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Development and challenges in perovskite
scintillators for high-resolution imaging and
timing applications

Arie Wibowo!, Md Abdul Kuddus Sheikh® 2, Lina Jaya Diguna3,

Muhammad Bagas Ananda', Maradhana Agung Marsudi® 4, Arramel Arramel?,

Shuwen Zeng®, Liang Jie Wong’® & Muhammad Danang Birowosuto® 2>

Inorganic scintillators play a major role in ionizing radiation detection due to their high
versatility to detect multiple radiation sources such as X-rays, gamma-rays, alpha, beta, and
neutron particles, and their fast and high light yield, making them especially convenient for
imaging, spectroscopy, and timing applications. Scintillators-based detection systems are
found, among various applications, in medical imaging, homeland security, high-energy
physics, industrial control, oil drilling explorations, and energy management. This Review
discusses advances and prospects of perovskite scintillators, particularly low-dimensional
hybrid organic-inorganic perovskite crystals and all-inorganic perovskite nanocrystals. We
highlight the promise of two-dimensional lithium-doped (PEA),PbBr, crystals and CsPbBrs
nanocrystals as scintillators with high light yields, exceeding 20 photons/keV, and fast decay
times of less than 15 ns. Such a combination may result in fast-spectral X-ray imaging, an
output count rate exceeding 30 Mcps/pixel in photon-counting computed tomography, and
coincidence timing resolution of less than 100 ps in positron emission tomography. We
review recent strategies to further improve light yield, decay time, and coincidence timing
resolution through light-matter interactions such as extraction efficiency enhancement and
Purcell-enhanced scintillators. These advancements in light yields and decay times of per-
ovskite scintillators will be particularly useful in the medical and security applications.

modern diagnostic tools, due to their deep penetration ability!. Conventional detectors (X-

rays conversion into electrons) based on semiconductors can be used to detect these
photons, but optimizing the thickness can be a problem as for collecting the charge carries, one
need relatively thin micrometer samples but this thickness is not enough to absorb high-energy
radiations close to 1 MeV?2. In this context, indirect detectors based on scintillators are more
attractive as a simple, efficient, and reliable detector because scintillators can convert high-energy
photons such as X- and gamma-rays and alpha, beta, and neutron particles to ultraviolet-visible

Recently, high-energy photons such as X- and gamma-rays have attracted great attention in
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photon emission%. Due to this unique characteristics, scintilla-
tors play a crucial role in ionizing radiation detection systems for
medical imaging®, homeland security®, high-energy physics’,
industrial control®, oil drilling explorations’, and energy
conversion!?.

Lanthanide scintillators are one favorable class of inorganic
scintillators for fast detection and imaging applications due to
their high light yield (>10 photons/keV) and fast decay times
(15-60 ns). However, applications are hindered by their high
price due to utilization of rare-earth elements and high tem-
perature process for crystal-growth. Some lanthanides perovskites
with cubic structure can be grown at slightly lower temperature
(800-1055K) and lower cost than other inorganic scintillators,
but they are still using oven furnace!l. On the other hand, oxide
scintillators such as LuAlO; demonstrated fast decay time of
18 ns, however, this advantage is accompanied by low light output
and significantly slower component!2. In 2002, Shibuya et. al,,
found that (C4H;3NH;),Pbl,, a hybrid organic-inorganic per-
ovskite (HOIP) crystal, could be used as a scintillator!3, This
finding is attractive because HOIP can be fabricated by low
temperature solution-based processes. Surprisingly, HOIP inves-
tigation have shown few progress within the past 14 years, before
it was restarted by the discovery of HOIP scintillators with light
yield record (up to 200 photons/keV)!4. Then, all-inorganic
perovskites gained interest due to their higher densities for
stopping radiations!>. In the case of two-dimensional HOIPs, Xie
and coworkers!® tabulated several classes of two-dimensional
HOIPs in which Z.g vary from 30 to 40 that could be potentially
useful for this purpose.

