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ARTICLE INFO ABSTRACT

In the field of fast timing research, direct-band-gap-engineered semiconductor nanostructures have shown high
potential as a new source of prompt photon emission, different from Cherenkov and hot intraband luminescence.
In these types of materials, quantum confinement of electron-hole pairs and coherent exciton states play a
significant role in enhancing the dipole moment of the absorption and emission transitions. Thus they provide a
sub-1 ns radiative decay component, critical to improve state-of-the-art time resolution of current bulk classical
scintillators. However, the efficiency of this fast emission processes have not been determined so far in terms of
number of photons emitted per energy deposited in the keV range. In this contribution, we propose several
methods to determine the light yield of different nano-scintillating structures in order to understand their po-
tential as radiation detectors for fast timing applications. These methods have been implemented using samples
of a broad spectrum regarding synthesis, fabrication and preparation methods as well as registered scintillation
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efficiency, using both X-ray and electron excitation.

1. Introduction

In the search for a new generation of light-based radiation detectors,
fast timing figures as one of the main drivers due to its outstanding
impact in current particle detection techniques. State-of-the-art scin-
tillators showing a coincidence time resolution (CTR) at the level of 50
ps [1] when detecting 511 keV gammas are able to convert energy from
high energetic particles into optical photons at a maximum rate of at
most of 1 photon per MeV per picosecond. The efficiency of this high-
dynamical range wavelength shifting process reaches values of around
50% in the best cases. Therefore, for the next generation of materials
with a photon emission rate suitable to improve the time resolution to
the 10 ps level, a time contraction of the scintillating pulse constitutes a
critical requirement. In terms of rise-, decay-times and light yield, one
of the best and most used scintillators in time-of-flight positron emis-
sion tomography (TOF-PET) with one of the highest time photon den-
sity is Lu—y)Y,SiOs (LYSO:Ce). This material presents a rise time of
about 50-70 ps, a decay time of 40 ns [2] and an intrinsic (absolute)
light yield estimated to be 40’000 ph/MeV [3] measured with mono-
chromatic electron excitation of 1 MeV. Electrons with this energy are
minimum ionizing particles allowing a fair comparison between elec-
tron excitation yield and light yield under gamma excitation.

One of the first studies highlighting possible strategies to reach sub-
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100 ps values in time resolution with scintillating detectors [2] con-
cluded that prompt photon emission added to the LYSO:Ce signal is a
viable solution to decrease the overall timing jitter. Among them,
Cherenkov and hot intraband luminescence are obvious candidates.
However at present, both of them offer a low photon-emission yield of a
few tens of ph/MeV, yet insufficient to impact the time resolution at the
level of 10 ps [4].

The reasons described above lead us to investigate the timing per-
formance of direct band gap engineered semiconductor nanocrystals
[5]. In these types of materials, the quantum confinement of electron-
hole pairs plays a significant role in enhancing the probability of ra-
diative decay and it also allows for a excitonic and biexcitonic popu-
lation stable at room temperature.

Previous results, obtained upon excitation of CdSe colloidal nano-
platelets (dimensions of 32 x 8x1.5nm?) [6] with X-rays up to 40 keV,
found radioluminescent (RL) decay times at the level of 25 ps for
around 25% of the photons. The second component of 300 ps was re-
sponsible for the rest 75% of the emission [5]. The overall RL spectra of
CdSe nanoplatelets with 4-5 monolayers appears red-shifted when
comparing to 370nm laser excitation and centered at 530+10nm,
which was attributed to biexcitonic or multiexcitonic emission. These
results have been confirmed by a cathodoluminescence (CL) study
performed on the same type of nanoplatelets with different aspect ratios
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from 1:1 to 1:5 [7] using electrons of 120 keV. In this case, due to the
higher signal-to-noise ratio of the CL setup, we were able to measure
delayed excitonic emission with decay times longer than 300 ps, which
accounts for 50% of the whole light output. The CL spectra also showed
up red-shifted emission centered at 525+2nm, independently of the
aspect ratio of the nanoplatelets.

