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ABSTRACT

A fiber-type heterostructured scintillator based on bismuth germanate (Bi;Ge;0;,) functionalized with the 2D-perovskite butylammonium
lead bromide ((BA),PbBr,) has been fabricated, and its scintillation performance analyzed toward its use for fast timing applications such as
time-of-flight Positron Emission Tomography. The pixel shows energy sharing between the matrix and filler component, confirming that the
two components are in synergy.

© 2023 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license (http://
creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0137890

Heterostructured scintillators could offer a solution to the funda-
mental payoff between good gamma capture (stopping power) and
scintillation performance (ultra-fast and high light yield emission).
Applied to the development of advanced Time-of-Flight Positron
Emission Tomography (ToF-PET) scintillators, this translates into a
detector with a dense, heavy scintillator component (matrix) and a fast
scintillator one (filler) working in synergy through the transfer of recoil
electrons generated through gamma capture (energy sharing). While
the concept is appealing, the choice of filler material is vital for ensuring
good performance as there is a need to balance the creation of fast pho-
tons with the reduction in stopping power due to the lower density and
effective atomic number (Z.g) of the filler relative to the host matrix.

The growth in new fast scintillators, e.g., nanoparticle- (see, e.g.,
Refs. 1 and 2) and metal-organic framework’ -based scintillators,
and 2D and 3D perovskites,” * opens up options for the filler compo-
nent. Several potential materials have been experimentally investigated
as fillers for higher energy (e.g., ToF-PET) applications, including plas-
tics,” ! nanocomposi‘[es,'z’14 and BaF,."" So far, however, these mate-
rials present different drawbacks, e.g., low stopping power/density or
deep UV emission. Single crystal metal-organic two dimensional (2D)

perovskites are a promising class of materials for fiber-type hetero-
structured scintillators as they offer fast decay times (0.6-17 ns), mod-
erately good densities (~2-3.5g/cm’), an effective atomic number
(Zegy) of ~60, and light yields up to 40 000 ph/MeV for (BA),PbBr,,*"”
while the coincidence timing resolution of a ~5 x 5 x 2 mm Li doped
(PEA),PbBr, sample was recently measured to be 84+ 5 pm."
Recent modeling and simulation work utilizing these data suggest that,
depending on the pixel design, it is possible to have (BA),PbBr, loaded
bismuth germanate (BiyGe;O;,, BGO) based fiber-type heterostruc-
tures with the potential to significantly out-perform LSO as fast scintil-
lators with higher equivalent stopping power for 511keV gamma
photons."” The tunable nature of perovskites also opens up their use
for other types of heterostructured scintillator, for instance, for multi-
spectral x-ray imaging.”

In this paper, a proof-of-concept fiber-type heterostructure is
assembled through the in situ solution growth of the 2D-perovskite
(BA),PbBr, in a machined BGO matrix, and the scintillation perfor-
mance analyzed toward ascertaining its suitability as a fiber-type heter-
ostructure with good energy sharing for fast timing applications such
as ToF-PET.