Massive developments on new perovskite scintillators could
reduce the production cost up to fifty times than that of lantha-
nide scintillators, with higher light yields (>20 photons/keV) and
faster decay times (<15 ns) than lanthanide scintillators. However,
further enhancement of perovskite scintillators was still desired
for their better performance on future application e.g. fast-
spectral X-ray imaging, photon-counting computed tomography
(PCCT), time-of-flight (TOF), positron emission tomography
(PET), quantum sensing, and fusion energy>. For fast-spectral X-
ray imaging with excellent spatial resolution, one needs at least
photon flux of 10 MHz/pixel for generating spectroscopy infor-
mation in each channel and such technology is not possible with
1-us decay time of commercial microcolumn CsL:Tl X-ray ima-
ging scintillator3. Similar for PCCT, output count rate (OCR) of
10 Mcps/pixel is also not enough to beat the current standard of
30 Mcps/pixel for high-flux CdTe/CZT3. Thus, the combination
of perovskite light yields and decay times may increase the
photon flux >30 MHz/pixel or OCR > 30 Mcps/pixel. This com-
bination also may contribute to the coincidence time resolution
(CTR) of PET < 100 ps17-18,

The light yield, decay times and tunability improvement can
be further pursued via light-matter interactions by tuning the
formation of micro- and nano-structuring processes. The uti-
lization of whisker and eutectic microcolumns in scintillators
have been shown to be useful for high resolution in X-ray
imaging via optical waveguiding effect or photonic crystal
structures  toward enhancement of the extraction
efficiencies!®20. Furthermore, enhancement of scintillator
properties due to the Purcell effect can be leveraged by nano-
structuring the scintillator®21. For instance, the Purcell effect
has been theoretically proposed to enhance the scintillation
decay time, resulting in an improvement of the CTR of PET
from a few hundred ps to the vicinity of 30 ps!”. In high-energy
physics experiments, time resolution better than 30 ps is also
needed for exploring new physics through excellent dis-
crimination of long-live charged particles®. This review will
focus on highlighting current issues of perovskite scintillators

toward their application in spectroscopy and timing. Thus,
recent strategies to improve light yield, decay time, OCR, and
CTR of perovskite scintillators and related to the development
of new perovskites materials and Purcell-enhanced scintillators
will be further highlighted. Detailed properties and comparison
with other types of scintillators are beyond the scope of this
review, and have recently been summarized by Maddalena et al.
in another work?2.

Low-dimensional perovskite crystal scintillators

Two-, one-, and zero-dimensional perovskite materials have
attracted much interest as scintillator materials due to the light
yield enhancements they benefit from as a result of quantum
confinement. The research started from HOIPs'# and pro-
gressed to all-inorganic perovskites crystals that focusing on
lead-free crystals®>23-26, Recently, low-dimensional perovskites
are attracted interest due to their high binding energy (hun-
dreds of MeV), which enhances the exciton intensity and
excitonic recombination profile, hence increasing the theoretical
luminescence and faster decay time of the two-dimensional
HOIP crystals?”>?8. Even though two-dimensional perovskite
scintillators have crystal growth issue at this stage, current
progresses demonstrated that two-dimensional perovskite can
be used for large area solar cells (100 cm?)?°. Xie et al. also
demonstrated that two-dimensional perovskite scintillators
crystals with size of 1x 0.7 x 0.2 cm? can be prepared for wide-
range radiation detection?8.

Moreover, two-dimensional HOIP can generate thermal
enhancement and humidity stability due to the high hydro-
phobicity of the long-chain organic cation®. At extremely low
temperature (10 K), methylammonium lead halide crystals such
as MAPbBr; and MAPbI; can generate an intense peak at 770
and 540 nm with exceptional light yields of 152 and 296 photons/
keV, respectively. Meanwhile, the spectrum of two-dimensional
layered 2,2-(ethylenedioxy)bis(ethylammonium) lead chloride
((EDBE)PbCl,) comprises a much broader band with a peak at
~520nm (Fig. 1a)!4. However, the two-dimensional HOIP has
shown higher light yield (9 photons/keV) than the 3D perovskite
(1 photons/keV) at room temperature (300 K) due to its enor-
mous exciton-binding energy (about 360 meV)31-33, which gives
rise to a pronounced excitonic absorption below the band-edge.
This result suggests the existence of giant oscillator strength that
arises in two-dimensional HOIPs compared to their 3D coun-
terparts, which is also observed for other perovskites**. This
provides good resistance against thermal quenching at room
temperature!. The decay time of about 10 ns from (EDBE)PbCl,
is significantly faster than those of Ce3*-doped LaBr; (15 ns)3°
and Ce3*-doped Lul; (33 ns)3¢. However, (EDBE)PbCl, has
afterglows of few seconds larger than those both lanthanide
crystals at 10 K but they are still much less in comparison with
oxide scintillators!4.

