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ABSTRACT: Fast-emitting scintillators are essential for advanced
diagnostic techniques, yet many suffer from low radiation attenuation.
This trade-off is particularly pronounced in polymer scintillators, which,
despite their fast emission, exhibit low density and low atomic numbers,
limiting the radiation attenuation factor, resulting in low detection
efficiency. Here, we overcome this limitation by creating a heterostructure
scintillator of alternating nanometric layers, combining fast light-emitting
polymer scintillator layers and transparent stopping layers with a high
radiation attenuation factor. The nanolayer thicknesses are tuned to
optimize the penetration depth of recoil electrons in active emissive
layers, maximizing the conversion of X-rays to visible light. This design
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increases light output by up to 1.5 times and enhances imaging resolution by a factor of 2 compared to homogeneous polymer
scintillators due to the ability to use thinner samples. These results demonstrate the potential of heterostructure scintillators as next-
generation detector materials, overcoming the limitations of homogeneous scintillators.
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S cintillators convert ionizing radiation into visible light and
are utilized in various fields such as medical imaging,
security, nondestructive testing, and high-energy physics
(HEP).'™" Timing characteristics of scintillators are crucial
for many applications. For example, fast timing enables the use
of time-of-flight (TOF) information in positron emission
tomography (PET), where it can significantly improve image
quality and resolution.”® A figure of merit parameter, the
detector’s coincidence time resolution (CTR), depends on the
scintillator’s emission rate,” underscoring the importance of
developing scintillators with the fastest emission rate possible.

The amount of light emission from a scintillator depends on
its light yield and the scintillator’s radiation attenuation. For
the most widely applied detection of X-rays (y-rays), the
incident radiation quantum first transfers its energy or its
fraction to a recoil electron through photoelectric absorption
or Compton scattering. Via a series of electron—electron
collisions, the energy is transferred to secondary pairs of charge
carriers that transfer energy to luminescent centers, where light
emission occurs upon recombination.

Thus, an ideal scintillator requires (i) efficient generation of

hot electrons at high-density high-Z materials; (ii) effective Received: October 29, 2024
energy transfer to luminescence centers; and (iii) a fast rate of Revised:  February 13, 2025
spontaneous emission at these luminescence centers. The most Accepted:  February 14, 2025

common materials for scintillators are inorganic crystalline
scintillators such as BGO or LYSO. State-of-the-art crystals
have scintillation decay times of tens of nanoseconds (e.g.,
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around 30 ns for LYSO, (Lu,Y),SiOs:Ce).*® Alternatively,
polymer-based scintillators can achieve an order of magnitude
faster emission with a decay time below S ns. Their typical light
yield is around ~1 X 10* photons/MeV,g’10 on the level of
widely used scintillators such as BGO and YAP:Ce. However,
their low radiation attenuation, caused by the polymers’ low
atomic number and density, limits their use to thick plates,
which hinders the spatial resolution for imaging applications.''

On top of developing novel homogeneous scintillation
materials, a significant effort was dedicated to improving
scintillation properties by structuring them from the macro-
down to the nanolevel."”

A solution working for GeV-level particle detection in HEP
is a sampling calorimeter, such as a Shashlik calorimeter. It
consists of alternating dense metal plates that stop high-energy
particles and generate showers of secondary species, and plastic
scintillator plates where light is emitted; >'* the plates have
typical thicknesses on the order of millimeters.

The recently proposed concept of metascintillators
combines alternating layers of a heavy, slower-emission
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Figure 1. Scintillation process scheme for uniform and layered heterostructure scintillators. The purple arrow represents incident X-ray radiation.
Each black dot indicates an event where an X-ray photon transfers its energy to an electron within the scintillator structure via a photoelectric or
Compton effect. The black lines depict the trajectories of the recoil electrons and their subsequent energy deposition and scattering events within
the scintillator structure. (a) In a uniform polymer scintillator (blue), the probability for X-ray radiation to convert to electrons is uniform across
the scintillator. (b) In a layered heterostructure scintillator, composed of scintillator layers (blue) and stopping layers (gray), the probability for X-
ray radiation to transfer its energy to electrons is strongly enhanced by the stopping layer (in gray) due to its higher density and high atomic
number elements present in the material. Subsequently, energy is transferred via the excited electron to the scintillator layers, resulting in light
emission. (c) An example illustrating the consequence of stopping layer thickness that is increased beyond its optimum: more X-rays are absorbed,
but a greater portion of generated electrons dissipates more energy within the stopping layer and less within the scintillator. This dual consequence
leads to increased X-ray absorption but decreased light emission from the scintillator. Sketches of (d) a homogeneous polymer scintillator and (e) a
heterostructure scintillator. (f) Photograph of a 14-layer heterostructure scintillator sample on a silica substrate, demonstrating its high transparency
(under ambient and UV 395 nm light). (g) Demonstration of X-ray imaging using a layered heterostructure scintillator vs a homogeneous
scintillator. The silverfish (Lepisma saccharinum) X-ray image in the left panel is obtained with a heterostructure scintillator, and the X-ray image in
the right panel is captured using a homogeneous scintillator with an equivalent thickness. The higher image quality provided by the heterostructure
scintillator allows us to resolve the denser nature of the head compared to the body, providing a detailed depiction of the body’s midline structure.