A logical step in the characterization of these new types of ultrafast
nano-materials presenting very small Stokes shift would be the de-
termination of the number of photons emitted per energy deposited,
usually reported in ph/MeV. The light yield measurement would not
only define the potential of these materials as ultrafast radiation de-
tectors but also offer an extra parameter to understand the nature of the
red-shifted RL and CL emission. However, the intrinsic geometrical
features of nanocrystals or nanostructures impose several limitations on
the amount of energy that can be deposited per single nanostructure
and therefore lowers the number of photons to be measured. To mimic
the scintillation process under the excitation conditions of 511 keV
gamma rays as closely as possible, at least keV-range particles are re-
quired as irradiation source. Low energetic sources at the level of few
keV stand a chance to be fully absorbed in nanostructured samples
which are 100 nm thick, however light emission at such energies even
for LYSO:Ce produces less than few hundreds photons and it is largely
affected by non-proportionality. The low number of photoelectrons
created at such low energies restricts the feasibility of measuring the
light yield of nanostructures, except for those samples which are as
efficient as LYSO:Ce in terms of photon emission. In view of this, a
different way of determining the light yield must be applied.

In contrast to the conventional method, where a feature in the en-
ergy spectra, i.e. photopeak, Compton edge, etc. allows to correlate the
number of photons produced per energy deposited, in this specific case
we are forced to follow a different approach. For the case of X-ray ex-
citation, the relation of number of photons emitted per energy de-
posited is obtained from two different measurements. The first aiming
at measuring the light output of the nanostructures by comparing to the
light output of known scintillating materials using a time-correlated
single photon counting (TCSPC) method with a high detection effi-
ciency. Then, a second measurement under the same excitation con-
figuration but different readout determines the energy absorbed by the
nanostructures through X-ray attenuation. For the case of electron ex-
citation or cathodoluminescence, the light yield has been estimated by
computing the ratio of the different emission bands (Ce centers and
nanocrystals) obtained with a spectrograph calibrated for spectral
sensitivity. The methodology followed and the results obtained are
presented in the next sections.

2. Materials and methods
2.1. Built-up scintillating nano-layers

All the nanocrystals and nanostructures included in the study were
chosen due to the presence of a sub-1ns decay component, which is
critical for timing applications at the level of 10 ps [2].

Samples which are CdSe-based consist of 4 monolayers (ML) of CdSe
in the form of nanoplatelets synthesized by wet chemical methods at
the ILM' in Lyon, France following the protocol established in Ref. [8].
The main synthesis process is followed by a second step in order to
provide the CdSe nanoplatelets with a CdS crown able to enhance their
quantum yield and stability [9]. CdSe/CdS core crown nanoplatelets
will be measured in the form of drop-casted films where each con-
secutive layer is deposited after solvent evaporation from the previous
layer. To facilitate the formation of a dry drop-casted film, the final
synthesis was followed by several steps where the ligand are washed
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and partially removed. This primitive deposition technique does not
offer the best luminescence properties but it guarantees a built-up layer
from which we can determine the light output lower limit. The films
have been deposited on LYSO:Ce, glass or aluminium foil as the sup-
portive substrate, which has been chosen in dependence of the type of
measurement performed. The determination of the drop-casted film
effective thickness is done assuming a homogeneous/bulk layer of CdSe
taking into account the concentration of Cadmium atoms in solution
and the volume deposited in a 3 x 3 mm? area [Private communication
with B. Mahler from ILM, Lyon].