Besides (EDBE)PbCly, there are some other two-dimensional
HOIP scintillators. Kishimoto et al. first implemented
(PEA),PbBr, for a scintillator agent with light yield of 10 pho-
tons/keV3’. The library of two-dimensional HOIP as scintillator
materials was improved by Xie et al. in which the differences of
scintillation properties between Ruddlesden-Popper and Dion-
Jacobson types are outlined!®. Subsequently, Ruddlesden-Popper
two-dimensional HOIP crystals (including (PEA),PbBr,) show
no afterglow and thermoluminescence trap in comparison those
of Dion-Jacobson crystals (including (EDBE)PbCl,)16. However,
Dion-Jacobson crystals show large stokes shift (>50nm) in
comparison to those Ruddlesden-Popper crystal due to
small polaron3®, preventing the crystal from self-absorption.
Then, the same group improved the scintillation properties of
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Fig. 1 Development of low-dimensional perovskite crystal scintillators. a Comparison of the normalized X-ray excited luminescence spectra at T=10K.
b Scheme of X-ray imaging setup using 1:1 Li-(PEA),PbBr,4 as scintillator. The safety pin is inside the envelope and the image is shown in the right side.
¢ X-ray images of a Universal Serial Bus-drive circuit and micropillar plates. d MTF curve of lithium-alloyed phenethylammonium lead bromide detectors
along with other state-of-the-art detectors with relatively lower thicknesses. The plot thicknesses are representative of the sensor thickness levels. The
sync function plot corresponding to a 100 um pixel pitch is also shown for reference. e Pulse height spectra under gamma-ray excitation with different
sources for Li-doped (PEA),PbBr4 and the respective average light yields and average energy resolutions of three measurements for different energies.
f Delay distributions at 20 mV of Li-doped (PEA),PbBr,4. The red solid lines are the Gaussian functions, which fit the distributions, and the black dotted lines
provide the full width half maximum (FWHM) of the distributions. g Radioluminescence spectrum under 30 keV X-ray excitation and wavelength
dependent photon detection efficiency of the silicon photomultiplier. The left inset shows the photograph of Rb,CuBr3 crystals under X-ray irradiation and
the schematic model at the right shows the test method of measuring emission intensity by silicon photomultiplier. (a) adapted with permission from
ref. 14, Copyright Springer-Nature, 2016; (b) adapted with permission from ref. 28, Copyright Springer-Nature, 2020; (¢, d) adapted with permission from
ref. 41, Copyright Springer-Nature, 2021; (e) adapted with permission from ref. 3%, Copyright Royal Society of Chemistry, 2021; (f) adapted with permission

from ref. 18, Copyright AIP Publishing, 2022; (g) adapted with permission from ref. 25, Copyright Wiley Online Library, 2019.

Ruddlesden-Popper two-dimensional HOIP by adding lithium
(Li) ions, resulting in Li-doped (PEA),PbBr,, whose light yield is
increased?8. However, there is a tradeoff when adding Li ions
onto the perovskite structure (where defect is unintentionally
formed). As a result, the afterglow and traps appear but they are
still considered as minor contributions in comparison to those in
Dion-Jacobson crystals?8. X-ray imaging demonstration of a
safety pin using a 67 pum-thick spin-coated (PEA),PbBr, is shown
in Fig. 1b. However, the 250-um spatial resolution (4 line pairs
per millimeter (Ip/mm) at modulation transfer function (MTF) of
0.2) achieved is still preliminary for X-ray imaging applications,
where it is far than spatial resolutions below 100 pm (10 Ip/mm at
0.2 MTF), which are routinely needed3. A microcolumn array was

introduced by Maddalena et al.3® to improve the resolution than
that of film due to optical waveguiding effect as it was demon-
strated by CsLTI3 and GdAlO;:Ce eutectic scintillator fibers*0.
The best spatial resolution to date of 8.8 lp/mm at 0.2 MTF was
recorded by Datta et al. few months later!, see Fig. Ic, d.
However, for low dimensional HOIP crystals, the best spatial
resolution of 15.7 lp/mm was reported for (TPP),MnBr,
microcolumns?0. Although the light yield was claimed to be 78
photons/keV!>, this scintillator has a 265-us slow decay time
limiting the applications for ultrafast X-ray imaging or spectral
microcolumn functionalities?.