Homogeneous Heterostructure
scintillator scintillator

scintillator and a scintillator with a fast emission rate but a radiation and (ii) to enhance the conversion of thermalized

lower attenuation. It is designed to detect 511 keV y-quanta charge carriers to optical photons at a fast rate.

with higher CTR and rely on the energy transfer to the fast We propose and demonstrate a concept for enhanced

scintillator primarily via recoil electrons.”~'* scintillators by controlling the transport of recoil electrons.
Another approach is incorporating dense, high-Z-number Traditionally, the coupling of energetic radiation to lower-

nanoparticles into a matrix of a polymer scintillator. Such energy optical photons is considered an inherent material

combinations were experimentally demonstrated and showed property. We show that nanoscale layered scintillators, scaled
positive results. However, high nanoparticle loading can lead to

ol : 4 lich " d _ ) considering the penetration depth of the electrons, can alter their
particle aggregation and Light scattering and requires precise ability to couple energy between the layers. Thus, despite being
materials matching and surface chemistry optimization. . - .

) > ° . . . a heterostructure, the resulting scintillator behaves as a single

Finally, an additional innovative approach to enhancing

- . . b . . . effective material with a superior stopping power at a given
scintillator light emission involves engineering their photonic v P ppIng pow! i

environment, leveraging the Purcell effect, which allows control thickness (Flgure 1) and ?opsequently higher light ogtput.
. L . . 21 The control of the emitting layers and the stopping layer
over their emission rate, spectrum, and intensity.” Exper-

imental studies have demonstrated the Purcell effect in thickness is achieved through a deposition process that
scintillators using 1D layered structures’® and plasmonic fabricates both layers with thicknesses ranging from tens of

enhancement.”’ Other nanophotonic methods aim at increas- nanometers to several micrometers. Matching the layers’
ing the light outcoupling efficiency, as first proposed and thicknesses to the penetration depth of the recoil electrons
demonstrated by P. Lecoq}zms reaching a 10X enhancement in allows separation of the scintillation stages to occur in
more recent works.”° dissimilar materials with tailored properties: high attenuation
The development of new scintillation materials should aim factor and fast emission. The electrons generated in the
(i) to increase the generation of hot electrons by incident stopping layers propagate to excite the scintillator layer to a
3423 https://doi.org/10.1021/acs.nanolett.4c05353
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Figure 2. Effect of stopping layer thickness in the layered heterostructure scintillator on visible emission compared to a uniform scintillator. (a)
Comparison of scintillation emission intensity between heterostructure scintillators with varying stopping layer thicknesses (black dots) and
homogeneous scintillators with different thicknesses (blue dots). The layered heterostructure scintillators consist of 7 periodic layer pairs, each
scintillator layer having a thickness of 650 nm (total 4.55 ym), while the stopping layer thickness varies (80, 200, 600, and 1400 nm). A scheme of
each layered structure is depicted next to its data point. The sample marked with a star is a homogeneous scintillator with a total thickness of 4.5
pum. The results highlight a significant increase in total emission, particularly around thin stopping layers on the order of 200 nm thickness, followed
by a more moderate increase. Notably, the trend indicates the optimal heterostructure performance at ~25% stopping layer in the total material’s
thickness, where at a percentage higher than 68%, the uniform layer with equivalent thickness surpasses heterostructure’s scintillation emission. The
black dashed line is a simulation of emission from the heterostructure using Geant4, and the shaded area represents its standard deviation. Inset:
The enhancement factor shows the layered heterostructure scintillator emission relative to a uniform layer of the same thickness. (b) Cross-section
SEM-FIB image of a seven pairs of layer heterostructure scintillator. The brighter layers are the stopping layers, and the darker layers are the

polymer scintillator layers.

greater extent compared to a homogeneous layer, as illustrated
in Figure 1.

To demonstrate this concept, we selected a combination of a
polymeric scintillator and metal-loaded polymer, allowing
precise fabrication of the layered structures using spin-coating.
Polymer scintillators can be produced in varied sizes ranging
from chip-scale devices’’ to large-format screens.”® We
selected the commercial scintillator for ultrathin films EJ-296
from Eljen Technologies. Metal-loaded polymers facilitate the
fabrication of thin layers with minimal light scattering and high
deposition fidelity.””*’ So, for the stopping layers we have used
custom-made poly(vinyl alcohol) (PVA) cross-linked with
titanium oxide hydrate. The solution for spin-coating was
prepared by hydrolyzing TiCl, to reach a 2 M concentration in
an ice bath, then mixing the hydrolyzed solution with PVA
dissolved in water (details in ref 31 and the SI). We emphasize
that the scaling of layered scintillator fabrication may be
facilitated by using a polystyrene-based scintillator and reel-to-
reel deposition or extrusion.

After the deposition, the solid PVA cross-linked with TiO H
is water-insoluble at the temperature range 0—100 °C. This
layer is highly transparent for visible light and environmentally
stable. Most importantly, it is twice as dense and incorporates
titanium (Z = 22), resulting in a ~20 times higher attenuation
factor compared to the scintillator.””**

To fully exploit the layered heterostructure scintillator
advantages, we developed a theoretical model capturing the
macroscopic interactions of X-rays, electrons, and visible light
photons within the structure. This framework provides new
insights into energy transfer mechanisms and enables us to
develop methodologies for optimizing aperiodic layered
configurations, surpassing periodic limitation. The model is
validated using an open-source Monte Carlo numerical
modeling package (Geant4’*) to guide the planning of the
experimental proof of concept measurements.

3424

Solution-processed polymer-based layered structures offer
significant flexibility in manipulating parameters such as the
layer thickness, composition, and layer count. Moreover, the
deposition methods are compatible with industrial-scale
processes. This control enables the customization of
heterostructure scintillators to meet specific detection require-
ments, including imaging, dose measurement, and time
tagging.

