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ABSTRACT

Due to recent development in detector technology, photon-counting computed tomography (PCCT) has become a rapidly emerging medical imaging technology.
Current PCCT systems rely on the direct conversion of X-ray photons into charge pulses, using CdTe, CZT, or Si semiconductor detectors. Indirect detection using
ultrafast scintillators coupled to silicon photomultipliers (SiPM) offers a potentially more straightforward and cost-effective alternative. In this work a new 2D
perovskite scintillator, benzylamonium lead bromide (BZA),PbBr,, is experimentally characterised as function of temperature. The material exhibits a 4.2 ns decay
time under X-ray excitation at room temperature and a light yield of 3700 photons/MeV. The simulation tool developed by Van der Sar et al. was used to model
the pulse trains produced by a SiPM-based (BZA),PbBr, detector. The fast decay time of (BZA),PbBr, results in outstanding count-rate performance as well as very
low statistical fluctuations in the simulated pulses. These features of (BZA),PbBr,, combined with its cost-effective synthesis make (BZA),PbBr, very promising for

PCCT.

1. Introduction

One of the most commonly used medical imaging techniques is X-
ray computed tomography (CT). CT is nevertheless still limited by its
spatial resolution, contrast-to-noise ratio for a given radiation dose, and
artefacts [1,2]. New developments in photon-counting detector tech-
nology can help solve these problems. Such detectors must be able to
handle the high flux used in CT [3,4]. Current detectors for photon-
counting computed tomography (PCCT) are based on direct conversion
of an X-ray photon’s energy into charge, using either CdTe [5], CdZnTe
(CZT) [6], or Si [7] semiconductors. For the first two materials however,
availability and synthesis cost involved with producing low defect den-
sity materials are a bottleneck [1,2]. Si based detectors suffer from their
low density (p =2.3 g/cm~3) and atomic number (Z = 14) [8]. Alterna-
tively, PCCT detectors could be based on indirect detection, utilising an
ultrafast scintillator to absorb the X-rays and convert their energy into
scintillation photons. The later are detected and converted into an elec-
trical pulse by for example a silicon photomultiplier (SiPM). Van der
Sar et al. have explored this approach, both theoretically and experi-
mentally [9,10]. LaBr;:Ce was used as scintillator, due to its short decay
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time constant of 16 ns and high light yield of 63.000 photons/keV, and
SiPMs as ultra fast photodetector. Hybrid Organic-Inorganic Perovskite
(HOIP) scintillators, presented in this work, are another potential can-
didate for SiPM-based PCCT detectors.

HOIP’s have become common materials for many optoelectronic
applications in the past decade [11-13]. These materials have also
gained interest in other fields, such as scintillation [14-17]. HOIP’s
differ from traditional scintilators, based on lanthanide activated ma-
terials [18-21], by being intrinsic scintillators. This allows for the
use of small bandgap materials, significantly enhancing the theoreti-
cal light yield compared to traditional scintillators [22-24]. Especially
two-dimensional perovskites are promising scintillator materials due to
their stable room-temperature exciton luminescence [25,26].

Currently the best studied 2 dimensional perovskite scintillators are
butylammonium lead bromide ((BA),PbBr,) and phenethylammonium
lead bromide ((PEA),PbBr,) [14-16]. These two compounds are espe-
cially interesting due to their short decay times of 8.0 ns and 35 ns,
respectively [14,16]. Combined with the possibility of cost-effective low
temperature solution based synthesis, 2 dimensional perovskites are po-
tential candidates to become the next generation scintillators [15,27].
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The short decay times of (BA),PbBr, and (PEA),PbBr, make them very
interesting for high count rate applications such as PCCT [1]. Unfor-
tunately, as demonstrated by Van der Sar et al., using LaBr;:Ce, these
decay times are still too slow for clinical PCCT applications.

