-the-art detectors with relatively lower thicknesses. The sync function plot corresponds to the theoretical MTF function of a
100 um pixel pitch, shown as a reference (Reproduced with permission.[?°¢] Copyright 2021, Springer Nature).

5. Scintillating Detectors Assembled from
Lead-Free HP NCs

The primary strategy for improving HP NCs is to eliminate
reabsorption — an obstacle that becomes relevant when thick
films are assembled, as required for X-ray absorption, or when
highly concentrated solutions of NCs are used as scintillators.
Remarkable progress has been made with Cs;Cu,I; NCs, a 0D
quasi-HP family member. To date, reliable low-temperature syn-
theses have been demonstrated to achieve reasonable size and
shape control of the NCs. Most importantly, the high Z values of
Cs,;Cu, I were combined with shorter luminescence decay times
and higher luminescence quantum yields than for Cs;Cu,Br;
and Cs,Cu,Cl; NCs.2%] With Stokes shift values above 1 eV,
these NCs are best suited as lead-free substituents for CsPbBr,
among many HP NCs.?*"l Cs,Cu,I; NC scintillators are linearly
sensitive to X-ray exposures as colloidal solutions and drop-cast
films (Figure 6a) for dose rates between 13.4-94.1 uGys™' and
yield a remarkable 79 000 photons MeV~! to overcome many in-
dustrial SC scintillators.?% Due to the confined exciton within
the 0D [Cu,[s]; clusters, where the cluster orbitals do not over-
lap, the spectral regions of emission and excitation of Cs;Cu,I;
NCs are narrow and significantly separated. Thus, reabsorption is
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not observed even in rather dense NC assemblies. The nanocrys-
tals have been tested for environmental stability over several
months and under operational conditions for several days. Thus,
Cs;Cu,Is-based scintillators could be used for X-ray imaging
and computed tomography with impressive results. Figure 6¢,d
shows a reconstructed 3D image next to one of the measured
projections, revealing the shape of a snail with fine details. Al-
though the stability of Cs,;Cu,I; NCs was found to be sufficient
for computed tomography experiments,1?®®! it was further im-
proved in Ref. [26¢] (Figure 6e) together with the PLQY (up to
87%) by dispersing Cs;Cu,I; NCs in transparent styrene matri-
ces. The controlled polymerization allowed the fabrication of a
wide-area scintillator to detect dose rates as low as 63 nG y*1.[26]
As in the case of lead HP nanocrystals, stability improvements
can also be achieved for lead-free HP NCs by embedding them
in a glass matrix. Thus, a series of lead-free cesium-manganese
HP NCs (CsMnCl;, CsMnBr;, and Cs;Mnl;) have been prepared
in Ref. [26d] in a boron-aluminum-calcium glass matrix by sim-
ple melt quenching methods. The CsMnCl; NCs exhibited the
highest radioluminescence intensity and PLQY of 41.8%. The
NCs-in-glass composites exhibited a linear response to X-ray ex-
citation dose rates from 0.5 to 162 mGy s~! (Figure 6b) with a
detection limit of 470 Gy s~'.12¢4] In addition, high-resolution
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Figure 6. Performance of lead-free perovskite nanocrystals in scintillating detectors. a) RL intensity of Cs3Cu, |5 NCs and CsPbBr; NCs as a function of
X-ray dose rate; a photograph of Cs;Cu,ls NC film under X-ray excitation is shown as insert (Reproduced with permission.[263] Copyright 2020, Wiley
VCH GmbH); b) RL intensity response of CsMnCl; NCs-in-glass composite (Reproduced with permission.[26d] Copyright 2022, Wiley VCH GmbH). ¢,d)
X-ray image and reconstructed 3D computed tomography image of a snail, obtained with a scintillator based on Cs;Cuj,ls nanocrystals (Reproduced
with permission.[26b] Copyright 2021, Wiley VCH GmbH). e) Relative light output of a Cs;Cu,ls—in polystyrene matrix immersed in water. The inset is a

photographic image during continuous immersion of such a screen in water for 0 and 7 days under 265 nm UV light (Reproduced with permission.

Copyright 2022, Wiley VCH GmbH).

imaging was demonstrated along with excellent long-term stabil-
ity. A key to the high-performance scintillators was a large Stokes
shift between absorption due to interatomic Mn transitions and
emission from STEs.

As mentioned, STEs are also a tool to achieve luminescence
with high quantum yield in lead-free double perovskites. Luo
et al.l?!] demonstrated warm white light-emitting powders of
Cs, (Agy ¢ Nag 49)InCl, with 0.04 percent bismuth doping, which
is stable for 1000 h of operation and provides PLQY of 86%.
This system, namely Cs,Ag,Na, Bi,In; ,Cl; now abbreviated as
CANBIC, was recently developed further by Stroyuk et al.l¢f]
This perovskite synthesized with x = 0.3-0.4 and y = 0.01-0.02
showed a champion room-temperature PLQY of 98% + 2% as
well as a prominent environmental stability. Further, films were
prepared from these powders by thermal evaporation from a sin-
gle source.28] The CANBIC films produced from the most lumi-
nescent CANBIC powders exhibited a PLQY of 85%, which is, to
the best of our knowledge, the highest value reported for a trans-
parent nanocrystalline film of a lead-free double perovskite so far.
The feasibility of transferring CANBIC double perovskites from
strongly scattering microcrystalline powders to transparent and
uniform nanocrystalline films while preserving the composition
will be highly beneficial for applications — possibly including X-
ray imaging vial scintillation.