Appl. Phys. Lett. 122, 081901 (2023); doi: 10.1063/5.0137890
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A 3 x 3 x 1 mm BGO matrix was prepared by precision drilling
a 5 x 5 array of 400 um diameter channels with 200 um nearest-to-
nearest spacing using a KERN Evo micro-CNC center with micro-
spotter (Kyocera) and C-UMD micro-drill (Union Tools) bits. The
matrix was post-processed through polishing using SiC papers (1200
and 2500 grit) and alumina slurries (5 and 1 um diameter) (Metprep
Ltd.). The matrices were then functionalized through the in situ solu-
tion growth of (BA),PbBr, within the machined channels using the
method described by Maddalena et al.'” from a 3M stoichiometric
solution of butylammonium bromide ((BA)Br) and lead bromide
(PbBr,) in dimethylsulfoxide (DMSO, anhydrous) (see the method
and schematic in Fig. 1 of the supplementary material for further
detail). The inset in Fig. 1 displays the scintillation microscopy image
of the resulting pixel measured under 35kV x-ray excitation with the
sample sitting on the camera (Andor Zyla HF-FOP, pixel
pitch = 6.5 um), facing the x-ray beam. The two components can be
clearly distinguished, with the filled channels appearing as brighter
circles within the BGO matrix.
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FIG. 1. (a) X-ray excited emission spectra and (b) x-ray excited decay time for a
BGO monolith (grey line) and a BGO/(BA),PbBr, heterostructure (blue line). Inset:
a scintillation microscopy image of the BGO/(BA),PbBr, pixel.
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Radioluminescence spectra [Fig. 1(a)] for a bismuth germanate
monolith (gray line) and the BGO/(BA),PbBr, heterostructure (blue
line) were measured upon x-ray excitation by Bremsstrahlung x-rays
from accelerated electrons (35 kV) bombarding a tungsten anode (Inel
XRG 3000). The spectrum was measured using a SR500i-D2 mono-
chromator (Andor) and an Andor Newton EM-CCD camera
(DU970P-UVB) and was corrected for the spectral sensitivity of the
system. Both spectra are dominated by the broadband BGO emission
centered around 480 nm, while the spectrum measured for the hetero-
structure shows an additional narrow peak at around 435 nm (~25%
of the total signal) due to (BA),PbBr,.”'® Additionally, the higher
energy part of the BGO emission in the heterostructure below 425 nm
(~12%) is cut off, due to reabsorption by the perovskite. It is not possi-
ble from radioluminescence measurements to determine how much of
the signal in the heterostructure is from the independent excitation of
the components and how much is due to electron transfer from BGO
to (BA),PbBr,, the intended mechanism in a heterostructured scintil-
lator. Additionally, at 35keV, the path length of a recoil electron, and
therefore the probability of energy sharing, will be low. The perovskite
nominally makes up 35% of the volume of the pixel and has an
expected light output of 40 000 ph/MeV,’ compared to 9000 ph/MeV
for BGO. It would, therefore, be expected under 35keV x-ray excita-
tion that the signal from the perovskite would makeup around 70.5%
of the measured radioluminescence. The difference between the
expected and measured intensity may be due to a lower than expected
filling factor for (BA),PbBr, (voids in the channels). There is some evi-
dence for this in the inset of Fig. 1, where some of the channels appear
less bright than others. However, it is likely that there are also losses
due to crystal quality issues (including crystallinity) that reduce the
light output still further.

X-ray decay curves [Fig. 1(b)] were measured using pulsed x-rays
with energies up to 30 keV generated at a 250 kHz repetition rate by a
405 nm picosecond diode laser (DeltaDiode from Horiba) focused on
a x-ray tube (model N5084 from Hamamatsu). The resulting photons
were collected by a PMA-C PMT from PicoQuant and histogramed
using time-correlated single-photon counting (PicoHarp300). The
decay curve measured for the heterostructure shows additional fast
decay components [t; = 3.20 ns (21.88%), T, = 15.681 ns (25.42%),
and 713 =274.184 ns (52.69%) at 450nm] compared to BGO
[t1 = 2.934 ns (0.68%), T, = 43.165 ns (6.88%), and 73 = 326.609 ns
(92.44%) at 500 nm] confirming the presence of the two materials.
However, similar to the radioluminescence spectrum, while the impact
of adding the perovskite on the timing response of the detector can
clearly be seen, it is not possible to determine whether this additional
signal results from the summation of the two components or from
shared events where energy is transferred between the two
components.

In order to clarify the mechanism of excitation, the 2D histo-
grams of the integrated charge were measured using the setup
described by Gundacker et al."” Samples were measured in coinci-
dence with a reference crystal (2 x 2 x 3 mm’® LSO:Ce:0.4%Ca, CTR
=62 = 3 ps FWHM) and a **Na source. Splitting the signal indepen-
dently optimized energy (analog amplifier) and time (high-frequency
amplifier”’) information. By measuring the integral and the amplitude
of the energy signal, the different pulse shapes attributable to the two
materials (from light yield and scintillation kinetics) were used to dis-
tinguish between events depositing energy in BGO, in perovskite, or in
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both materials as described in Pagano et al.'" [Figs. 2(a) and 2(b)]. The
time integrated pulse height spectra for the BGO/(BA),PbBr, hetero-
structure [Fig. 2(b)] contain three regions. The majority of events
occur in the left-hand region where incoming photons only interact
with BGO. The dominance of events in BGO to the overall response
can be seen even more clearly in Fig. 2(c), where the data in Fig. 2(b)
have undergone a coordinate transfer to pass from the [amplitude (V),
integrated signal (V x ns)] to the [energy in perovskite (keV), energy
in BGO (keV)] coordinate system. Here, correspondingly, most of the
events occur in the region on the left hand side of the graph, where
there is less than 50keV deposited in the perovskite. Most of the
energy is deposited in the matrix as is to be expected given the short
length of the pixel (few absorbed events) and the greater volume of
BGO (~65% of the pixel). This corresponds with what was observed
in the radioluminescence spectrum [Fig. 1(a)].