Photoelectric peaks with different gamma-ray excitations that
are suitable for spectroscopy have also been demonstrated with
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Li-doped (PEA),PbBr,3. As shown in Fig. le, the obtained light
yield from Li-doped (PEA),PbBr, using gamma-ray (Cs-137) at
662keV is around 23 photons/keV with the record of 7.7%
resolution3®. The average energy resolution displays notable
improvement to 9.5% at 662 KeV compared to its undoped
counterpart (11.2%). Those energy resolution values are com-
parable to 6-11% in Nal:Tl scintillator3. The higher light yield
obtained from gamma-ray excitation with Li-doping confirmed
that the previous bright X-ray intensity for imaging with Li-
doped (PEA),PbBr, film!828, Since the crystal can be enriched
6Li®, therefore it is applicable for neutron spectroscopy?8. The 6Li
enrichment from 7.59% (concentration in natural Li precursor) to
95% in the Li-doped (PEA),PbBr, crystal with 1:1 Li/Pb pre-
cursor ratio, leads to the enhanced theoretical thermal neutron
detection efficiency maximum from 0.4% to 4.8%, which is
potential for neutron spectroscopyzs. Thermal neutron detection
is based on the neutron capture by °Li isotope though the fol-
lowing nuclear reaction: ;°Li+n — ;>H+a, and the two
ionizing particles produced of ;*H and alpha have a total kinetic
energy of 4.8 MeV#2. However, the thermal neutron scintillation
light yield and peak resolution of Li-doped (PEA),PbBr, are not
as good as those shown by Cs,LiYCls:0.1% Ce3* of 70000 ph/n
and 5.5%% and by Rb,LiYBrq:0.5% Ce3t of 83000 ph/n and
5.4%*2, respectively. Recent study on Li-doped (PEA),PbBr,
scintillator exhibits a CTR of 84 ps, due to a combination of light
yield of 20 photons/keV and decay time of 15 ns, which is useful
for TOF-PET, see Fig. 1{18. It is noteworthy to look the other two-
dimensional HOIP crystals such as (BA),PbBry, as it even shows
better light yield of 40 photons/keV and faster scintillation decay
time of <8 ns than those of Li-doped (PEA),PbBr,3°. Sure, those
properties can be much more attractive for imaging and timing
applications.

Even though many reports have shown that solution-
processable perovskites are promising, the presence of toxic
element such as lead is potentially harmful to the environ-
ment, although some toxic elements already known in the
scintillation industries as they know how to encapsulate and to
manage the waste of scintillators, e.g. even cadmium scintil-
lators are exist nowadays**4>. However, more research still
has been directed to achieve appropriate perovskites with
nontoxic properties and outstanding scintillation light yield
toward radiations23-26, Yang et al. utilized a lead-free halide
Rb,CuBrj; perovskite harnessed X-ray and UV light excitation
acquired from the radioluminescence spectrum in Fig. 1g%°.
The combination between Rb,CuBr; perovskite and silicon
photomultiplier produces high light yield of 91 photons/keV.
However, the exciton lifetime of this perovskite is tedious
(41.4 ps) and not suitable for fast timing applications?>. In
addition, Cs;Cu,I5 crystals#® have been reported with a decay
time of 51 ns (4% only, the rest is 1 ps)>>3-2647:48 However,
this value is still far from competing with PEA,PbBr, and
beyond our discussion of scintillators below 15 ns. Indeed, the
lifetime of lead-free perovskites is relatively long, and future
work should focus on designing fast response time scintillators
with high light yield3:21.