As mentioned above, STEs are also a tool to achieve high
quantum yield luminescence in lead-free double perovskites. Luo
et al.?%] demonstrated warm-white light-emitting powders of
Cs, (Agy ¢0Nay 4)InCl; with 0.04% bismuth doping, which is sta-
ble for 1000 h of operation and provides PLQY of 86%. This sys-
tem, namely Cs,Ag,Na, BiyIn, Cl;, now abbreviated as CAN-
BIC, was recently further developed by Stroyuk et al.l?®fl This
perovskite, synthesized with x = 0.3-0.4 and y = 0.01-0.02, ex-
hibited a champion room temperature PLQY of 98% + 2% as
well as outstanding environmental stability. In addition, films
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[26d]

were prepared from these powders by single-source thermal
evaporation.[?*8! The CANBIC films prepared from the most lu-
minescent CANBIC powders exhibited a PLQY of 85%, which,
to the best of our knowledge, is the highest value reported to
date for a transparent nanocrystalline film of a lead-free double
perovskite. The ability to transfer CANBIC double perovskites
from highly scattering microcrystalline powders to transparent
and uniform nanocrystalline films, while maintaining the com-
position, will be highly beneficial for applications — possibly in-
cluding X-ray imaging vial scintillation.

So far, however, X-ray imaging has been demonstrated with
CANBIC wafers of various thicknesses between 0.1 and 0.6 mm,
formed by pressing powders.[?"] By controlling the content of
the heavy atom Bi**, the X-ray absorption coefficient, radiative
emission efficiency, light yield, and light decay were manipu-
lated to maximize the scintillator performance. A light yield of
up to 39000 + 7000 photons MeV~! was obtained for X-rays gen-
erated by 50 kV accelerating voltage. These wafer scintillators
demonstrated static and dynamic imaging with a low detection
limit of 19 nGy,;, s~! and essentially no afterglow, qualifying this
scintillator as a potential candidate for low-dose, real-time X-ray
imaging. While NCs of CANBIC have not yet been applied to
X-ray scintillation, there are several other lead-free double per-
ovskite nanocrystals with promising X-ray responses. One strat-
egy that has been successfully applied to improve these double
perovskite NCs is to dope them. For example, the Cs,NaBiCl;
NCs presented in Ref. [26i] were doped with Mn. While the UV
absorption in these nanocrystals is due to 6s> — 6s'p! transi-
tions in the [BiCl;]*~ octahedra, the emission is found at 586 nm
due to interatomic transitions in the Mn. Energy transfer from
dark STE states enables this luminescence with a decay time of
1.2 ms. The Cs,NaBiCl,:Mn NCs were incorporated into PMMA
films and tested as X-ray scintillators, exhibiting a linear response
scaling with dose rates with a detection limit dependent on the
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Table 1. Comparison of main parameters of X-(y-) ray detection assemblies based on halide perovskite nanocrystals.

Detector Structure X-ray Energy, keV Range of Linear Detection Limit, Light Yield, Refs.

Response, uGy,;, s~ nGy,;, s~ photons MeV~!
CsPbBr; LS and drop casted films <662 1-140 21000 [18a]
CsPbBr; PPO LS 10-6000 10 000-500 000 23 300 [18b]
CsPbBr, PTP LS <1274 16 740 (X) [18¢]
8370 ()