A second type of sample included in this study consists of ZnO:Ga
dry nanopowders embedded in polystyrene by a hot-pressing method.
In this case, the ZnO:Ga nanopowders were synthesized following
several calcination processes in order to suppress defect band emission
at the Czech Technical University in Prague, Czech Republic.” Mean-
while, the embedding procedure was carried out at the NUVIA com-
pany,” also based in Prague. This type of sample features a very inter-
esting concept for the development of a new class of hybrid inorganic-
organic scintillating material, where a polymer matrix is used to
transfer non-radiative energy to the nano-emitters. ZnO:Ga has been
added with a 10% weight in concentration and pressed down to form
1 mm thick sample as reported in Ref. [10]. A coincidence time re-
solution of 200 ps has been previously achieved and reported [11]
when using 511keV gamma excitation and single channel silicon
photomultiplier (SiPM) readout. Despite the poor transparency of this
sample and the modest values of time resolution achieved, we consider
of most interest to understand the energy transfer mechanisms leading
to photon emission in this type of system.

Another part of the current study will evaluate the photon-time
density properties of a new type of material consisting of multiple
InGaN/GaN quantum wells nanostructures grown by metalorganic va-
pour phase epitaxy (MOVPE) on a sapphire substrate. In this case, we
will measure a sample consisting of 70 multiple quantum wells (MQW),
equivalent to a 1.8 um active region deposited on a 500 um thick sub-
strate [Private communication with A. Hospodkové from FZU, Prague].
This type of nanostructures are fabricated at the Institute of Physics in
Prague, Czech Republic.* Among all the samples, this one presents the
best mechanical and optical properties due to the advanced method of
fabrication. Further information about its fabrication process and lu-
minescent properties can be found in Refs. [12-14].

2.2. Time-correlated single photon counting bench

The time-correlated single photon counting setup consists of a
pulsed X-ray tube from Hamamatsu® and a hybrid PMT® connected
through a constant fraction discriminator” to a fast TDC.® The fast TDC
allows to record information from every single X-ray pulse and there-
fore, makes use of the high repetition rate provided by the laser.

The impulse response function (IRF) of the whole setup has been
evaluated by convolving the characteristic time profile of every piece of
the detector chain and was compared to the hot intraband luminescence
(IBL) present in Li;MoO,. The IBL is a prompt emission (decay time <10
ps) [15], therefore the shape of obtained curve depends only on the
instrumental response. The agreement between the IRF calculations and
measurements is shown in Fig. 1. The calculated IRF and hot intraband
luminescence time profile match almost exactly, except the pulse tail
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Fig. 1. Impulse response function of the TCSPC setup obtained by calculations
and by recording the intraband luminescence of Li,MoO, in the 220-850 nm
spectral range.

where a ~0.5 ns component coming from the luminescence of air mo-
lecules [16] is visible. The latter is recorded separately by removing the
sample.

The light output study is done by comparing the yield of nanos-
tructures to the light collected from standard and well studied scintil-
lating materials under the same excitation conditions. We use LYSO:Ce
produced by Crystal Photonics, Inc. (CPI) and the plastic scintillator BC-
422 from Saint-Gobain Ceramics & Plastics, Inc. (Saint Gobain) as re-
ference samples. For the comparison between nanocrystal-based sam-
ples and standard scintillators, we take into account the reference’s
intrinsic light yield, i.e. 40’000 ph/MeV for LYSO:Ce [3] and we assume
total energy deposition in the nanostructures. All samples are placed in
the same position, excited with a X-ray beam collimated to 3 mm dia-
meter (smaller than all samples) and readout in transmission mode
using the same integration time window of 500 ns. A difficulty of this
type of measurement is to ensure that the optical and geometrical
characteristics are similar among the samples in comparison. In this
regard, we assume that light travels through the nanocrystal-based
samples in the same way than for the case of LYSO:Ce, a rather trans-
parent material. Due to the small Stokes shift and higher self-absorption
of direct band-gap semiconductors as CdSe or ZnO:Ga, this considera-
tion most certainly underestimates the intrinsic light yield of nano-
crystals. However, for the time being our aim is to asses the feasibility
of the presented method and we will report light yield values based on
this assumption as a lower bound.