Perovskite nanocrystals scintillators

As mentioned in the previous two sections, unoptimized light
yield (far from its theoretical value), and relatively long decay
time (especially for lead-free crystals) are currently the main
problems hindering perovskite scintillators toward real-world
applications. In this context, perovskite scintillators in the nano-
size regiments have emerged as a promising class of material for
scintillators. Initial reports indicate favorable performance rela-
tive to its bulk perovskite counterparts. Although the common

approach is to utilize nanostructured perovskite scintillators (i.e.,
bulk perovskite scintillators that undergo nano-structuring), this
approach may have limitations depending on the specific choice
of method, including multi-steps fabrication process, uninten-
tional defects during patterning, or mass production?>>0, In
contrast, perovskite nanocrystals offer low cost, high yield, and
easily scalable process due to it being solution processable in low
temperature. The quantum confinement effect is promoted to
increase the light yield of a given scintillator, while also offers a
tunable wavelength emission depending on the nanocrystal size>!.
Due to the presence of heavy atoms, perovskite structured crystals
are expected to have strong radiation absorption, and thus
counterbalance the most glaring weakness of traditional group II-
VI nanocrystals (i.e., low stopping power), while still retaining
most of its strength (i.e., tunable emission, ultrafast scintillation,
and high efficiency).

Chen et al. reported all-inorganic perovskites of CsPbBr;
(CPB) nanocrystals and their responses to X-ray irradiation
(Fig. 2a, b)!1>. Room temperature solution-processable CPB bulk
crystals are tunable in terms of emission, strong X-ray absorption,
and intense radioluminescence at visible wavelength, making it a
very attractive material for scintillators. As nanocrystals, their
absorption will be less than single crystals since they need to be
mixed with polymer. The group reported imaging resolution of 2
lp/mm at 0.72 MTF, which is still much lower than CsI:TI with
microcolumn structure (100 lp/mm at 0.1 MTF)>2, Later, this
resolution was improved by Maddalena et al, as they demon-
strated 4 lp/mm at 0.2 MTEF?3,

Another benefit of using nanocrystals instead of single crys-
tals is that they can increase the light yield of a scintillator
through quantum confinement!>. CPB nanocrystal scintillators
have managed to achieve light yield as high as 24 photons/
keV>4, which is a major improvement compared to less than 1
photons/keV in bulk single crystal CPB at room temperature.
There is still room for further improvements, as nanocrystals
have extremely high theoretical limit of light yield due to the
small band-gap of perovskites®®. Aside from CPB, there are also
other emerging nanocrystals such as FAPbBr; and CsPbI;!>>4,
Unfortunately, their light yields of around a few photons/keV
are much lower in comparison with that of CPB nanocrystals.
There are attempts to bring lower dimension nanocrystals such
as Cs;Cupls which results in a considerable light yield of 79
photon/keV, although the decay time of 1.9 ps is still slower
than 1 ps of CsI:TI*”. Different approach than that of nano-
crystals, an X-ray imaging spatial resolution of 17 Ip/mm at 0.2
MTlszgwas recorded for Cs;Cu,l5 film with faster decay time of
1 us>°.

An interesting recent concept in biomedical science was
proposed by Ryu et al>®. A double encapsulation of CPB
nanocrystals using SiO, is successfully increased the scintil-
lator’s moisture stability and prevented aggregation
(Fig. 2¢)*®. The concept is to use CPB nanocrystals to
attenuate X-ray, thus low-radiation X-ray imaging can be used
to detect cancers non-invasively in the deep body region.
Excellent moisture stability becomes a necessity since human
body has a lot of water content. Presently, we still rely on
fluorescence emission-based techniques, which has limited
penetration depth; or high-radiation CT-scan that is harmful
to healthy tissues®. By adhering cancer-targeting antibodies
on the nanoparticles’ surface, the scintillator nanoparticles
will actively target and accumulate in the tumor cells, causing
the tumor sites to glow bright when exposed to low-dose of
X-ray (~0.1 mSv, similar to a chest X-ray) due to the attenu-
ating property. However, although they were protected by
SiO,, the in-situ tissue imaging technique of CPB nanocrystals
with lead contents may result in additional harm due to their
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light (scale bar = 400 um). i X-ray imaging of the copper wire using CPB nanocrystals micro-hole-filled substrate shown in i (scale bar = 5 mm). (a, b)
adapted with permission from ref. 15, Copyright Springer-Nature, 2018; (¢) adapted with permission from ref. 5%, Copyright Wiley Online Library, 2027;
(d, e) adapted with permission from ref. ©2, Copyright American Chemical Society, 2020; (f, g) adapted with permission from ref. 1°, (h, i) adapted with

permission from ref. 54, Copyright American Chemical Society, 2022.

toxicity. Looking on its application as imaging screen, thermal
and photostability of nanocrystals against X-ray irradiation
are often a problem, given the stability of its polymer matrix.
Replacing the polymer matrix with borate glass matrix results
in good thermal stability (88% of initial intensity retained after
25-300°C heating-cooling cycle)®!. While it shows similar
photostability with polymer-blended CPB nanocrystals,
annealing above its glass transition temperature can reverse
the damage generated by high-intensity X-ray, showcasing its
reusability potential. Nevertheless, its light yield (quantum
efficiency of ~20%) is much lower than typical polymer-
blended system due to defects and low atomic number of the
glass matrix component.