The second area of interest in the lower part of Fig. 2(b) corre-
sponds to events that occur solely in the perovskite. Between the two
regions attributed to the individual components, there are events that
correspond with shared events. This demonstrates that the measured
signal is not just the sum of two independent components, but that
there is a synergistic relationship between the BGO matrix and the
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(BA),PbBr, filler. Similar behavior has been observed for first genera-
tion plate-type heterostructured scintillators.” " Figure 3 shows a
schematic representation of the expected scintillation mechanism for
heterostructured scintillators. This is a statistical process where differ-
ent mechanisms can happen: paths A and B show events where
gamma capture and conversion take place solely in the matrix or the
filler, respectively. Path C represents two events: for (i), energy sharing
will happen, as recoil electrons from photoelectric events travel far
enough in the correct direction to reach the filler component and
transfer their energy. For (ii), energy sharing does not happen, as the
recoil electron travels away from the filler component.

The effect of energy sharing on coincidence timing resolution
(CTR) can be observed in Fig. 4, which shows the CTR measured with
a 511keV **Na source for events occurring solely in BGO (green
curve), and those shared between the matrix and the perovskite with
at least 50 keV deposited in (BA),PbBr, (blue curve). “Fast” events in
this pixel (as shown in Fig. 2) are both directly excited and excited
through energy sharing; however, the targeted aim for heterostruc-
tured scintillators is to maximize the number of shared events
(increased detector efficiency). With this in mind, we focused on
quantifying the impact of shared events only on the CTR. The CTR
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FIG. 2. Time integrated pulse height spectra for (a) BGO monolith and (b) a BGO/(BA),PbBr, heterostructure. (c) Energy deposited in BGO (left axis) and perovskite (bottom

axis).
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FIG. 3. Schematic diagram illustrating the proposed scintillation mechanism in a
heterostructured scintillator. (a) An event where gamma conversion takes place
solely in the matrix; (b) an event where gamma conversion takes place solely in the
filler; and (c) (i) an event where the gamma photon is absorbed in the matrix, but
recoil electrons are transferred to the filler (energy sharing), and (ii) an event where
the recoil electron travels away from the filler (no energy sharing).
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FIG. 4. Coincidence timing resolution of events in BGO only (blue) and
events where at least 50 keV was deposited inside (BA),PbBr, (green). Red lines
= Gaussian fit.

was obtained by evaluating the FWHM of the coincidence peak
(obtained as the time delay between the high-frequency signals of the
reference crystal and the sample) and by correcting it for the CTR of
the reference crystal [CTRgmple = \/ (2 x FWHM? — CTRfef)]. A
decrease in the full width half maximum of the CTR from 185 * 6 to
168 £ 5 ps can be seen. As the amount of energy sharing for this pixel,
as illustrated in Fig. 2, is low, this, in turn, limits the reduction in CTR
(CTR x ﬁ where N = number of photons generated).

The ultimate aim for heterostructured detectors is to improve
ToF-PET performance, which involves not only timing improvement
but also maintaining a high stopping power (i.e., the accepted figure of
merit for ToF-PET monolithic detectors performance is stopping
power squared divided by CTR). Most of the current designs are
focused primarily on improving timing (particularly plastic scintillator

scitation.org/journal/apl

functionalized plate-type designs) at the cost of maintaining a good
stopping power. Moving to a fiber-type design with a higher Z.g
perovskite filler reduces the degradation in the stopping power from
the loss of BGO. Furthermore, the direct comparison of the perfor-
mance (timing, stopping power, and PET performance) of hetero-
structured scintillators is not a simple task as the designs, geometry,
and filler/matrix materials impact the light transport and, in turn, the
timing of the overall detectors. The method of measurement is also a
problem, as the selection of different subpopulations of events can bias
the timing and overestimate the real impact of the heterostructure
approach. For now, only very general comparisons may be made. The
I mm thickness of this pixel impacts its performance both through
favoring timing and through both the reduction in fully absorbed
events and ruling out quantitative comparisons of performance with
the plate-type pixels studied by Turtos et al.” (3 x 3 x 3 mm), Pagano
et al'' 3x3x3 and 3x3x15 mm), and Lecoq et al'’
(3 x 3 x 15 mm). However, in all cases, including this one, we can say
that there is a reduction in CTR that can be linked to the presence of
shared events, characteristic to the heterostructured scintillator
concept.