2.3. X-ray attenuation

X-ray absorption by nanostructures is used to evaluate the energy
deposited by X-rays in the samples under study. For this we use a
LYSO:Ge 3 x 3 x 0.2mm? thin plate readout by a Hamamatsu 3 x 3
mm? SiPM S13360 as detector, and we evaluate the difference of the X-
ray tube energy spectra with and without nanocrystals in between X-
rays and detector. The X-ray spectra extend up to 40 keV, with main
lines centered at 8.4 keV and 9.7 keV together with a less intense line at
11.3keV. As in the previous set of measurements, we perform all the
data acquisition in single X-ray counting mode.

At first, we calibrate the detector by measuring the light yield of
LYSO at the energy of the X-ray tube characteristic lines (around 9 keV).
This allows to understand the possibility of measuring the light yield of
nanocrystals directly by coupling them to the SiPM and looking at the
shape of the energy spectra, i.e. X-rays lines.

The data taken with the LYSO + SiPM with and without nano-
crystals is analyzed in order to report a value of mean energy deposited
in the scintillating nanolayer, calculated as:
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NC LYSO LYSO _NCs
<Ejp’ > = < Ejpp® > — < Ejyp 0 >N '6D)
Here <Ej;°°> refers to the mean energy deposited in the LYSO:Ce

plate when the LYSO + SiPM detector is placed in front of the colli-
mated X-ray beam. <EdLe§SO >NCs is the mean energy deposited when the
nano-layers are placed between the X-ray tube and the LYSO + SiPM
detector. For supplementary information on the determination of the
mean energy deposited, please refer to Appendix A.

The fact that energy stopped by the built-up nano-layer does not
precisely corresponds to energy deposited in the nanocrystals con-
stitutes a technicality we are aware of. However, for now we have
decided to consider them as the same, i.e. no energy escapes the nano-
layer, since this approach offers a lower limit for the purpose of esti-
mating light yield. Furthermore, the mean energy absorbed or “de-
posited” in the nano-layer has no relevance in terms of absolute values,
because its determination depends on several parameters including
energy resolution, noise level, trigger, etc. Therefore, we will use the
mean energy deposited with and without nanocrystals to compute the
ratio or efficiency of energy deposited in the nano-layer and we will use
this parameter together with the light collected in the TCSPC mea-
surement to give a final light yield estimation for the different nano-
samples. The ratio of energy deposited is calculated according to the
following relation:

<ENCS> <ELYSO > < EdLeZSO>NCs

_ ‘dep dep
- LYSO — LYSO
<Edep > <Edep > 2

2.4. Cathodoluminescence setup

The CdSe-based samples were prepared by drop-casting the col-
loidal solution on top of a 3 x 3 mm? LYSO:Ce plate, 200 um thick. The
full absorption of the electron beam in the drop-casted nanoplatelets
films is possible only at low-energies. The Monte-Carlo simulations
(WinXray package [17]) indicated that 10keV electron beam is fully
absorbed in ~0.65 um layer of bulk CdSe, while 5 keV beam penetrates
only ~0.2um. The cathodoluminescence spectra and decay kinetics
under continuous and pulsed low-energy excitation were obtained
using a continuous monochromatic electron gun® with E" = 10 keV.
We used a somewhat defocused beam (>3 x 3 mm?) to cover as much of
the sample area as possible. Electron current was monitored by a @5
mm Faraday cup, and in the current experiment two values of current
were used: 110nA and 55nA. An ARC Spectra Pro 2300i mono-
chromator with a Hamamatsu H8259SEL photon counting head (dark
count rate <3 cps) or an LN,-cooled CCD camera were used as a re-
gistration system in the UV-visible range. To check for the full ab-
sorption conditions in the nanoplatelet layer, the emission decay ki-
netics was monitored to ensure no 40 ns component from the LYSO:Ce
substrate is present. For that, we used the beam blanker which forms 10
ns wide square pulses with a repetition rate of 5kHz. A Multiscaler
card'® was used for decay curve recording. It turned out that all the
samples had uncoated parts near the edges of plates, however for
samples >1 um the impact of the substrate on the total yield of a sample
was negligibly small. As a yield standard, an uncoated LYSO:Ce plate
was used, which belongs to the same batch of plates used for the TCSPC
and X-ray attenuation measurements. The continuous glow of the he-
ated - Y,03 cathode of the electron gun was not subtracted from the
measured emission spectra, but below 600 nm it has negligible intensity
[18]. All cathodoluminescence spectra were corrected for the spectral
sensitivity of the respective detection systems. The correction method
has been described in detail in Ref. [15].