We show that the thickness and number of layers have a
negligible scattering effect on the layered scintillator (Figures
3S and SS in SI), unlike heavy nanoparticles in a polymer
matrix,'” where the nanoparticle size and concentration
increase the scattering, which reduces the measured emission
intensity and hinders resolution in imaging applications.

To determine how the stopping layer thickness affects the
overall scintillation intensity, four heterostructure samples with
different stopping layer thicknesses were fabricated. The
fabrication parameters are detailed in SI Table 2S. The
scintillation yield enhancement was compared to that of
uniform polymeric scintillators (EJ-296) of 4—1S5 pm
thicknesses (Figure 2). Increasing the stopping layer thickness
above ~200 nm resulted only in a moderate rise in scintillation
intensity compared to a uniform EJ-296 scintillator of
equivalent thickness. A heterostructure with a 68% stopping
layer has a similar emission intensity to a uniform scintillator
with the same thickness, attributed to the greater energy
absorption by the stopping layers.

Hence, the optimal percentage of the stopping layer in the
total material’s thickness is about 25% for the X-rays used in
this experiment.

Monte Carlo Geant4 simulations (dashed lines in Figure
2(a)) validated these results, showing the same trend of
decreased emission from thicker stopping layers. The
experimental data were normalized to the counts from a
4.5 pm thick uniform scintillator (EJ-296). The simulation

https://doi.org/10.1021/acs.nanolett.4c05353
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Figure 3. Resolution improvement with heterostructure scintillators. (a) X-ray images of a razor edge obtained by the 6 ym layered scintillator and
6.2 and 10 ym uniform scintillators (b) Edge image intensity versus sharpness (fitted ESF). The uniform layer exhibits a sharpness—intensity trade-
off; that is, the cost of increasing the intensity is the reduction in the sharpness. The layered scintillator (orange dot) breaks this trade-off. Here, a
layered scintillator with a total thickness of 6 ym has a similar scintillation emission intensity to a 10 #m uniform sample and similar sharpness to
the 6.2 ym uniform sample. (c) An edge function is fitted to a line across the images from panel (a). Here we use the sharpness parameter (S) from
the fit function as a single parameter that corresponds to the sharpness of the image. (d) Edge image analysis. The modulation transfer function
(MTF) is obtained from the ESF in panel (c). (e) Detective quantum efficiency (DQE). This measurement takes into account the X-ray
absorption, light yield, and image resolution, demonstrating the layered heterostructure scintillator’s superiority for imaging applications (for
additional statistical calculation of the image analysis see Section SS and Figure 2S in SI).

counts were scaled down by a constant fitting factor of 3 to
account for structural and chemical inhomogeneities not
captured in the simulations. The modeling also shows that
heterostructure emission intensity can be further increased by
adding more layers while maintaining this ratio, which proves
the scalability of the approach (Figure 1S(c)).

To demonstrate the functionality of the thin layer
scintillators, we compared X-ray images taken with a
heterostructure and homogeneous scintillators. An X-ray
image of the edge of a 100 ym-thick mask (razor blade) is
used to obtain the edge spread function (ESF) for each
scintillator.

We experimentally demonstrated that the sharpness—
intensity trade-off applies to uniform scintillators and show
in Figure 3 how the layered heterostructure with dense
stopping layers breaks this trade-off. The heterostructure
encompasses five layer pairs (each pair: 1 ym scintillator + 200
nm stopping layer) and is compared to a set of homogeneous
samples with different thicknesses. We observed that the 6 ym
heterostructure sample emission intensity is like that of a 10-
micrometer-thick homogeneous scintillator, and its sharpness
is like that of a 6.2 ym uniform layer.

To analyze the imaging performance, we measured the ESF
to compute the modulation transfer function (MTF), which is
a standard metric used to evaluate the system’s ability to
reproduce the details in an image.”> The MTF quantifies how

3425

well the system transfers contrast from the object to the image
at different spatial frequencies with higher MTF values
indicating better preservation of fine details and contrast.

Another crucial metric is the detective quantum efficiency
(DQE), which reflects the system’s ability to preserve the
signal-to-noise ratio (SNR) of the acquired image. The DQE is
defined as follows:

SNRg(k)
SNR? (k)

1

DQE(K) = "

where k is the spatial frequency. When comparing homoge-
neous scintillators, the DQE is determined by the MTE."® We
generalized the DQE calculation to encompass the layered
heterostructure scintillator. The derivation is detailed in the SI.

Figures 3d and 3e illustrate the MTF and DQE for both
homogeneous and heterostructure scintillators. The 6 pum
heterostructure scintillator emission intensity is comparable to
the 10 pm-thick uniform scintillator, with MTF resembling a
significantly thinner structure, overcoming the inherent trade-
off associated with uniform scintillators. Similarly, the
heterostructure achieves a significantly higher DQE across
the image spatial frequencies, reducing image noise compared
to an equivalent homogeneous polymer scintillator.