In this work a new scintillator, benzylammonium lead bromide
((BZA),PbBr,), is experimentally characterised as function of tempera-
ture. Currently, this material has only been studied at room temperature
under UV-Vis excitation, showing a short decay time of approximately
3 ns, in addition to studies focusing on the crystal structure [28-31].
(BZA),PbBr, is a 2D perovskite very similar to (PEA),PbBr,; the later
contains two CH, groups in the spacer chain between the phenyl group
and the NH; group while (BZA),PbBr, only contains one [31]. The goal
of this work is to study (BZA),PbBr, under X-ray and y-photon exci-
tation and access its scintillation properties. The experimental results
are used to simulate the performance of a (BZA),PbBr, and SiPM-based
PCCT detector using the model developed by Van der Sar et al. [9,10].
The output of this simulation is compared with (PEA),PbBr,, LYSO:Ce,
LaBr;:Ce and CZT in order to develop an understanding of the suitabil-
ity of (BZA),PbBr, for use in SiPM-based PCCT detectors.

2. Results

Fig. 1a shows the pulse height spectrum of a (BZA),PbBr, crystal (6
mm x 4 mm x 0.5 mm) measured on a photomultiplier tube (PMT), us-
ing 662 keV gamma photons from '37Cs. The rightmost peak is assigned
to the total absorption of 662 keV photons, and is used to calibrate the
spectrum. Due to the small thickness of the sample (0.5 mm) the proba-
bility of a characteristic Pb Ka X-ray to escape from the sample appears
larger than 50%. This results in the more intense escape peak at 75 keV
lower energy. From the total absorption peak the light yield is deter-
mined to be 3700 photons / MeV, based on the method described by De
Haas and Dorenbos [32]. Both the total absorption and escape peak are
fitted using a Gaussian function, see the insert of Fig. 1a. From the full
width at half maximum of the fit the energy resolution was determined
to be 8% at 662 keV.

The same sample was used to study the light output as function
of the deposited energy using different gamma photon sources. The
resulting non-proportionality curve is shown in Fig. 1b. Ideally, this
curve is a horizontal line, represented by the dashed line in Fig. 1b. For
(BZA),PbBr, the light yield increases at deposited energies below 662
keV. The maximum deviation is 6% with respect to the light yield at
662 keV. The lead K-shell absorption edge is located at 88 keV, corre-
sponding to the same energy where a dip in the light yield is observed.
Similar behaviour is observed in traditional scintillators [33,34].

The 300 K and 10 K photoluminescence excitation and emission
spectra are shown in Fig. 2a. The 300 K excitation spectrum shows 3
distinct bands centred around 285 nm, 370 nm, and 424 nm. A similar
excitation spectrum has been measured for (PEA),PbBr, assigning the
three bands to absorption of the phenyl group, the transition to the con-
duction band, and the exciton absorption peak respectively [16]. At 10
K the band around 424 nm has shifted to 415 nm and decreased both in
relative intensity and in peak width. The band around 370 nm shows a
shoulder near 395 nm.

The 300 K emission spectrum contains two main emission bands
centred around 415 nm and 440 nm. Additionally, a tail extending from
450 nm to 600 nm with a weak band around 490 nm is observed. At 10
K one emission peak is observed centred around 416 nm. Additionally,
a broad emission extending from 450 nm to 650 nm with very low
intensity is observed. Fig. 2b, shows the emission spectra from 300 K
down to 10 K. The 415 nm emission shows almost no shift, whereas
the 440 nm emission starts to blue shift upon cooling, merging with the
415 nm emission around 150 K. This behaviour is very similar to the
temperature dependent photoluminescence of (PEA),PbBr, [16].

The temperature dependent X-ray excited emission spectra of
(BZA),PbBr, are shown in Fig. 2c. Compared to the room tempera-
ture UV-Vis excited emission spectrum, in Fig. 2a, only one emission
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Fig. 1. (a) Pulse height spectrum of a (BZA),PbBr, crystal (6 mm x 4 mm x
0.5 mm) measured on a PMT, using a 3’Cs y-source. In the plot both the total
absorption and escape peak are indicated, based on their energy spacing. The
insert shows both peaks fitted using a Gaussian function and their respective
energy resolutions. (b) Non-proportional response of (BZA),PbBr,, recorded us-
ing 662 keV from'?’Cs, 511 keV from ?>Na, 356 keV, 276 keV, 81 keV, 30.8
keV from '33Ba, and 60 keV from 2*' Am. The ideal response is indicated by the
dashed horizontal black line.