CsPbBr, film 20-60 0.15-50 000 50 [20a]
dr Blade

CsPbBr; spin-casted 25-85 10-200 [20b]
CsPbBr; spin casted 10-662 0.02-60 13 [20d]
CsPbBr; in PMMA 20-80 1000-100 000 160 [20e]
CsPbBr, in PMMA 10-50 25-350 177 000 [20]
bi-ligand CsPbBr, in PMMA 20-1250 8500 [21a]
CsPbBr; NCs coupled with A* chromophore 50 4-208 39 [22a]
CsPbBr; NCs in Cs,PbBrg SC 30-50 1-30 130 15 290 [23a]
CsPbBr, NCs in Cs,PbBr, SC 40-59.6 64 000 [23b]
CsPbBr; NCs in AAO templates 40-45 5300 [23d]
CsPbBr; NCs in Eu-activated boron silicate glass 50 35-105 [24d]
CsPbBr; NCs in Eu-activated boron silicate glass 50 25-200 40 100 [24e€]
CsPbBr; NCs in Lu-activated boron silicate glass 40 10-8000 50 [241]
Cs;3Cu,ls NCs drop casted films 50 13-95 79 200 [26a]
Cs3Cu,ls NCs in styrene matrixes 50 10-250 63 [26¢]
CsMnCl; NCs in aluminoborate glass 50 500-17 000 13 400 [26d]
Cs,NaBiClg:Mn NCs in PMMA matrixes 50 7.5-98 452 28 350 [26i]
Cs;TbClg:Sb NC wafers 22 6-18 212 20 300 [26]
Cs,NaTbClg:Sb NC wafers 22 1.5-18 140 23 500 [26k]
Cs, HfClg MCs film by a doctor blade then pressed up 50 0.02-7000 55 21700 [28f]
Cs, HfClg:Te** MCs in epoxy matrixes 40 3-20 36 76 200 [28a]
Cs,ZrClg:Lu** MCs in epoxy matrixes 20-60 0.05-8000 15.8 94 190 [28b]
Mn?* activated Cs,CdBr,Cl, MCs in PDMS matrixes 45 10-220 17.8 64 950 [28€]
Cs5Cus;Clgl, MCs in PDMS matrixes 40 0.02-8000 60,9 59 700 128j]
(CgH;7NH;),SnBry, MCs in PMMA matrixes 40 100-6000 [29a]
(CgHq7NH;),Cu,Br, MCs pressed up into ceramic wafer 50 0.01-100 51.1 91300 [29b]
Cs,Ag,Na,, InCl¢:Bi SC wafers 22 1-189 19 39000 [26h]
Cs,NaYCl:Sb SCs 50 2.5-25 143 22 500 [261]
Rb,CuBr; SCs 15-50 0.025-16 121 91056 [28¢]
K;,CuBr; SCs 50 0.05-15 132.8 23 806 [28g]

thickness of the PMMA film down to 45 nGy,;, s~1. The light yield
was found to be 28 350 photons MeV~! comparable to many other
HP NC scintillators (see Table 1).

Contrary to the case of Cs,NaBiCl,, where an STE enhances
the emission of the Mn dopant by energy transfer, in Cs;TbCl,
doped with antimony, the dopant allows the formation of an
STE that enhances the intrinsic emission of the nanocrystals,
in this case, due to interatomic transitions of the intrinsically
incorporated lanthanide.[?%1] Basically, the same is also observed
in Cs,NaTbCl,: Sb** NCs.1?k] Interestingly, it is certain that an-
timony doping, or rather alloying (with concentrations up to
10%), increased the PLQY of Cs;TbCl; NCs to almost 50%.12]]
Both Cs,TbCl6:Sb** and Cs,NaTbCl,:Sb** exhibit high environ-
mental stability and were therefore tested for scintillation with
similar light yields and detection limits (see Table 1). This may

Adv. Mater. Technol. 2024, 9, 2400150 2400150 (13 of 22)

be due to the fact that the introduction of the alkali cation
(A* coordination) allows for a change in the band gap, while
an interplay of trivalent cations at the B3* position determines
the emission properties. The Sb doping has a similar posi-
tive effect on the Cs,NaYCl:Sb** as on the Cs,NaTbCl:Sb**.
While no luminescence could be observed in NCs of the un-
doped material, the Sb-doped crystals show a sky-blue emis-
sion with an optimum PLQY above 50%.1 The NCs emis-
sion was even surpassed by that of single crystals of the same
composition, allowing PLQYs > 82%. Thus, the scintillation
properties of the SC materials were tested and are shown in
Table 1.

Nevertheless, yttrium-based and possibly also gadolinium-
based?™] double perovskites are valuable targets for future NC
investigations in the field of scintillation, perhaps with enhanced
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Figure 7. Healingin nanocrystals. a) Microwave-initiated healing in Cs; CusCl, nanoparticles operating as a promising scintillator material. The nanopar-
ticles are shown as synthesized (top), after decomposition due to moisture (middle), and after healing (bottom) by application of microwaves. (Repro-
duced with permission.[2"] Copyright 2022, Elsevier B.V.) b) Nanoshells formed from Cs,ZnBr, nanocrystals by e-beam radiation (top) and recovered
nanocrystals after switching off the beam for 10 min (bottom). (Reproduced with permission.[26P] Copyright 2023, Wiley VCH GmbH). c) Removal of a
formed void in Cs,AgInCl¢ colloidal colloidal nanocrystal after removal of its surface ligands by self-healing. (Reproduced with permission.[?6'l Copyright

2021, Wiley VCH GmbH).

doping with various trivalent cations for luminescence enhance-
ment by energy transfer processes.