We lastly examine the effect of the titanium content in the
stopping layer on the heterostructure. Four samples were

https://doi.org/10.1021/acs.nanolett.4c05353
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of stopping layers enhances scintillation emission, even at low Ti content. (b) Emission intensity is calculated by integrating the emission spectrum
from panel (a) (black dots) compared to the Geant4 based simulation and the theory. The experimental error bars result from three repetitions of
the measurements.
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Figure S. Design and optimization of nanoscale heterostructure scintillators. (a) Simulated enhancement (and reduction) map of a heterostructure
scintillator as a function of the incoming X-ray energy and the percentage of stopping material in the nanostructure. Since the total thickness of the
structures in the map is fixed to 10 ym, they share the same resolution and differ only in the light output. These simulations assume a
monochromatic X-ray source. The line shows the stopping layer percentage, providing the optimal enhancement per X-ray energy, which
monotonically increases with X-ray energy up to 40 keV. (b) Comparison of the light output as a function of the stopping layer thickness for theory
and Monte Carlo simulations for the X-ray energy 22 keV. The structures contain 10 layers and a fixed scintillator thickness of 1 ym per layer. (c)
Ilustration of uniform, heterostructure, and aperiodic optimized scintillators, with gray layers representing the stopping material. We observe that
the thickness of the stopping layer is gradually decreasing with respect to the direction of the incident X-ray (X-rays come from the left), and the
structure’s yield improves by 10%.

fabricated, each made of 7 pairs of stopping and scintillator on(z, €)

layers where the stopping layers of each sample have different Y = _”y(e) n(z, €) )
titanium content (same as detailed in ref 31). This is achieved

by mixing the PVA solution with the TiOH solution in where 7, (z, €) is the number of X-rays reaching a depth of z
different ratios (detailed in SI Table 1S). The chemical with an energy of ¢, where 4, () is the material's mass

composition of a single stopping layer of each sample is attenuation coefficient. After absorption, the X-ray energy is

confirmed by SEM-EDS elemental analysis (Figure 4S) converted to hot electrons. We model the electrons’ rate of
The heterostructure’s scintillation emission spectrum was creation using the following relation:

measured and compared to a uniform layer of the same an(z, €) on (2, €)

thickness (Figure 4). The emission intensity gradually — = = fde’ Ce €)|———

increases with higher titanium content in the stopping layers. dz dz

The sample with 20 wt % Ti content in the stopping layer

on(z, €
showed 1.3 times higher emission intensity than the uniform + C[e, e’)-[—M] - u(e)n(z, €)
scintillator, and the 40 wt % Ti sample emission intensity is 1.6 dz
times higher. (3)

However, at Ti loadings of 40 wt % and higher, particle
inclusions on surfaces of stopping layers were detected (Figure
4S), which probably caused the reduction of the samples’

where C,(e, €) and C,(€, €’) represent the conversion
efficiency from X-rays and electrons (with energy of €’) to
electrons (with energy of €). Here, p.(€) is the effective

transparency (Figure 3S). To prevent the scattering effects, we electronic absorption coefficient determined using a Monte
fixed the titanium content at 30 wt %. Carlo simulation (using the Geant4 software’") by simulating
The absorption of X-rays is described by the following electron bombardment and their energy loss. The integration
differential equation: term in eq 3 represents the electron creation from X-rays or
3426 https://doi.org/10.1021/acs.nanolett.4c05353
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more energetic electrons, while the last term accounts for
electron reabsorption.

The final stage of the scintillation process is the emission of
light through spontaneous emission. The rate of light photon
creation at depth z and frequency w is

/deY(w, e)'(—ian‘e{az’ ©

on(z, )

. ] — ty(@)n(z, @)

(4)

where Y(w, €) is the scintillation yield from each electron
energy and emitted light frequency.

These differential equations establish an analytical relation
between the heterostructure geometry and the light emission
intensity, enabling us to quantify the heterostructure perform-
ance. For example, the optimal stopping layer thickness for a
single stopping layer followed by a scintillator is

In(%)
% #
Zsp =
K= H (s)

This expression balances the X-ray and the electron
absorptions. This formalism supports optimization techniques
to design structures that maximize the output light. The full
derivation and the solution are presented in the SI.

We now present a method to design nanoscale hetero-
structure scintillators.

Figure 5 shows the simulated light yield enhancement of a
10-layer-pair heterostructure scintillator as a function of the X-
ray energy and the percentage of stopping material. The total
thickness is kept constant 10 gm). The black line indicates the
optimal stopping material percentage for maximum enhance-
ment. It increases monotonically for X-ray energies up to 40
keV, consistent with the higher X-ray absorption coefficient of
titanium compared to carbon at these energies. Above 40 keV,
the effect of the layered heterostructure is diminished as the X-
ray absorption coefficients of titanium and carbon become
close.

Next, we consider more sophisticated heterostructure
designs in which each layer thickness can be adjusted
separately. Due to the higher dimensionality of the problem,
using Monte Carlo simulations alone is challenging, as they are
very resource- and time-consuming.’® To address this, we used
the presented theoretical model and applied a gradient
descent-based algorithm (Adam optimizer’’) to optimize the
layers’ thicknesses. The derivatives are analytically computed
using backpropagation (implemented in PyTorch™).

A 4.45-fold increase in light yield relative to uniform
scintillators was forecasted, representing a 10% improvement
over the optimal periodic heterostructures (Figure Sb). The
highest enhancement in the light yield is achieved when the
thickness of the stopping layers gradually decreases with the
depth of the heterostructure (Figure Sc). This layer
configuration ensures that recoil electrons are not reabsorbed
in subsequent stopping layers.

The high emission rate of polymer scintillators drives
motivation to improve their low attenuation factor. We
proposed and demonstrated a novel approach to enhance X-
ray attenuation by fabricating alternating layers of a polymer
scintillator and a cross-linked Ti-loaded polymer. With this
heterostructure scintillator, a 50% emission enhancement is
achieved.
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We investigated key parameters, including Ti loading and
thickness of the stopping layers, showing significant improve-
ment in the scintillation emission intensity, even when these
values are low. Importantly, the stopping layers do not increase
the self-absorption of the heterostructure scintillator, as
supported by absorption measurements across the emission
spectrum.