peak is present in the room temperature X-ray excited emission spec-
trum. The peak is located at 432 nm and has a tail extending to 600
nm, which is a very suitable wavelength range for SiPMs [35-37]. The
insert in Fig. 2 shows that upon cooling the emission peak starts to blue
shift. This stops at 150 K, corresponding to the same temperature at
which the two emissions observed in the UV-Vis excited emission spec-
trum have merged. The presence of only one emission peak under X-ray
excitation versus two emission peaks under UV-Vis excitation was also
observed in (PEA),PbBr,. Based on the experiments presented in our
previous work on (PEA),PbBr, this is ascribed to self absorption [16].
X-rays penetrate deeper into the crystal compared to UV-Vis photons
resulting in a larger degree of self absorption of the scintillation light.
The spectral intensity under UV-Vis excitation, both the total and
contributions of the 415 nm and 440 nm peaks, are shown in Fig. 2d.
The later also shows the total spectral intensity under X-ray excitation.
Upon cooling down from room temperature the total intensity under
UV-Vis excitation increases. Reaching its maximum at 175 K, before
decreasing to 45% of the maximum intensity. The initial increase coin-
cides with the observed merging of the 440 nm emission peak with the
415 nm emission peak, see Fig. 2b. The integrated intensity of the 415
nm and 440 nm emission peaks show opposite behaviour around this
temperature. The intensity of the 440 nm peak reaches its minimum at
150 K, while the integrated intensity of the 415 nm peak reaches its
maximum at this temperature. In contrast, the total spectral intensity
under X-ray excitation first decreases, almost reaching zero at 150 K.
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Fig. 2. (a) 300 K and 10 K photoluminescence emission (PL) (4,, = 280 nm) and excitation (PLE) (4,,, = 465 nm) spectra (b) Temperature dependent photolumi-
nescence spectra (4,, = 280 nm) from 300 K down to 10 K. The legend applies for both (b) and (c). Insert: Peak position shift from 300 K down to 10 K of the 415
nm and 440 nm peaks. (¢) X-ray excited emission spectra from 300 K down to 10 K. Insert: Peak position shift from 300 K down to 10 K. (d) Spectral intensity under
UV-Vis, both the total and separate contributions of the 415 nm and 440 nm peaks, and X-ray excitation as function of temperature, from 300 K down to 10 K.

At this temperature the 432 nm emission stops blue shifting, reaching
a wavelength of 420 nm, as can be observed in Fig. 2c. This behaviour
of the total spectral intensity, both under UV-Vis and X-ray excitation,
is similar to the behaviour observed for (PEA),PbBr, and (BA),PbBr,
[14,16].

Fig. 3a shows the 300 K photoluminescence decay spectra of
(BZA),PbBr, excited at 375 nm. The spectra are recorded in integral
mode, monitoring all wavelengths, and at the peaks observed in Fig. 2a.
The 1/e decay time, based on a single exponential model, for each de-
cay spectrum is 3.3 ns which compares well with the average decay
time constant of 3 ns reported by Dhanabalan et al. [28]. Fig. 3b shows
a comparison between the photoluminescence decay spectra at 300 K
and 20 K. At 20 K the decay time has increased significantly.

Fig. 3c shows the pulsed X-ray excited decay spectra measured from
300 K down to 13 K. The 300 K decay curve is slightly non-exponential,
which disappears at 250 K. Below 100 K a fast decay component ap-
pears, with a decay time of 0.60 ns at 13 K. The decay times extracted
from the decay curves, using either a single or bi-exponential model,
are shown in Fig. 3d. The slow component observed at 13 K shows a
linear decrease of its decay constant upon heating, reaching 4.2 ns at
300 K.