For nanoparticles embedded in polystyrene a higher-energy electron
beam with broad spectrum and E]'* = 120keV was used. In pure

9 Kimball Physics EGG-3101.
10 Becker&Hickl MSA-300.
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Table 1

Comparative light output of different scintillating nanostructures measured in
time correlated single photon counting mode over 500ns gate using a tungsten
X-ray tube up to 40keV, a standard LYSO:Ce crystal as main reference. Non-
proportionality of LYSO:Ce at 10-40 keV energies is considered 55% [19].

Scint Light Output (%) 1 Yieldf,,s (%) Yieldfy,s (%)
LYSO:Ce (ref) 100 1 2.4 24
BC-422 33 1 53 98
PWO 0.6 1 30 90
Nanoscint Light Output (%) 7, Yield, (%) Yieldfy,s (%)
InGaN/GaN 1.8 ym 2.3 0.036 30 70
CdSe/CdS NPLs 20um 0.5 0.4 60 75
ZnO:Ga@PS 1 mm 1.4 0.5 80 99

" The Yield,,; and Yield,,s represents the percentage of the emission integrated
over 1ns or 10 ns with respect to the total emission integrated over 500 ns.

polystyrene its penetration depth is less than 0.2 mm and samples are
1 mm thick. The spectra and decays were obtained at the pulsed cath-
odoluminescence setup described in Ref. [15]. The electron beam with
200 ps FWHM pulse and peak electron current of 0.7 or 10 A/cm? was
used as source of excitation. The Andor iStar iCCD was used to obtain
the gated spectra in different time windows. For decay curves, a Ha-
mamatsu R3809U-50 MCP-PMT was used, with response of 250 ps
FWHM. A total time window monitored after the excitation pulse was
50 ps. The instrumental response function (IRF) was determined by
measuring the time profile of hot intraband luminescence (IBL) of PbF,
single crystal.

3. Results
3.1. Comparative light output using TCSPC readout

A resume of the comparative light output measurements is pre-
sented in Table 1. In this case, the 7, coefficient has been determined
by Geant4 simulations in which we assume the nanostructures as an
homogeneous layer of material with an effective thickness. In the case
of InGaN/GaN, the calculations were done with 1.8 um thick active
layer followed by a sapphire substrate and for the CdSe/CdS drop-
casted films we use the thickness equivalent to the amount of CdSe
deposited in a 3 x 3 mm? area. That would be an equivalent to 20 um
homogeneous CdSe layer when depositing 100 yL from a solution with a
Cadmium concentration of 4.4 g/L. For the case when the nanocrystals
are embedded in polystyrene, a good compromise to understand the
amount of energy deposited is to determine a mean density, calculated
on the basis of the weight concentration of the nanocrystals in poly-
styrene. However this estimation does not allow to understand how
much from the energy deposited in the host material is actually trans-
ferred to the nanocrystals. For the ZnO:Ga@PS sample we use a mean
density of 1.5 g/cm? to calculate the 7, value.