Advancement in scintillator energy transfer mechanism is
aimed to shorten decay time, obtain excellent spatial resolution,
and enhance output yield. To shorten the decay time, Cao et al.
introduced a strategy of perovskite nanocrystals formation in a
matrix (CPB nanocrystals inside Cs,PbBry host) to improve its

stability with very fast decay time of ~3ns (Fig. 2d, e)>02.
Confinement by metal-organic frameworks can further hasten
the response time as fast as 2.16 ns®, making it ideal for
dynamic and fast-response real-time X-ray imaging and PCCT.
However, the best imaging resolution was demonstrated by CPB
polymer-ceramic solution with 12.5 lp/mm at 0.2 MTF%*. Fur-
ther imaging resolution can be pushed out by incorporating the
nanocrystals into pixelated scintillation screen with micropillar
structure. The light is confined into a single direction and
minimized the lateral propagation (60 and 160 lp/mm at 0.2
and 0.1 MTF, respectively) in CPB micropillar array in ano-
dized aluminum oxide membrane (Fig. 2f, g)!°. Microcolumn
structure, as used in the previous crystal, can be used to avoid
crosstalk in the photodetection which will lessen the spatial
resolution. Another example was demonstrated by Maddalena
et al. using silicon-hole template as shown in Fig. 2h where each
pixel shows separate emission, consequently resulting in high
imaging resolution (Fig. 2i)>%.
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Despite of high photon yield and fast response time, there are
some theoretical drawbacks for the nanocrystal scintillators.
Nanocrystals are not single crystals, thus having more inho-
mogeneities compared to single crystals, making them not
suitable for gamma spectroscopy as this effect generates
broadening in photopeak from the pulse height spectra
measurement*, The small Stokes shift of nanocrystals will lead
to strong self-absorption, and they also have more afterglow
compared to two-dimensional HOIP crystals®®. Indeed, the
concept introduced for CPB nanocrystals inside Cs,PbBrg host
in Fig. 2d-f was claimed to decrease the self-absorption as it was
an analogous to the concept of scintillators with ion doping®”.
However, the wavelength shift of emission and absorption
spectra were not observed in the other experiments®® and
therefore, the only method to reduce the self-absorption is by
making the sample thickness comparable to the attenuation
length at the respective deposited energy®®. For 50 keV, all-
inorganic perovskites crystals need thicknesses between 0.2 and
0.5 mm!%-22, while HOIP crystals need thicker samples of
1 mm?7-28, For TOF-PET, CPB nanocrystals can be used as
sensitizer for heterostructure configuration with high-density-
but-slow scintillator through energy sharing®®. Moreover, these
nanocrystals exhibited minimum reabsorption losses from light
propagation measurement under X-ray excitation, thus,
enabling the detection of high-energy photons®®.