To further support the development of hybrid scintillators,
we developed a theoretical framework allowing eflicient
optimization of layer architecture. It has been shown that
gradually decreasing stopping layer thicknesses provides the
optimal light yield.

This approach paves the way for fast scintillator applications
and has the potential to significantly improve future medical
detectors, imaging systems, and tomography technologies.

B ASSOCIATED CONTENT

© Supporting Information
The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acs.nanolett.4c05353.

Material and methods, sample preparation, further
analysis of the data, optical measurements of the
samples, structural analysis of the stopping layers, and
further details of the modeling (PDF)

B AUTHOR INFORMATION

Corresponding Author
Yehonadav Bekenstein — Department of Materials Science
and Engineering, Technion - Israel Institute of Technology,
Haifa 3200003, Israel; The Solid-State Institute, Technion -
Israel Institute of Technology, Haifa 3200003, Israel;
orcid.org/0000-0001-6230-5182; Email: bekenstein@
technion.ac.il

Authors

Orr Be’er — Department of Materials Science and Engineering,
Technion - Israel Institute of Technology, Haifa 3200003,
Israel; The Solid-State Institute, Technion - Israel Institute of
Technology, Haifa 3200003, Israel; © orcid.org/0009-
0004-6969-7333

Avner Shultzman — The Solid-State Institute, Technion -
Israel Institute of Technology, Haifa 3200003, Israel;
Department of Electrical and Computer Engineering,
Technion - Israel Institute of Technology, Haifa 3200003,
Israel

Rotem Strassberg — Department of Materials Science and
Engineering, Technion - Israel Institute of Technology, Haifa
3200003, Israel; The Solid-State Institute, Technion - Israel
Institute of Technology, Haifa 3200003, Israel

Georgy Dosovitskiy — Department of Materials Science and
Engineering, Technion - Israel Institute of Technology, Haifa
3200003, Israel; The Solid-State Institute, Technion - Israel
Institute of Technology, Haifa 3200003, Israel

Noam Veber — Department of Materials Science and
Engineering, Technion - Israel Institute of Technology, Haifa
3200003, Israel; The Solid-State Institute, Technion - Israel
Institute of Technology, Haifa 3200003, Israel; © orcid.org/
0000-0001-7513-6357

Roman Schuetz — The Solid-State Institute, Technion - Israel
Institute of Technology, Haifa 3200003, Israel; Department
of Electrical and Computer Engineering, Technion - Israel
Institute of Technology, Haifa 3200003, Israel

https://doi.org/10.1021/acs.nanolett.4c05353
Nano Lett. 2025, 25, 3422-3429


https://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.4c05353/suppl_file/nl4c05353_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.4c05353?goto=supporting-info
https://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.4c05353/suppl_file/nl4c05353_si_001.pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yehonadav+Bekenstein"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0001-6230-5182
https://orcid.org/0000-0001-6230-5182
mailto:bekenstein@technion.ac.il
mailto:bekenstein@technion.ac.il
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Orr+Be%E2%80%99er"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0009-0004-6969-7333
https://orcid.org/0009-0004-6969-7333
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Avner+Shultzman"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Rotem+Strassberg"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Georgy+Dosovitskiy"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Noam+Veber"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0001-7513-6357
https://orcid.org/0000-0001-7513-6357
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Roman+Schuetz"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Charles+Roques-Carmes"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
pubs.acs.org/NanoLett?ref=pdf
https://doi.org/10.1021/acs.nanolett.4c05353?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Nano Letters

pubs.acs.org/NanoLett

Charles Roques-Carmes — E. L. Ginzton Laboratory,
Stanford University, Stanford, California 94308, United
States; ® orcid.org/0000-0002-1168-5944

Ido Kaminer — The Solid-State Institute, Technion - Israel
Institute of Technology, Haifa 3200003, Israel; Department
of Electrical and Computer Engineering, Technion - Israel
Institute of Technology, Haifa 3200003, Israel; © orcid.org/
0000-0003-2691-1892

Complete contact information is available at:
https://pubs.acs.org/10.1021/acs.nanolett.4c05353

Author Contributions
The manuscript was written through the contributions of all
authors.

Funding

This research has received funding from the European Union’s
Horizon 2020 research and innovation program under grant
agreement No. 949682-ERC-HeteroPlates and The Pazy
Foundation No. 2031511. This research was supported by
Grant No. 2022144 from the United States-Israel Binational
Science Foundation (BSF) and the Helen Diller Quantum
Center at the Technion.

Notes
The authors declare no competing financial interest.

B ACKNOWLEDGMENTS

Sample fabrication was performed with the support of the
Technion’s Micro-Nano Fabrication Unit (MNFU). C.R.-C.
acknowledges support from a Stanford Science Fellowship.
G.D. acknowledges the support from the Council for Higher
Education and the Center for Integration in Science of the
Ministry of Aliyah and Integration of Israel.

B REFERENCES

(1) Dujardin, C.; Auffray, E.; Bourret-Courchesne, E.; Dorenbos, P.;
Lecoq, P.; Nikl, M.; Vasil'Ev, A. N.; Yoshikawa, A.; Zhu, R. Y. Needs,
trends, and advances in inorganic scintillators. IEEE Trans. Nucl. Sci.
2018, 65, 1977—1997.