5.1. Healing and Self-Healing in Lead-Free Perovskite
Nanocrystals and Related Materials

As we have discussed the self-healing in lead-perovskites and
its nanocrystals, it is worth discussing the same in lead-free
nanocrystals, nanoparticles, and related materials which are of
potential interest for X-ray scintillator applications. An interest-
ing story about the healing of a scintillating microcrystalline
material for high-resolution X-ray imaging is reported by Zhou
et al.l’1l The material investigated here is Cs;Cu,Cl;, which
exhibits a relatively high photoluminescence quantum yield of
~72% in films due to self-trapped excitons. These films have
also been demonstrated for high-resolution X-ray imaging. How-
ever, the photoluminescence of the scintillating film decreases
remarkably on time scales of days when the film is stored in
an air environment maintained at a relative humidity between
40%—60%. The loss of luminescence was correlated by X-ray
diffraction experiments to a decomposition of the Cs;Cu,Clg
into CsCu,Cl; and CsCl. However, this reaction could be re-
versed by a 5-min treatment with microwave radiation, which re-
stored the crystallites (Figure 7a) and their photoluminescence
to more than 95% of its initial value. Zhou et al. suggest repeat-
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ing this microwave treatment on a daily basis to maintain the
good performance of the scintillating film. We think that the re-
covery of Cs;Cu,Cl; is indeed impressively shown, but the term
self-healing is probably not justified here, but should rather be
called microwave-induced healing. Similarly, Ju et al.?%°] demon-
strated healing in melt-processable Cu(I) hybrid metal halides.
In particular, C;,H,¢NCuCl, and C,,H,4N,Cu,Cl; were shown
to have melting temperatures of 86° and 122 °C, respectively,
which are among the lowest melting temperatures of hybrid
metal halides. Thus, these materials could be melt-processed
into various shapes and films suitable for X-ray scintillation.
C;,H,4NCuCl, has also been shown to have promising properties
for X-ray imaging with a conversion efficiency of ~36 000 pho-
tons MeV~!. However, a disadvantage of these materials is that
they oxidize, changing their color and losing their high lumines-
cence properties. Thanks to the low melting temperature, a heat
treatment at 120 °C for 15 min allows the materials to recrys-
tallize, restoring almost 100% of their beneficial optical prop-
erties. The authors refer to this process as self-healing, but it
is in fact a thermally driven recrystallization. While the 2 ex-
amples of scintillators can be healed by external stimuli, some
nanoparticles or nanocrystals show healing without additional ef-
fort. A recent report describes in situ intrinsic self-healing of low-
toxicity Cs,ZnX, (X = Cl, Br) metal halide nanoparticles.[°?! For
this purpose, the colloidally prepared nanoparticles were inten-
tionally damaged by a focused beam of a scanning transmission
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Figure 8. Flexible X-ray detectors. a) Potential use of flexible X-ray detectors as in-situ dose-meters integrated into the cloth of for instance the staff
members in reactor buildings (Reproduced with permission.[?7al Copyright 2024, American Chemical Society). b) Integration of a flexible scintillator

in an imaging device with an array of Si-based photodiodes covered by a carbon fiber reinforced polymer (CFRP) (Reproduced with permission.

[20]

Copyright 2018, Wiley VCH GmbH). c) Direct response of a flexible X-ray detector based on Eu?* doped MAPbBr; nanocrystals incorporated into a
highly ordered mesoporous silica material (Reproduced with permission.[2fl Copyright 2023, Wiley VCH GmbH).

electron microscope. This resulted in the transformation of, e.g.,
rod-like Cs,ZnBr, into nanoshells. Turning off the electron beam
for 10 min resulted in a retransformation of the nanoshells into
almost completely filled nanorods, showing the original crystal
structure (Figure 7b). Both the damage and the healing occurred
at elevated temperatures caused by the electron beam heating the
nanoparticles. However, here no additional stimulus was used to
initiate the healing so that the observed process actually visual-
izes a true process of self-healing in nanoparticles or nanocrys-
tals. This self-healing was made possible by small remnants of
the original crystals inside the nanoshells, which seeded the re-
growth of material inside the shells. It should also be noted that
a potential application of these nanoparticles is X-ray scintilla-
tion, which is based on the broad luminescence of these materials
between the ultraviolet and visible spectral range.[*1 However,
the conversion yield demonstrated so far is not yet promising
enough to rank these materials among the most promising scin-
tillators without further improvements. Self-healing effects have
also been demonstrated in double perovskite nanocrystals.[2¢]
Similar to the Cs,ZnX,, an electron beam of a transmission elec-
tron microscope has been used to provide damage during ex-
posure in Cs,AgInCl; and other related nanocrystals. In these
nanocrystals, the electron beam induced the formation of voids
that migrated into the interior of the nanocrystals. It was shown
that the dynamics of these voids strongly depended on the pres-
ence or absence of surface ligands. Removal of the ligands al-
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lowed the voids to migrate to the surface of the nanocrystals and
eventually be removed from the nanocrystal (Figure 7c). Thus,
the in-situ observation of the void migration allowed us to vi-
sualize the complete self-healing of the nanocrystals. This ob-
servation was also supported by Monte Carlo simulations con-
sidering 2 terms: a surface effect depending on the ligand cov-
erage and a self-healing term depending on the crystallization
energy.[?] While void formation and healing were also observed
for Cs,Ag, sNa, ;InCl; and Cs,AgBiBr,, they were completely ab-
sent for CsPbBr;, the workhorse for X-ray scintillation.