The combination of the 4.2 ns decay of (BZA),PbBr, under X-ray ex-
citation and a reasonable light yield of 3700 photons/MeV makes this

material very interesting for high count rate applications such as PCCT.
To access the potential of (BZA),PbBr, for PCCT we used the simula-
tion tool developed by Van der Sar et al. [9,10], which is based on a
comprehensive model of the pulse trains produced by SiPM-based X-
ray photon-counting scintillation detectors. Two metrics were defined
to access the detector performance: A pulse duration metric 795 and a
count rate capability metric r5, [9,10]. These metrics were calculated
for (BZA),PbBr, using the properties reported in this work. For com-
parison, the properties of (PEA),PbBr, reported in our previous work
[16], and literature values for LYSO:Ce, LaBr;:Ce and CZT were used to
calculate the same metrics. For the SiPM the following properties were
used: photodetection efficiency = 0.28, recharge time constant = 7.0
ns, and optical crosstalk parameter = 0.1235. [9]. This combined with
a light collection efficiency of 0.75 is used as input for the model [9].

The results of the simulation are summarised in Table 1. For
(BZA),PbBr, we found ty; = 26 ns and r5, = 26.7 Mcps/pixel. Com-
parison with the other values in Table 1 shows that (BZA),PbBr, per-
forms not only better than LYSO:Ce and LaBr;:Ce but also better than
CdTe/CZT.

Furthermore, the level of statistical fluctuations on the raw pulses of
a (BZA),PbBr, based detector, simulated examples are shown in Fig. 4,
are very low compared to the fluctuations on pulses from of LYSO:Ce
and LaBr;:Ce based detectors [9]. This is caused by the fast decay of
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Fig. 4. Examples of simulated pulses for (BZA),PbBr,, (PEA),PbBr,, LYSO:Ce, and LaBr;:Ce.

(BZA),PbBr, (4.2 ns), which is in fact faster than the SiPM response (7
ns). Hence, the pulse shapes are dominated by the deterministic SiPM
response rather than the statistical response of the scintillator. As such,
the negative effect of the moderate light yield (3.7 photons/keV) on the
scintillators response doesn’t manifest, and hardly any low-pass filter-

ing, which would result in unfavourable pulse elongation, is needed to

obtain useful pulses.

3. Conclusion

The potential use of (BZA),PbBr, in a PCCT detector has been as-
sessed based on the presented characterisation. An energy resolution
of 8% and light yield of 3.7 photons/keV, both at 662 keV, have
been measured. Additionally, the non-proportionality of the response
of (BZA),PbBr, has been studied showing a maximum deviation of 6%
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Table 1
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Summary and comparison of physical, scintillation, and detection properties. Both emission wave-
length and decay time are based on X-ray excited measurements. * 60 keV is just below the K-edge of

Lu.

(BZA),PbBr, (PEA),PbBr, LYSO:Ce LaBr;:Ce CZT
Detection Method Indirect Indirect Indirect Indirect Direct
Hygroscopic No No No Yes No
Production Methods Solution Solution Czochralski ~ Bridgman Bridgman
Max Emission Wavelength (nm) 432 440 [16] 420 [38] 380 [38]
Decay Time (ns) 4.2 35.2 [16] 36 [38] 16 [38]
Density (g/cm?) 2.23 [31] 2.26 [31] 7.1 [38] 5.08 [38] 5.78
Light Yield 3.7 11 [14] 33 [38] 63 [38]
@ 662 keV (photons/keV)
Energy Resolution @ 662 keV 8% 10% [14] 8% [38] 2.6% [38] 0.6% [39]
Linear attenuation length 5.8 5.8 19* 25.8 36
@ 60 keV (cm™!)
Pulse Duration ty5 (ns) [9] 26 109 112 [9] 57 [9] 34 [9]
Count Rate Capability rs, 26.7 6.4 6.2 [9] 12.2 [9] 20.4 [9]

(Mcps/pixel) [9]

at 60 keV. At room temperature a single emission peak at 432 nm is
observed under X-ray excitation, while under UV-Vis excitation two
emission peaks, 415 nm and 440 nm, are observed. This difference is
ascribed to self absorption. The total spectral intensity decreases signif-
icantly at lower temperatures. At room temperature an X-ray excited
decay time of 4.2 ns has been measured.