(2) Wang, Z.; Dujardin, C.; Freeman, M. S.; Gehring, A. E.; Hunter,
J. F; Lecoq, P,; Liu, W,; Melcher, C. L.; Morris, C. L,; Nikl, M,;
Pilania, G.; Pokharel, R.; Robertson, D. G.; Rutstrom, D. J.; Sjue, S.
K.; Tremsin, A. S.;; Watson, S. A,; Wiggins, B. W,; Winch, N. M;
Zhuravleva, M. Needs, Trends, and Advances in Scintillators for
Radiographic Imaging and Tomography. IEEE Trans. Nucl. Sci. 2023,
70, 1244—1280.

(3) Vasérhelyi, L.; Kénya, Z.; Kukovecz; Vajtai, R. Microcomputed
tomography-based characterization of advanced materials: a review.
Mater. Today Adv. 2020, 8, 1—-13.

(4) Korzhik, M.; Lecoq, P.; Gektin, A. Inorganic Scintillators for
Detector Systems Physical Principles and Crystal Engineering, second ed.;
Springer, Berlin, 2017.

(5) Lecoq, P. Pushing the Limits in Time-of-Flight PET Imaging.
IEEE Trans. Radiat. Plasma Med. Sci. 2017, 1, 473—485.

(6) Lecog, P.; Morel, C.; Prior, J. O.; Visvikis, D.; Gundacker, S.;
Auffray, E.; Krizan, P.; Turtos, R. M.; Thers, D.; Charbon, E.; Varela,
J; De La Taille, C.; Rivetti, A.; Breton, D.; Pratte, J. F.; Nuyts, J.;
Surti, S.; Vandenberghe, S.; Marsden, P.; Parodi, K.; Benlloch, J. M.;
Benoit, M. Roadmap toward the 10 ps time-of-flight PET challenge.
Phys. Med. Biol. 2020, 65, 21RMO1.

(7) Korzhik, M.; Tamulaitis, G.; Vasil'ev, A. N. Physics of Fast
Processes in Scintillators; Springer, Berlin, 2020.

(8) Gundacker, S.; Turtos, R. M.; Auffray, E.; Lecoq, P. Precise rise
and decay time measurements of inorganic scintillators by means of
X-ray and 511 keV excitation. Nucl. Instruments Methods Phys. Res.
Sect. A Accel. Spectrometers, Detect. Assoc. Equip. 2018, 891, 42—52.

3428

(9) Gundacker, S.; Martinez Turtos, R.; Kratochwil, N.; Pots, R. H.;
Paganoni, M.; Lecoq, P.; Auffray, E. Experimental time resolution
limits of modern SiPMs and TOF-PET detectors exploring different
scintillators and Cherenkov emission. Phys. Med. Biol. 2020, 65,
025001.

(10) Brown, J. A.; Laplace, T. A;; Goldblum, B. L.; Manfredi, J. J;
Johnson, T. S.; Moretti, F.; Venkatraman, A. Absolute light yield of
the EJ-204 plastic scintillator. Nucl. Instruments Methods Phys. Res.
Sect. A Accel. Spectrometers, Detect. Assoc. Equip. 2023, 1054, 168397.

(11) Shultzman, A.; Segal, O.; Kurman, Y.; Roques-Carmes, C.;
Kaminer, I. Enhanced Imaging Using Inverse Design of Nano-
photonic Scintillators. Adv. Opt. Mater. 2023, 11, 2202318.

(12) Singh, P.; Dosovitskiy, G.; Bekenstein, Y. Bright Innovations:
Review of Next-Generation Advances in Scintillator Engineering. ACS
Nano 2024, 18, 14029—14049.

(13) Badier, J. V. J.; Bonneaud, G.; Busata, A.; Busson, Ph.; Charlot,
C.; Dobrzynski, L.; Gregory, Ch., Karar, A.; Tanaka, R.; Bloch, Ph,,
Christiansen, J.; Heijne, H.; Glaser, M.; Jarron, P.; Lerneilleur, F,;
Karyotakis, I.; Loos, R.; Marchioro, A.; Rosso, E.; Hobson, P. R.; Imri,
D. C.; Proskurjakov, A. R. A.; Semenov, B.; Sernenyuk, I.; Sukhov, V,;
Atoyan, G.; Gninenko, S.; Guschin, E.; Issakov, V.; Klirnenko, V;
Marin, V.; Musienko, Y.; Poblaguev, A,; Postoev, V.; Bityukov, S,;
Gorin, A.; Obraztsov, V.; Ostankov, A.; Polyakov, B.; Rykalin, V.;
Soushkov, V.; Shashlik, V., Calonmetry: A combined Shashlik +
Preshower detector for LHC; R&D Proposal, CERN-DRDC-93-28,
CERN (1993).

(14) Badier, J.; Busson, P.; Charlot, C.; Dobrzynski, L.; Tanaka, R;;
Bordalo, P.; Ramos, S.; Bityukov, S.; Obraztsov, V.; Ostankov, A,;
Zaitchenko, A.; Gninenko, S.; Guschin, E.; Issakov, V.; Mussienko, Y.;
Semenjuk, I. Shashlik calorimeter Beam-test results. Nucl. Inst.
Methods Phys. Res. A 1994, 348, 74—86.

(15) Turtos, R. M.; Gundacker, S.; Auffray, E.; Lecoq, P. Towards a
metamaterial approach for fast timing in PET: Experimental proof-of-
concept. Phys. Med. Biol. 2019, 64, 185018.