6. Halide Perovskite Nanocrystals in Flexible X-ray
Detectors

If you look at the publications on X-ray detectors, you can see
that an increasing number of scientists are working on flexible
X-ray detectors. This presumably follows the efforts in the field
of solar cells or light-emitting diodes, for which one can imag-
ine useful applications for flexible components. But why do we
need flexible X-ray detectors? An answer to this question is given
in Ref. [27a]. In particular, it mentions dosimeters that are inte-
grated into the clothing of specialized personnel working in re-
actor buildings, for example (Figure 8a). This would consist of
a wearable membrane with pixel electrodes connected to read-
out electronics, which may transmit digitized signals wirelessly
to a local data network. Flexible electronic components are often
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very thin in order to achieve the desired flexibility. However, this
is in stark contrast to the requirements of medical X-ray diag-
nostics, which aims to minimize the necessary X-ray doses for
patients. For this reason, imaging X-ray detectors must have suf-
ficient thickness to ensure that as few X-ray photons as possible
pass through the X-ray detector unused.

Therefore, compromises regarding the thickness of the X-ray
absorbing layer are not acceptable, at least for medical X-ray ap-
plications, and compromises that are usually made to make X-
ray detectors flexible are not acceptable. X-ray detectors based
on nanocrystals embedded in a polymer matrix are an excep-
tion. Since the flexibility is guaranteed by the matrix and the
nanoscale-embedded quantum dots or nanocrystals do not re-
strict it. Therefore, most flexible X-ray detectors with sufficiently
high absorption properties, which are conceivable for medical ap-
plications, are actually always based on nanoparticles. Of course,
these nanoparticle-based flexible scintillators can only realize
their full potential if they are coupled with a flexible photode-
tector array, e.g. made of organic semiconductors. There is al-
ready a wonderful review on perovskite nanocrystal-based scin-
tillators for X-ray applications by Wang et al.l?’"! In this review,
all important work based on lead-based and lead-free nanocrys-
tal scintillators up to the year 2022 is adequately described. They
classify one of the first-ever demonstrated perovskite nanocrystal
scintillators by Heo et al.[?] as flexible, because the X-ray con-
verting layer was made from a solution of CsPbBr, nanocrystals
in methyl methacrylate (MMA) and a photoinitiator. In the end,
however, this layer was integrated into a close-to commercial de-
tector package with a pixelated CMOS photodiode array, which
of course took away the flexible properties of the whole setup
(Figure 8b). Nevertheless, this paper by Heo et al.?’l was an im-
portant milestone for all further developments of flexible scin-
tillators, which could eventually replace conventional materials
because they allow a higher conversion rate or a higher lateral
resolution.

For flexible scintillators, of course, what we had already stated
for other scintillators remains true: it is important to avoid self-
absorption, which can be achieved by a large Stokes shift of the
luminescence, in flexible detectors, for example, by incorporating
Mn into the perovskite structurel?’dl or via the use of Cu-based
perovskites which show emission of self-trapped excitons.!?’¢]
Another important advantage of flexible scintillators is that they
image non-planar objects more accurately than is possible with
planar scintillators.l?”?! We would like to add to the review by
Wang et al.l?’"! that it is clear that colloidal nanocrystals are very
well suited for scintillator applications due to their sometimes
high luminescence yield, but that they can also be used for di-
rect conversion in flexible components. The latter was recently
demonstrated with Eu** doped MAPbBr; nanocrystals embed-
ded in SBA-15, a highly ordered mesoporous silica material.l?’f]
In these composites, the SBA-15 mainly helps the MAPDBr,
nanocrystals to achieve higher stability. However, if this compos-
ite is combined with flexible styrene-ethylene-butylene-styrene
(SEBS) substrates, on which lateral gold contacts have also been
applied, photocurrents can also be measured. At a really low
dark current of ~10 pA, the photoconductors showed a remark-
able conversion capacity of #7600 uCGy,;,~' cm=2 at an applied
voltage of 100 V. (Figure 8c). Finally, it should be mentioned
that in addition to nanocrystals, larger crystallites are also suit-
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able for the development of flexible X-ray detectors. This brings
us back to the work of Liu et al?74l in which a completely
metal-free flexible perovskite (MDABCO-NH,I,), MDABCO =
methyl-N’-diazabicyclo[2.2.2] octonium, was used to incorporate
itinto a flexible porous nylon membrane. (Figure 8c). Lateral con-
tacts were also applied to this membrane so that photocurrents
could be measured under X-ray excitation, with a sensitivity of
6522 pC Gy,;, "' cm™ and a low detection limit of 77 nGy,,, s,
which is a good value for a biocompatible X-ray gene detec-
tor. This work also shows that there are other materials besides
nanocrystalline scintillators for which it would be interesting to
produce them in nanocrystalline form in the future, which will
be discussed in the next chapter.