3.2. X-ray absorption by scintillating nanolayers

3.2.1. LYSO:Ce coupled to SiPM readout as X-ray detector

In order to understand the feasibility of using LYSO:Ce coupled to a
SiPM to perform X-ray spectroscopy, we first evaluated the LYSO:Ce
light output and looked at the number of photoelectrons detected per X-
ray line. The X-ray tube energy spectra as measured with a LYSO:Ce
200 um thick plate glued to a Hamamatsu SiPM (S13360-3050) and
wrapped with one layer of Teflon is shown in Fig. 2. The experimental
setup uses the laser clock to trigger the data acquisition. Charge is in-
tegrated within a 450 ns gate after each laser/X-ray pulse. The first
peak centered at zero Vs, corresponds to either dark counts or X-ray
pulses depositing no-energy in LYSO:Ce. The X-ray lines are resolved all
together in one peak centered at around 20nVes and due to the LYSO
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Fig. 2. 40kV tungsten X-ray tube energy spectra as measured with a LYSO:Ce
3 x 3 x 0.2mm? thin plate wrapped with one layer of Teflon and coupled to
Hamamatsu 3 x 3 mm?® SiPM. Single cell charge is 0.36 nV's.

self-activation the spectra extends beyond 80nVes (equivalent to
around 40 keV). The single cell charge is 0.36 nVss, which results in
around 58 photoelectrons at the X-ray lines. This level of signal sets
severe limitations in determining lower values of light yield when
measuring different materials, specially if they will be lower than LY-
SO:Ce by a factor 10 or 100 as suggested in Table 1.

From the light output values reported in Table 1, we can deduce that
the only sample which could be used to measure directly the X-ray
spectra is InGaN/GaN MQW. Fig. 3 (left) shows the comparative X-ray
spectra as obtained with LYSO:Ce (green), InGaN/GaN MQW (red) and
CdSe/CdS drop-casted film (blue) samples. Even though the energy
resolution is extremely poor and the probability of X-rays interacting in
a 1.8 um thick InGaN/GaN active layer very low, there are few events
yielding a light output as high as LYSO:Ce.

To cross check these results, we use an Fe®® electron source with
energies up to 5keV in order to confirm the light yield of InGaN/GaN
multiple quantum wells nanostructures. Electrons up to 5keV will be
fully stopped in the InGaN/GaN active layer and light produced will be
measured with the Hamamatsu SiPM. The energy spectra obtained after
using a Fe®® source as excitation is shown to the right of Fig. 3. The peak
of the LYSO:Ce spectra corresponding to 5keV is centered at about
8nV's, i.e. 22 photoelectrons. This number is consistent with the 60
photoelectrons measured for the 8-9 keV X-ray lines when taking into
account the energy difference and different wrapping configurations. In
this case the LYSO:Ce plate is unwrapped to avoid the electrons stop-
ping at the Teflon layer. InGaN/GaN light output is compared to LY-
SO:Ce (spectra in green) and BC-422 (spectra in blue), a plastic scin-
tillator with a light output 3 times less than LYSO:Ce as confirmed by
the electron energy spectra.

This test confirms that the InGaN/GaN sample has a light output as
high as about 66% of that of LYSO:Ce and therefore carries a high
potential for fast timing research. Converting to light yield values and
assuming total energy deposition in the MeV range, InGaN/GaN has an
estimated light yield of about 14’700 ph/MeV. This value considers
LYSO:Ce with a light yield of about 22’000 ph/MeV when excited by
electrons of 5 keV taking into account the non-proportionality factor at
this energy [19].

For the other types of nanostructures based on CdSe/CdS and
ZnO:Ga nanocrystals, we focus our effort in determining their energy
absorption using the LYSO + SiPM readout as a X-ray detector. For this
measurement, we use the X-ray absorption by different nano-scintil-
lating samples to estimate the energy deposition ratio, factor . The first
step consists in the validation of the method by measuring X-ray ab-
sorption by aluminium thin foils (refer to Appendix A).
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Fig. 3. Energy spectra as measured with a InGaN/GaN MQW deposited on sapphire substrate directly coupled to Hamamatsu 3 X 3 mm? SiPM in comparison to other
standard and non-standard scintillators. Left: 40 kV tungsten X-ray tube used as excitation source. Right: Fe>® with 5keV electrons used as excitation source. Single
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Fig. 4. X-ray attenuated by CdSe/CdS nanoplatelets drop-casted film with an
equivalent thickness of 10um in comparison to 20um, readout by
LYSO + SiPM.