Due to this fast decay time the potential X-ray count-rate perfor-
mance of (BZA),PbBr, is outstanding, with predicted values of 75 and
rs, of 26 ns and 26.7 Mcps/pixel respectively, outperforming state-of-
the-art CdTe/CZT detectors. The simulated pulses showed little statisti-
cal fluctuations due to the fact that the 4.2 ns decay of (BZA),PbBr, is
faster than the SiPM response of 7 ns. These features of (BZA),PbBr,,
combined with its cost-effective synthesis, which is still a major concern
for detector-grade CdTe/CZT, make (BZA),PbBr, very promising for
PCCT. The further development of the growth process of (BZA),PbBr,
could improve its light yield and energy resolution, making this mate-
rial even more interesting.

4. Experimental

(BZA),PbBr, crystals were synthesised by dissolving PbBr, (0.73 g,
> 98% Merck) in HBr (5 ml, 48% aqueous Merck) until a clear solution
was formed. To this solution C4HsCH,NH, (0.7 ml, > 98% Merck) was
added, immediately forming a white suspension. To this suspension 35
ml deionised water was added. The mixture was stirred vigorously and
warmed at 100 °C for 1 hour to achieve a homogeneous clear solution.
Crystals started to form when the mixture was left overnight at room
temperature. The crystals were separated from the solution after two
days and dried in aeration. This resulted in a product yield of 45%
(0.48 g). The crystal structure was determined using XRD and matches
the structures presented in literature well [31].

The presented photoluminescence emission and excitation spectra
were measured using a 450 W Xenon lamp. The light first passes
through a Horiba Gemini 180 monochromater before hitting the sam-
ple. Afterwards the emitted light passes through a Princeton Instru-
ments SpectraPro-SP2358 monochromater on which a Hamamatsu
R7600U-20 PMT is attached. All spectra are corrected for the lamp in-
tensity. The samples were mounted on a closed cycle helium cryostat
operating below 10~* mbar.

The presented X-ray excited emission spectra were recorded by ex-
citing the sample using X-rays from an tungsten anode X-ray tube op-
erating at 79 kV, with an average energy of 40 keV. The low energy
side of the produced X-ray spectrum is filtered out of the X-ray beam
to prevent radiation damage. The samples were mounted on a closed
cycle helium cryostat operating below 10~* mbar. The emitted light is
detected by an Ocean Insights QE Pro Spectrometer.

The presented time resolved photoluminescence spectra are mea-
sured via the time-correlated single photon counting methods. A Pico-
Quant LDH-P-C-375M pulsed diode laser excites the sample. The laser is
triggered by a PicoQuant laser driver, whose reference output functions
as the start signal and is connected to an Ortec 567 time-to-amplitude
converter (TAC). An Ortec 462 time calibrator is used to calibrate the
bin width. The emitted light passes through a Princeton Instruments
VM-504 monochromator and is detected by an ID Quantique id100-50
single-photon counter. The signal is digitised by an Ortec AD144 ampli-
tude to digital converter. The samples were mounted on a closed cycle
helium cryostat operating below 10~* mbar.

The presented X-ray excited decay spectra are measured via the
time-correlated single photon counting method using a Start:Stop ra-
tio of approximately 5000:1 respectively. A PicoQuant LDH-P-C-440M
pulsed diode laser is used to generate X-ray pulses from a Hamamatsu
N5084 light excited X-ray tube, with an average energy of 18.2 keV. The
laser is triggered by a PicoQuant laser driver, whose reference output
functions as the start signal and is connected to an Ortec 567 time-
to-amplitude converter (TAC). An Ortec 462 time calibrator is used
to calibrate the bin width. An ID Quantique id100-50 single-photon
counter was used to detect the emitted photons and functions as the
stop signal. The signal first goes through a LeCroy 623B Octal Discrim-
inator and analogue delay. The time differences are digitised using an
Ortec AD114 amplitude to digital converter. The samples were mounted
on a closed cycle helium cryostat operating below 10~ mbar.

Pulse height spectra are recorded by placing the samples on a
Hamamatsu R1791 PMT and covering them with PTFE tape. The PMT
operates at -700 V. The signal first passes through an integrated pre-
amplifier after which it is further processed by an Ortec 672 spec-
troscopic amplifier and digitized by an Ortec AD144 26 K ADC. All
measurements were performed without optical coupling using a shap-
ing time of 0.5 ps.
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