(16) Krause, P.; Rogers, E.; Birowosuto, M. D.; Pei, Q.; Auffray, E.;
Vasil'ev, A. N.; Bizarri, G. Design rules for time of flight Positron
Emission Tomography (ToF-PET) heterostructure radiation detec-
tors. Heliyon 2022, 8, No. e09754.

(17) Pagano, F.; Kratochwil, N.; Salomoni, M.; Pizzichemi, M,;
Paganoni, M.; Auffray, E. Advances in heterostructured scintillators:
toward a new generation of detectors for TOF-PET. Phys. Med. Biol.
2022, 67, 135010.

(18) Turtos, R. M.; Gundacker, S.; Omelkov, S.; Mahler, B.; Khan,
A. H,; Saaring, J.; Meng, Z.; Vasil'ev, A.; Dujardin, C.; Kirm, M,;
Moreels, L; Auffray, E; Lecoq, P. On the use of CdSe scintillating
nanoplatelets as time taggers for high-energy gamma detection. npj 2D
Mater. Appl. 2019, 3, 1-10.

(19) Hajagos, T. J; Liu, C.; Cherepy, N. J; Pei, Q. High-Z.
Sensitized Plastic Scintillators: A Review. Adv. Mater. 2018, 30, 1—13.

(20) Lin, Z; Lv, S; Yang, Z; Qiu, J; Zhou, S. Structured
Scintillators for Efficient Radiation Detection. Adv. Sci. 2022, 9, 1-26.

(21) Kurman, Y.; Shultzman, A; Segal, O; Pick, A,; Kaminer, 1.
Photonic-Crystal Scintillators: Molding the Flow of Light to Enhance
X-Ray and y-Ray Detection. Phys. Rev. Lett. 2020, 125, 040801.

(22) Kurman, Y.; Lahav, N.; Schuetz, R.; Shultzman, A.; Roques, C.;
Lifshits, A.; Zaken, S.; Lenkiewicz, T.; Strassberg, R; Be’er, O,;
Bekenstein, Y.; Kaminer, I. Purcell-enhanced X-ray scintillation. Sci.
Adv. 2024, 10, No. eadq6325.

(23) Ye, W,; Yong, Z.; Go, M.; Kowal, D.; Maddalena, F.; Tjahjana,
L.; Wang, H.; Arramel, A.; Dujardin, C.; Birowosuto, M. D.; Wong, L.
J. The Nanoplasmonic Purcell Effect in Ultrafast and High-Light-Yield
Perovskite Scintillators. Adv. Mater. 2024, 36, 2309410.

(24) Knapitsch, A; Auffray, E,; Fabjan, C. W,; Leclercq, J. L;
Letartre, X.; Mazurczyk, R;; Lecoq, P. Results of photonic crystal
enhanced light extraction on heavy inorganic scintillators. IEEE Trans.
Nucl. Sci. 2012, 59, 2334—2339.

(25) Knapitsch, A,; Lecoq, P. Review on photonic crystal coatings
for scintillators. Int. J. Mod. Phys. A 2014, 29, 1430070.

https://doi.org/10.1021/acs.nanolett.4c05353
Nano Lett. 2025, 25, 3422-3429


https://orcid.org/0000-0002-1168-5944
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ido+Kaminer"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0003-2691-1892
https://orcid.org/0000-0003-2691-1892
https://pubs.acs.org/doi/10.1021/acs.nanolett.4c05353?ref=pdf
https://doi.org/10.1109/TNS.2018.2840160
https://doi.org/10.1109/TNS.2018.2840160
https://doi.org/10.1109/TNS.2023.3290826
https://doi.org/10.1109/TNS.2023.3290826
https://doi.org/10.1016/j.mtadv.2020.100084
https://doi.org/10.1016/j.mtadv.2020.100084
https://doi.org/10.1109/TRPMS.2017.2756674
https://doi.org/10.1088/1361-6560/ab9500
https://doi.org/10.1016/j.nima.2018.02.074
https://doi.org/10.1016/j.nima.2018.02.074
https://doi.org/10.1016/j.nima.2018.02.074
https://doi.org/10.1088/1361-6560/ab63b4
https://doi.org/10.1088/1361-6560/ab63b4
https://doi.org/10.1088/1361-6560/ab63b4
https://doi.org/10.1016/j.nima.2023.168397
https://doi.org/10.1016/j.nima.2023.168397
https://doi.org/10.1002/adom.202202318
https://doi.org/10.1002/adom.202202318
https://doi.org/10.1021/acsnano.3c12381?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsnano.3c12381?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/0168-9002(94)90844-3
https://doi.org/10.1088/1361-6560/ab18b3
https://doi.org/10.1088/1361-6560/ab18b3
https://doi.org/10.1088/1361-6560/ab18b3
https://doi.org/10.1016/j.heliyon.2022.e09754
https://doi.org/10.1016/j.heliyon.2022.e09754
https://doi.org/10.1016/j.heliyon.2022.e09754
https://doi.org/10.1088/1361-6560/ac72ee
https://doi.org/10.1088/1361-6560/ac72ee
https://doi.org/10.1038/s41699-019-0120-8
https://doi.org/10.1038/s41699-019-0120-8
https://doi.org/10.1002/adma.201706956
https://doi.org/10.1002/adma.201706956
https://doi.org/10.1002/advs.202102439
https://doi.org/10.1002/advs.202102439
https://doi.org/10.1103/PhysRevLett.125.040801
https://doi.org/10.1103/PhysRevLett.125.040801
https://doi.org/10.1126/sciadv.adq6325
https://doi.org/10.1002/adma.202309410
https://doi.org/10.1002/adma.202309410
https://doi.org/10.1109/TNS.2012.2184556
https://doi.org/10.1109/TNS.2012.2184556
https://doi.org/10.1142/S0217751X14300701
https://doi.org/10.1142/S0217751X14300701
pubs.acs.org/NanoLett?ref=pdf
https://doi.org/10.1021/acs.nanolett.4c05353?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Nano Letters pubs.acs.org/NanoLett

(26) Roques-Carmes, C.; Rivera, N.; Ghorashi, A.; Kooi, S. E.; Yang,
Y,; Lin, Z.; Beroz, J.; Massuda, A,; Sloan, J.; Romeo, N; Yu, Y,;
Joannopoulos, J. D.; Kaminer, L; Johnson, S. G.; Soljacic, M. A
framework for scintillation in nanophotonics. Science 2022, 375,
No. eabm9293.