The CdSe/CdS drop-casted films were deposited on an aluminium
3x3x0.016 um? sheet, which covers the LYSO + SiPM detector and acts
as the reflective layer all together. The measurements for the estimation
of the energy deposited in the drop-casted nanocrystal layer are shown
in Fig. 4. The 54 uL deposition should form a layer of around 10 ym and
the second deposition would be 20 um. The effective thickness is cal-
culated by assuming an homogeneous deposition of nanocrystals taking
into account the amount of CdSe used and dividing by the volume of the
CdSe unit cell. As shown, the LYSO + SiPM readout seems to be sen-
sitive enough to differentiate both nanocrystals layers yielding an
value of 0.4 for the 20 um effective thick film.

3.2.2. Timepix chip readout as X-ray detector

The same calibration procedure using several layers of aluminium
foil has been performed using a different detector, Timepix'" chip from
the Medipix collaboration at CERN [20]. In this detector, X-rays are
directly converted to electrons in the 500 um silicon substrate and the
chip is designed to trigger in the signal itself at a level of 700pe, which
cuts the X-ray spectra in the low energy part. In this case the difference
in mean energy deposited between 0, 1 and 2 layers of aluminium
roughly follows the simulated prediction yielding # values of 0.1 instead
of 0.05. The results can be seen to the left hand side of Fig. 5. The mean
energy deposited around 9 keV is lower than for the previous detector

1 https://medipix.web.cern.ch/technology-chip/timepix-chip.

due to the silicon absorption coefficient which is smaller than for LY-
SO:Ce. Energy resolution for this detector is around 60% at the level of
the X-ray lines, however as mentioned before this could be biased by
the fact that we start measuring at around 2.5 keV.

The objective of this measurement is to validate the procedure fol-
lowed with the LYSO + SiPM readout and cross-check results. To
measure the same CdSe/CdS 100 pL drop-casted film readout with the
LYSO + SiPM detector, we collimate the X-ray beam to a diameter of
3 mm because the Timepix chip is about 1.6 x 1.6 cm? The film is
placed after the collimator, which ensures an homogeneous field ex-
citing the nanocrystals. Results are shown at the right hand side of
Fig. 5 where we compare the absorption of a nanocrystal layer de-
posited on an aluminium sheet to the absorption of only the aluminium
foil.

The 5 value as obtained by this method is 0.36, which is in very
good agreement with the 0.42 value obtained with the LYSO + SiPM
readout and with the 0.5 value obtained by simulations. Due to the
short acquisition time necessary to measure with the Timepix detector,
we use it to determine the energy absorbed by the other sample.

A summary of the » factor obtained for the nano-scintillating sam-
ples is shown in Table 2, together with their final estimated values of
light yield. We use the comparative light output results measured in the
time correlated single photon counting setup and presented in Table 1
and divide them by the measured value of 7 to correct by the fact that
all the energy is not dumped in the nano-layers. The light yield of LY-
SO:Ce used as reference is 22’000 ph/MeV, which takes into account a
55% non-proportionality at energies of 10 keV. For the case of electron
excitation at 5keV, we will assume the same level of non-proportion-
ality.

As presented in Table 2, the estimated light yield values of materials
like CdSe/CdS core crown nanoplatelets and ZnO:Ga@PS are indeed
very modest, at the level of 275 ph/MeV and 500 ph/MeV respectively.
Only the sample consisting of InGaN/GaN multiple quantum wells
yields results comparable to LYSO:Ce of more than 10’000 ph/MeV. It’s
interesting to notice that the light yield LYy, obtained when using the
simulated 7 value from Table 1 is able to reproduce the measured values
with good accuracy. The simulated 5 value has been obtained by
treating the nanolayers as bulk material of an equivalent effective
thickness, which seems to be accurate enough for the purpose of cal-
culating the amount of energy deposited.