7. Promising Halide Perovskite Materials for
Nanocrystal Scintillators

As exemplified by the CAMBIC story and other double per-
ovskites discussed in Chapter 5, the development of perovskite
scintillators with significant Stokes shift to avoid self-absorption
in thick films has just begun. In our opinion, this research
direction still has a high potential to improve also NC systems. A
perspective for NCs is the development of microcrystalline pow-
ders, which, like nanocrystals, are also synthesized in solution by
a bottom-up method. Ligands are not used, so there is no precise
control over the size of the crystals, which do not exhibit colloidal
stability even when dispersed. Nevertheless, these materials pro-
vide valuable clues for the further development of nanocrystalline
inks for large-area printing of scintillators. For the synthesis
of nanocrystals, materials with promising properties, such as
MC powder, should be preferred. Promising microcrystalline
materials besides CANBIC are cesium-hafnium,!?®*f cesium-
zirconium,?®*!  rubidium-copper,?*<!  cesium-antimony,!?%4]
cesium-cadmium, 2% potassium-copper, 28] methylammonium-
indium,1?®" etc. It remains a challenge to synthesize these
materials colloidally, e.g. by controlling growth and enhancing
nucleation.

Encouraging microcrystals of Cs,HfCl, were synthesized. A
co-precipitation method was used at room temperature and the
resulting powder was spread over a substrate using a doctor
blade. The distributed powder was formed with a press into a
more or less homogeneous film, which was tested as a scintilla-
tor as described in Ref. [28f]. These scintillators are stable in an
ambient atmosphere and do not show any significant degrada-
tion up to a radiation dose of up to ten Gray. The emission shows
a Stokes shift of #2.75 eV with respect to the absorption edge. The
comparatively low light yield of 21 700 photons/MeV is due to the
blue color of the emission. This value could probably be further
increased by a suitable wavelength shifter. A typical solvothermal
approach to the synthesis of tellurium-activated Cs, HfCl, micro-
crystals in the form of hexaprisms!?%] (Figure 9a) resulted in a
yellow RL emission, providing excellent scintillation parameters
such as 76 194 photons MeV~! and a detection limit of 36 nGy s~!.
A similar solvothermal approach, in this case, lutecium-doped
Cs,ZrCl, (Figure 9b), provided MCs with an even lower detec-
tion limit of 15.8 nGy s~! and a somewhat better light yield of
94 190 photons MeV~!, with 2.2 eV Stokes shift originating from
a singlet-triplet transition. Here, a decent Stokes shift (Figure 9c¢)
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Figure 9. Comparison of the Stokes shifts in diverse lead-free HP MCs. The insets show the shapes of the HP MCs. In particular, the following ma-
terials are shown: a) Cs,HfCl¢:Te** (Reproduced with permission.[?82] Copyright 2022, Royal Society of Chemistry); b) Cs,ZrClg: Lu3* (Reproduced
with permission.[28b] Copyright 2022, American Chemical Society); c) Cs,CdBr,Cl,: Mn2* (Reproduced with permission.!23¢] Copyright 2023, Wiley VCH
GmbH); d) (CgH17NH;),SnBr, (Reproduced with permission.[2%2] Copyright 2020, American Chemical Society); e) (CgH17NH;),Cu,Br, (Reproduced

with permission.[2%Y] Copyright 2022, Wiley VCH GmbH).

was realized via emission generated solely by 4T1—6A1 transi-
tions in the divalent manganese ions, with the HP host lattice
causing the optical absorption in this material.[25¢]

Cadmium-free HP MCs with a similar strategy of Stokes
shift engineering by manganese incorporation were presented in
Ref. [28i] for the cesium-silver-indium double perovskite. In
this material, the maximum photoluminescence intensity was
achieved with an Mn concentration of 0.9%, providing a long de-
cay time in the ms range. Mainly for high-temperature applica-
tions, Cu-based perovskites were tested in Ref. [28j] Among sev-
eral halide compositions, Cs;Cu,Cl;I, MCs synthesized at room
temperature by an antisolvent method showed the best perfor-
mance. Such submicron diameter MCs encapsulated in PDMS
yield up to 59 700 photons MeV~! and stable scintillating proper-
ties up to absorbed doses of a few grays. Typically, SC HP scintil-
lators exhibit performance parameters close to those of MC pow-
ders. For example, mm-sized Rb,CuBr; SCs grown from a slowly
cooled solution showed excellent scintillator performance figures
(see Ref. [28¢] in Table 1).

K,CuBr; SCs scintillators emit in the violet spectral region,
with a decent light yield of 23 806 photons MeV~! and a Stokes
shift of 0.83 eV.I?%8] As a potential drawback, the authors dis-
cussed that the long half-life radioactive isotope of natural potas-
sium, which provides mutual f and y emissions, even when
incorporated into the HP structures, could affect any low dose
measurements. However, for the demonstrated detector, the de-
tection limit above the noise level was found to be higher than
what could be attributed to the effects of natural radioactivity. Of
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course, this problem is probably also valid for the natural rubid-
ium of Ref. [28c], which contains about a quarter of the y ac-
tive isotopes. However, its half-life is even longer than that of
potassium (=5 X 10'° years), so its effect on the detection limit
is even smaller. To convert the SCs into MC powders, mechan-
ical milling approaches have been routinely applied in scintilla-
tor technology, resulting in submicron particle sizes even in the
worst cases.[?®*k] Milling can be applied to various types of SC
HPs, including those containing bulky alkylamine monocations
to obtain layered materials. Examples of such materials include
octylammonium tin HP, whose crystals exhibit significant Stokes
shifts (see Figure 9d) and can withstand up to 10 mGy s~! dose
rates.? Such layered materials, including (CgH,,NH,),Cu,Br,,
are desirable because they facilitate top-down techniques. Exfoli-
ation by mechanical, tape, or ultrasound-assisted approaches is
particularly successful due to its micaceous structure, as shown
in the cross-section in Figure 9e.1?"l The octylammonium copper
MC HP powders are reabsorption-free. Wafers made from these
powders by cold pressing and sintering have high sensitivity and
remarkable light yield (Table 1).