Further improvements through photonic engineering

High light yield and fast decay time are the important character-
istics of scintillator materials to improve its resolution in fast-
spectral imaging for radiation detection and imaging, OCR in
PCCT, and CTR in TOF-PET. These properties can be achieved
via tunable light-matter interactions by shaping the light
emission®’. For the past 20 years, the investigation of light-matter
interactions has focused on the light extraction efficiency, which is
the scintillation process in more efficient ways. We already dis-
cussed how microcolumns and eutectic scintillator fibers can
improve the resolution through the confinement of the light along
the column or fiber direction in the previous chapters and that is
one of examples for the improvement of extraction efficiency>*0.
Another example is from Knapitsch et al. who reported light
scattering from photonic crystals as novel approach to enhance the
light output of scintillator to overcome the trapping issue of
scintillation light due to their high electronic density led to large
refraction index%8%. two-dimensional photonic crystal slabs on
top of lutetium oxyorthosilicate (Lu,SiOs) scintillators demon-
strate a 30-60% light yield improvement for the different patterned
crystals, compared to an unstructured reference scintillator®. A
theoretical work of Kurman et al. studied one-dimensional pho-
tonic crystals comprising cerium-doped lutetium yttrium oxy-
orthosilicate (LYSO:Ce) alternating with air (Fig. 3a)’?, leveraging
Purcell effect that commonly used in lasers and single photon
sources’! to enhance the scintillator yield and decrease the
lifetime”2. The photonic crystal structure was shown not only to
enable a fivefold enhancement of detectable photons with a faster
emission rate (Fig. 3b), but also to enable a reduction the CTR by a
factor 2.4 (Fig. 3c), thus improving the scintillation sensitivity and
resolution. The recent experimental work of Roques-Carmes et al.
observed the enhancement of X-ray-induced scintillation using a
nanophotonic array of holes in cerium-doped yttrium aluminum
garnet (YAG:Ce) scintillators®® (Fig. 3d). The calculation and
experimental results (Fig. 3e-f) show good agreement, where the
scintillation from photonic crystal region (on) is higher than the
un-patterned region (off). Nevertheless, the observation of Purcell-
enhanced emission intensity has not been accompanied yet with
the verification of fast lifetime, which remains a challenge.

For Purcell-enhanced scintillators, perovskite materials are
promising due to high quantum efficiency, fast lifetime and
their emission tunability!4. Moreover, the capability to fabricate
high quality nanostructures in solution-processed perovskite is
the effective means for targeted light manipulation. Two-
dimensional photonic crystals such as CsPbBr, ;51,5 (Fig. 3g)
exhibited the inhibition of spontaneous light emission and
redistribution of light energy’3. Compared to the un-patterned
perovskite film, the perovskite photonic crystals with different
lattice constants show the photoluminescence intensity
enhancement (Fig. 3h). Even though the reported results of
photonic engineering in perovskite materials are mainly
demonstrated for the properties under light excitation, the
observed enhancement may affect their scintillation properties.
Further investigation is required to demonstrate the Purcell-
enhanced perovskite photonic crystals under scintillation exci-
tation of high-energy X-ray or gamma-ray. Recently, some
recent works on perovskite metasurfaces can also be used for
scintillator applications to enhance the functionalities in signal
processing for imaging and spectroscopy, for instance, polar-
ization tunability’4, chirality’>, and Rashba effect’®. For scin-
tillation light, one should consider optimizing the perovskite
structure aiming to achieve high yield radiation efficiently as
well as thin enough to confine the ionized electrons and emitted
photons.