(27) Calvi, S,; Basirico, L.; Carturan, S. M.; Fratelli, L; Valletta, A.;
Aloisio, A;; De Rosa, S.; Pino, F.; Campajola, M,; Ciavatti, A,;
Tortora, L.; Rapisarda, M.; Moretto, S.; Verdi, M.; Bertoldo, S.;
Cesarini, O.; Di Meo, P.; Chiari, M.; Tommasino, F.; Sarnelli, E,;
Mariucci, L.; Branchini, P.; Quaranta, A.; Fraboni, B. Flexible fully
organic indirect detector for megaelectronvolts proton beams. npj
Flex. Electron 2023, 7, S.

(28) Wei, J; Jiang, Y.; Liu, C.; Duan, J; Liu, S; Liu, X,; Liu, S.; Ma,
Y.; Zhao, Q. Organic room-temperature phosphorescent polymers for
efficient X-ray scintillation and imaging. Adv. Photonics 2022, 4, 1-7.

(29) Matsumoto, S.; Ishii, T.; Wada, M.; Kuwahara, Y.; Ogata, T;
Nagaoka, S.; Takafuji, M,; Thara, H. Facile preparation of high
refractive index polymer films composited with a tungstophosphoric
acid. Mater. Lett. 2017, 190, 236—239.

(30) Bachevillier, S.; Yuan, H. K; Strang, A.; Levitsky, A.; Frey, G.
L.; Hafner, A,; Bradley, D. D. C.; Stavrinou, P. N.; Stingelin, N. Fully
Solution-Processed Photonic Structures from Inorganic/Organic
Molecular Hybrid Materials and Commodity Polymers. Adv. Funct.
Mater. 2019, 29, 1-7.

(31) Bachevillier, S. Solution-Processed Photonics for Light and
Heat Management, Ph.D. thesis, Imperial College, London (2019).

(32) Russo, M.; Campoy-Quiles, M.; Lacharmoise, P.; Ferenczi, T.
A. M,; Garriga, M.; Caseri, W. R;; Stingelin, N. One-pot synthesis of
polymer/inorganic hybrids: Toward readily accessible, low-loss, and
highly tunable refractive index materials and patterns. J. Polym. Sci,
Part B: Polym. Phys. 2012, 50, 65—74.

(33) Votta, I. Titanium-Oxide-Hydrates Based Organic/Inorganic
Molecular Hybrids Produced via Sol-Gel Processing, Ph.D. thesis,
Imperial College London (2017).

(34) Agostinelli, S.; Geant4 Collaboration; et al. GEANT4—a
simulation toolkit. Nucl. instruments methods Phys. Res. Sect. A Accel.
Spectrometers, Detect. Assoc. Equip 2003, 506, 250—303.

(35) Khare, K,; Butola, M.; Rajora, S. Fourier Optics and
Computational Imaging, second ed.; Springer, Cham, 2023.

(36) Arya, G.; Schauer, M.; Schifer, F.; Rackauckas, C.; et al
Automatic Differentiation of Programs with Discrete Randomness.
Adv. Neural Inf. Process. Syst 2022, 35, 1-13.

(37) Kingma, D. P,; Ba, J. L. Adam: A method for stochastic
optimization. 3rd Int. Conf. Learn. Represent. ICLR 2015 - Conf. Track
Proc.; ICLR, 2015;1—-135.

(38) Mazza, D.; Pagani, M. Automatic differentiation in PCF. Proc.
ACM Program. Lang 2021, S, 1—4.

3429

https://doi.org/10.1021/acs.nanolett.4c05353
Nano Lett. 2025, 25, 3422-3429


https://doi.org/10.1126/science.abm9293
https://doi.org/10.1126/science.abm9293
https://doi.org/10.1038/s41528-022-00229-w
https://doi.org/10.1038/s41528-022-00229-w
https://doi.org/10.1117/1.AP.4.3.035002
https://doi.org/10.1117/1.AP.4.3.035002
https://doi.org/10.1016/j.matlet.2016.12.136
https://doi.org/10.1016/j.matlet.2016.12.136
https://doi.org/10.1016/j.matlet.2016.12.136
https://doi.org/10.1002/adfm.201808152
https://doi.org/10.1002/adfm.201808152
https://doi.org/10.1002/adfm.201808152
https://doi.org/10.1002/polb.22373
https://doi.org/10.1002/polb.22373
https://doi.org/10.1002/polb.22373
https://doi.org/10.1016/S0168-9002(03)01368-8
https://doi.org/10.1016/S0168-9002(03)01368-8
https://doi.org/10.2139/ssrn.4172293
https://doi.org/10.1145/3434309
pubs.acs.org/NanoLett?ref=pdf
https://doi.org/10.1021/acs.nanolett.4c05353?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