The exfoliation would allow a much more precise size con-
trol of the MCs or NCs, related to the number of elemental HP
layers separated by spacious amine ions, either of aromatic na-
ture or at least with a carbon chain length of butyl.['3¢2>¢) Lead-
free MC scintillators can provide near-unity PLQY paired with
other advantages over their LHP counterparts, namely: i) more
freedom in Stokes shift tuning via an expanded combination of
elemental compositions also with respect to their incorporated
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activators; ii) less complicated synthesis protocols without sur-
face stabilization by surfacing ligands; ii) native moisture and hu-
midity friendliness due to the absence of Pb?* ions readily soluble
in water;?**! iv) enhanced radiation stability due to the absence of
Pb?* ion disproportionation phenomena, (i.e., the detectors will
not be degraded by partial conversion to metallic lead);12%") v) al-
though some parts of medical X-ray diagnostics are currently ex-
empted from the RoHS restriction,*%) lead-free and cadmium-
free HP will also not be restricted by the upcoming updates of
the RoHS versions.

To provide a concise overview, we have summarized the cur-
rent achievements of HP NCs (with an illustrative comparison of
their desired MC and SC counterparts) for X-ray detection and
their main scintillation properties in Table 1. Finally, we would
like to note that as a result of the success of perovskite-like materi-
als in nanocrystalline and microcrystalline form for high-energy
radiation detection, we also see them as a stimulus for other lumi-
nescent materials to be used for X-ray detection. Examples of new
developments are aggregation-induced emission luminescent
metal-organic frameworks embedded in a polymer matrix with
high spatial resolution.*!3] Unfortunately, the test conditions of
this material have not been described, especially regarding the
used X-ray energy range. Another example with a relatively high
scintillator light yield of 43 744 photons MeV~! is given by a 0D
hybrid copper halide in Ref. [31b], which in turn is outperformed
by OD hybrid copper bromides in the form of single crystals with
91 300 photons MeV~!. Thus, Cu(I)-containing fluorescent com-
plexes have been combined with CsPbBr; in a polymer matrix to
act as down-converters to achieve maximum radioluminescence
without reabsorption.’'<) And recently, even metal nanoclusters
have been assembled to provide a new class of environmentally
friendly scintillators that exhibit aggregation-induced emission
enhancement and high phosphorescence quantum yields.!>d]
These nanoclusters assemble into superparticles that can be dis-
persed in appropriate solvents, such as the colloidal nanocrys-
tals discussed above. After film formation on a filter membrane,
even these nanocluster superparticles provide high-resolution X-
ray images with a decent light yield of ~15 000 photons MeV~"
higher than commercial Bi,Ge;0,,.1>!¢]

In view of the parameters provided in Table 1 exhibiting light
yields and detection limits, which are very competitive to those
of commercial scintillators, it is already difficult to imagine what
else should be developed and why these materials are not yet
implemented. The values are reproduced as given in the refer-
enced publications, but these values still have to be taken with
some care. Indeed, it is also necessary to look at how these val-
ues were measured and how they could be compared to each
other. Therefore, instead of simply providing the light yield and
detection limit in Table 1 there is also the range of X-ray en-
ergies given, for which the scintillators were tested, in order to
judge if these detectors would be promising for any medical ap-
plications. Furthermore, some details should be explained. For
a medical detector, for instance, the light yield is an important
number provided as a ratio between the number of emitted pho-
tons per energy of the incident photons. However, the maximum
number in Table 1 of 177 000 photons MeV~! was measured in
Ref. [20f] as the number of photons per total energy of incident
photons, which thus provides a higher number. What is also sus-
picious is that the numbers for Ref. [20f,21a], both obtained for
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very similar CsPbBr; nanocrystals are completely different. For
both references, the nanocrystals were tested in a PMMA ma-
trix for scintillation purposes. However, the light yield was mea-
sured for completely different sample structures. Indeed in!?"]
the nanocrystals were rather highly diluted in the PMMA ma-
trix, which indeed will greatly avoid reabsorption, whereas inl2!2!
the yield was measured in uniformly compacted nanocrystal pow-
ders. The Cs,ZrCl:Lu" in Ref. [28b] provides the light yield for
a pressed pellet of scintillator material and obtains a high value
for the scintillation light yield of 94 190 photons MeV~!, which
is enabled by the large Stokes shift in this material avoiding any
reabsorption in a densely bulk material. While this part is very
promising, the scintillator’s spatial resolution was measured in
films of the perovskite in an epoxy matrix. The spatial resolution
depended strongly on film thickness; all of them were too thin to
enable the high light yield as measured in the pressed pellet. The
reason for the thin film approach here is the scattering caused by
the microcrystallinity of the perovskites. Thus, in conclusion, we
can say that for actual scintillating devices, there is still room for
improvements, and certainly, all parameters provided for a novel
scintillator should be provided by using the same sample struc-
ture and not the yield for one and the imaging for another. Even
though this possibly allows showing the potential for a novel ma-
terial, it is highly misleading for any user interested in applying a
novel scintillator structure and for any fair comparison of devices.