Outlook

In this review, we have discussed recent progress in the
advancement of various type of perovskite scintillators ranging
from HOIPs and all-inorganic perovskites in different shapes
and provided an overview of X- and gamma-ray scintillation
properties of fast (<15ns) and high light yield (>20 photons/
keV) perovskite scintillators versus commercial LaBr;:Ce scin-
tillator as shown in Table 1. The LaBr;:Ce scintillator is widely
regarded to possess the best combination of light yield, decay
time, and energy resolution in one package, but can cost up to
US$ 1550 for 8-cm? crystal'®77. For X-ray imaging, Li-doped
(PEA),PbBr, apparent (8.8 lp/mm) spatial resolution at 0.2
MTF4! for the multi-column structure in comparison with
similar structure of CsL:TI (100 Ip/mm) at 0.1 MTF>2, Thus, Li-
doped (PEA),PbBr, offers adequate (7.7%) energy resolution on
at 662 keV3? in comparison to 2.0%77 of LaBr;:Ce. However,
multicolumn CPB nanocrystals offer the best (60.0 lp/mm)
spatial resolution at 0.2 MTF!°. For gamma-ray spectroscopy,
only Li-doped (PEA),PbBr, offers the best solution for per-
ovskite. Nevertheless, this number is still worse than 2.0% of
LaBr;:Ce. The decay times for both Li-doped (PEA),PbBr, and
CPB are faster than 15ns of LaBr;:Ce, resulting in good
potential for timing applications. For CTR of PET, Li-doped
(PEA),PbBr, shows the best CTR of 84 psl8, which is almost
comparable with 77 ps of LaBr;:Ce’8. We note that the cost for
8-cm-size Li-doped (PEA),PbBr, is only US$10, which is 155
times cheaper than that of LaBr;:Ce’8. Despite the remarkable
progress as shown in their scintillation properties, such as light
yield, spatial resolution, energy resolution, decay time, OCR,
and CTR of perovskite scintillators are reviewed, the question
remains how to anticipate the consequence of energy loss
during the impingement of high-energy particles. It is noting
that the absorption length of HOIP scintillator is still longer
than that of inorganic scintillator (Table 1), but it is much
better than that of organic scintillator, which is about 20
times?2. Therefore, with the same light yield, thickness, and
deposited energy, HOIP scintillator has less sensitivity in X-ray
imaging in comparison to inorganic scintillator. Thus, a pri-
mary goal moving forward is to find a suitable approach for
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Fig. 3 Enhancement through photonic engineering. a Scintillation process of 1D photonic crystal made from the combination of scintillator material
(green) with other dielectric material (pink); b number of detectable photons over time; and ¢ coincidence time resolution (CTR) from the bulk and 1D
photonic crystal scintillators. d X-ray scintillation experimental setup (left) and AFM image (right) of two-dimensional YAG:Ce photonic crystal scintillator;
e calculated scintillation spectrum; and f measured scintillation along the line of the sample, including regions on (red) and off (blue) photonic crystal.
g SEM image of CsPbBr, ;slg 25 perovskite two-dimensional photonic crystals and a top view of the calculated electric field distributions (inset); and
h photoluminescence spectra of two-dimensional photonic crystals with different lattice constants and without patterns, and the sample image of photonic
crystals excited by unfocused laser. (a-¢) adapted with permission from ref. 79, Copyright The American Physical Society, 2020; (d-f) adapted with
permission from ref. €0, Copyright The American Association for the Advancement of Science, 2022; (g, h) adapted with permission from ref. 73, Copyright
American Chemical Society, 2019.

Table 1 Fast (<15 ns) and high light yield (>20 photons/keV) perovskite scintillators versus LaBr;:Ce.

Li-doped (PEA),PbBr, CPB LaBr;:Ce
Absorption length, mm @50 keV 11739 0.16"3 0.2177
@511 keV 46.353° 20.063 22.7577
Light yield photons/keV (pulse height) 2316 24754 7877
Average decay time (ns) 12.903° 5.9754 1577
Energy resolution @662 keV 7.7%3% - 2.0%77
CTR (ps) 8418 - 7778
Spatial resolution @0.2 MTF (Ip/mm) Lamellar 4.028 4.0"53/12.57764 1.579
Multicolumn 8.841 60.01° 7.379
“Lamellar with 50% wt% nanocrystals®3, ~"Polymer-ceramics54.
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Fig. 4 Research roadmap of high light-yield and fast perovskite scintillators. New perovskite materials with state-of-the-art photonic nanostructures will

help to revolutionize PET and fast-spectral high-resolution X-ray imaging.

nanophotonic integration of any presently candidate of per-
ovskite scintillators (two-dimensional HOIP crystals and all-
inorganic perovskites nanocrystals) towards high-performance
scintillators.

Several material and fabrication challenges may implicate the
complexity in this subject and the limitation for searching new
materials is raised due to the large offset of the experimental
findings with the theoretical parameters. Thus, one may con-
sider overcoming by designing new emergent combined per-
ovskite scintillator materials with the Purcell effect to stimulate
spontaneous emission by manipulating the local photonic
density of states. The proposed roadmap to tackle the issue is
presented in Fig. 4. Recent observation of Purcell-enhanced
emission intensity in nanostructure photonics has not been fully
coherent with its fast lifetime, and this currently an open target
that requires further contemplation. The foundation is to utilize
the structure-properties material design to be in line the
Purcell-enhanced perovskite photonic crystals upon excited by
the high-energy X-ray or gamma-ray irradiation. This essen-
tially requires an elegant approach to find a feasible perovskite
structure that simultaneously thin enough for ionized electrons
and emitted photons to be confined efficiently without sacrifi-
cing its potential scintillation applications. Therefore, such
technology will enable a new revolution of imaging and timing
for medical, security, and high-energy physics applications such
as fast-spectral high-resolution X-ray imaging, >30Mcps/pixel
OCR in PCCT, and <30 ps breaking record CTR PET>17,
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