The light yield of a heterostructured pixel such as the BGO/
(BA),PbBr, pixel studied becomes dependent on the partition of
energy between matrix only (9000 ph/MeV for BGO), filler only
[40000 ph/MeV for (BA),PbBry], and shared events (varies statisti-
cally with values somewhere between those for the individual compo-
nents depending on the degree of energy partition). Currently, fully
absorbed events are still dominated by BGO absorption, so that the
light output is biased toward that of BGO.

While the preliminary data for this pixel show that there is syn-
ergy between BGO and the perovskite, it can also be seen that the
amount of energy sharing between the two components needs to be
drastically increased before BGO/(BA),PbBr, fiber-type heterostruc-
tures can be used for fast timing applications such as ToF-PET.
Maximization of both the number of fully absorbed and shared events
and the resulting reduction in CTR is determined by the pixel design
as well as the scintillation properties of the two components, with
channel diameter and pitch, and pixel length heavily influencing per-
formance."” Figure 5 shows the results of GEANT 4°' simulations,
modeling the effect of length on the performance of fiber-type hetero-
structures with this design using the methods from Krause et al.'” It
can be seen that both the equivalent stopping power (ESP) and the
energy sharing (ES) scale with pixel length with energy sharing maxi-
mized for pixels longer than 15 mm.

To achieve real timing improvements while largely maintaining
stopping power for 511keV gamma photons, full length (15mm +)
pixels will be needed, and these are currently under development.
From Fig. 5, it can be seen that by going from 1 to 15 mm length, the
number of fully absorbed events in the pixel will increase from almost
zero to around 23%. While this is lower than the 31% of fully absorbed
events in an equivalent monolithic LSO pixel, it is significantly higher
than that achieved by an equivalent BGO/plastic scintillator pixel. The
significant increase in the energy sharing emulated in Fig. 5 from mov-
ing from 1 to 15 mm thickness (<1 to 33%) will, in turn, lead to signif-
icant improvements in the CTR. By further optimizing the layout of
channels using a physics based approach to pixel design'” (e.g., reduc-
tion of channel diameter and pitch), it will be possible to further
improve heterostructure performance, and work is ongoing to develop
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FIG. 5. GEANT4 simulation results showing the effect of length on the energy shar-
ing (ES) capability [black circles (), left axis] and the equivalent stopping power
(ESP) [blue diamonds (#), right axis] of a BGO/(BA),PbBr, fiber-type heterostruc-
ture with a 5 x 5 array of 400 um channels with 200 um nearest-to nearest spac-
ing. The graph is shaded to indicate areas where the pixel ESP represents (red)
less than a 3 x 3 x 15 mm BGO/plastic scintillator of the same design, (yellow)
greater than a 15mm BGO/plastic scintillator of the same design, and (green)
greater than the ESP of a 3 x 3 x 15 mm long monolithic LSO pixel. Shared
events are ones where at least 25 keV is deposited in the filler.

a functionalized fiber-type pixel with a more optimized design. The
flexibility in heterostructured scintillator construction opens up possi-
bilities for further improving performance through changing the filler
perovskite. Krause ef al. also simulated the performance of hetero-
structures based around two other 2D perovskites: 2—(2-aminoethyl)i-
sothiourea lead bromide ((AEIU)PbBr,) and phenethyl ammonium
lead bromide ((PEA),PbBr,) and found that all three materials led to
similar performance.15 However, of these three, (BA),PbBr, had the
highest light yield by far. However, the rapid growth in the field of 2D-
perovskites brings with it the potential for future materials with greater
density (e.g., improved stopping power and energy sharing) and faster
decay times (improved timing and CTR).

In this investigation, we establish that it is possible to functional-
ize a BGO fiber-type heterostructured scintillator with a fast-emitting
2D metal-organic perovskite ((BA),PbBr,) through in situ solution
growth and observe energy sharing between the two heterostructure
components that leads to a reduction in the coincidence timing resolu-
tion of the pixel. While the prototype does not use an optimized lay-
out, these results show that (BA),PbBr, functionalized BGO fiber-type
heterostructures show potential for fast timing applications such as
time-of-flight positron emission tomography.

See the supplementary material for an overview of the synthesis
route.
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