8. Conclusions and Outlook

In this review, we have drawn several conclusions and challenges
for HP NCs concerning their application for the detection of in-
direct X-rays. The applicability of HP NCs for down-conversion
of ionizing radiation has not yet achieved such attraction as their
bulk SC and MC counterparts, even though HP NCs are advan-
tageous with respect to their processability into hybrid assem-
blies, into thick and homogenous films or also in their inte-
gration on pixelated photodetector arrays by methods based on
deposition of stable colloidal solutions by several printing tech-
niques. The light yield summarized in Table 1 highlights the
promising properties of NCs, providing, for instance, light yields
up to values of 177 000 photons MeV~!, achieved for CsPbBr,
NCs embedded in a PMMA matrix. Regarding detection, again
CsPDbBr; competes very well with all other materials in this re-
view, so the cesium lead tribromide NCs can be seen as the best
workhorse for nanocrystalline solution-processed HP materials.
In particular, it is clearly outperforming all organic-inorganic hy-
brid perovskites that were reported for the same applications,
which is perhaps opposite to single crystalline lead HPs scintil-
lators, wherein alkylammonium-based HP dominates the field,
specifically as low-temperature scitillators.*'!l The reasons are
the tiny Stokes shifts routinely increased by dopant modulation
for LHP NCs. For the pristine cesium lead bromide NCs, this
drawback is neutralized by a negative thermal quenching lumi-
nescence mechanism.!'”’]. Disadvantages of the LHP NCs are
potential ambient and radiation instabilities, which are severely
improved by protection strategies such as ligand exchanges,!?*"]
shell growth,"®! or incorporation into organic frameworks!?%d],
Another strategy to improve NC-based scintillators is based
on hybrid approaches that combine functionalities. For exam-
ple, LHP NCs are applied as absorbers combined with bright
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organic dyes acting as emitters. Embedding in intrinsic or ex-
trinsic protective matrixes and incorporating appropriate emis-
sion activators also improve light yields, detection limit, and lat-
eral resolution.’'fl The lead-free HP NCs prepared by bottom-
up approaches are still far less developed than a larger variety
of lead-free HP MCs and SCs, despite their potential advan-
tages such as nontoxicity and improved environmental stability.
Among various approaches, competitive values for the figures of
merit for scintillators were achieved only for cesium copper and
scarce lanthanide-based colloidal HP NCs. To make such NCs
suitable for scintillation purposes, applying conventional surface
ligands of variable strength, being over-successful for common
covalently bound semiconductor NC materials failed. Advanced
ligands approached here to improve the situation are of ionic
species, 20251 preventing the cations of the perovskites from
escaping from the NCs by forming confining core-shell struc-
tures, such as they have already been engineered for some LHP
NCs.!"*] NCs grown in intrinsic or glass matrixes also solve this
problem, but they are rather unprocessable by subsequent film
deposition methods, just as SC materials are. To obtain an im-
petus for the development of lead-free HP NCs we suggest thor-
oughly paying attention to the recent developments in MC HPs
prepared by both top-down and bottom-up approaches. As MCs
have a tremendously lower surface-to-volume ratio, they do not
urgently require surface passivation and protection measures, as
the concentration of surface defects is essentially lower. Time-
limited stability in typical dispersions still allows the application
of some conventional deposition techniques from solutions to
achieve scintillating films of satisfactory roughness and optical
quality, at least when combined with subsequent improvements,
for instance, by using pressuring plates. Adoption of these suc-
cessful materials to the NC form still represents challenges, es-
pecially again in maintaining sufficient surface passivation by
shell growth, encapsulation in crystalline matrix, glasses or poly-
mers, as has been demonstrated for the showcase example of
CsPDBr;, to obtain highly functional, but also environmentally
stable and non-toxic scintillator materials for future large scale
applications in the various fields of X-ray applications. Follow-
ing the development path for nanocrystalline materials by first
checking the microcrystalline counterparts could considerably
speed up the nanocrystal development. Especially because the
bottom-up and top-down syntheses of microcrystals are techni-
cally often rather simple, so they are suitable to be performed by
robot-assisted procedures. Thus, fully automated high through-
put experiments could be performed for the screening of material
candidates. These automated preselection experiments will pro-
vide the target compositions for further synthetic developments
of nanocrystals by more elaborate experiments requiring more
complicated procedures, which are still best performed by expe-
rienced man-power, finally to obtain nanocrystal-based inks for
the large-scale printing of high-performance X-ray scintillating
screens.
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