3.3. Low-energy cathodoluminescence yield of drop-casted CdSe/CdS films

Unfortunately, the CdSe/CdS drop-casted films have shown sig-
nificant luminescence intensity degradation during continuous electron
beam irradiation. At first, 10 keV, 110 nA beam was used to quickly
record spectra of the samples introducing as small degradation as
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Fig. 5. X-ray tube energy spectra as measured with the Timepix chip. Left: X-ray absorption for several layers of aluminium. Right: X-ray spectra attenuated by CdSe/

CdS 20 um thick drop-casted film.

Table 2

Measured absorption coefficient # and estimated light yield (ph/MeV) for dif-
ferent nano-scintillating samples obtained by the indirect and direct method
under X-ray and electron excitation.

Nano-scint X-ray attenuation Geant4 sim.  CL"
Niyso+sim Mrpx LYmeas (Ph/MeV)  LY¥sim LYmeas

CdSe/CdS 20 ym 0.42 0.36 275 256 200

Zn0:Ga@PS 1mm - 0.60 500 610 634

Direct e- excitation

InGaN/GaN 1.8uym — 14’700 14000 -

2 The cathodoluminescence results are presented in the next sections but
summarized here for the purpose of comparison.

possible (Fig. 6 left, curve 1). At second, the experiment was repeated
multiple times with 5keV, 110nA beam, recording evolution of the
spectra during degradation (curves 2a-2c). Finally, a temporal evolu-
tion of the luminescence signal was recorded with 5keV, 55nA beam
(Fig. 6 right), which follows hyperbolic power-law after the first few
tens of seconds. The signal degradation is not recovered by keeping
samples in the darkness for several hours. The low-energy CL emission
spectrum appears the most red-shifted when comparing to laser and X-
ray excitation, peaking at 540+10 nm. The yield integral under curve 1
above 485 nm is 0.96% of total LYSO:Ce yield integral.

Due to the rapid degradation of the samples it is hard to assess the
NPLs yield accurately, it is only possible to give a lower boundary. One
has to be careful to take into account non-proportionality of LYSO:Ce,
which is 55% at 10 keV X-ray relative to the yield at 662 keV [19]. The
exact yield under 10 keV electron beam might be different, but we can
take the same value of 55% for the estimation. If the LYSO:Ce yield at

5e8 NPLs layer thickness 6um
4e8 -

3e8 1

LYSO:Ce
divided by 50

2e8

1e8

relative spectral yield, a.u.

intensity a.u.
w
X
-
[=]
<}

400 450 500 550 600
emission wavelength, nm

662 keV is 40’000 ph/MeV [3], we obtain cathodoluminescence yield
value of 200 ph/MeV for 6 um-effective-thick deposited nanoplatelet
films. Given the difficulties of this experiment, this result seems to be in
a good agreement with 275 ph/MeV obtained for X-ray excitation (see
Table 2).

3.4. High-energy pulsed cathodoluminescence of ZnO:Ga@PS 10%

The procedure of pulsed CL yield comparison of transparent samples
(crystals or polystyrene slabs) was described in Ref. [4]. The samples of
Zn0O:Ga@PS and LYSO:Ce were installed on the sample holder, and
covered by identical aluminum masks to expose the same sample sur-
face area (about 4x8 mm?) to the wide homogeneous electron beam.
Either of the samples could be positioned in front of the beam by the
means of the manipulator, which enables precise comparison of the
sample light output in the same conditions. However the ZnO:Ga@PS
sample was opaque, which implies different light conversion efficiency
as compared to transparent LYSO:Ce reference sample and respective
inaccuracy in the yield estimation of the former. Fig. 7 shows the
spectra of ZnO:Ga@PS and LYSO:Ce, recorded in 0-200 ps time window
in the same conditions. Such time window was selected to ensure that
all the luminescence has completely decayed during acquisition, so that
the total yield of different emissions can be compared. The spectrum
consists of three separate emission bands: polystyrene host lumines-
cence at 330nm, ZnO:Ga excitonic band at 390 nm and weak broad
defect emission at ~530 nm. The absence of the latter in the spectrum
recorded in 0-32 ns time window indicates that it has the decay con-
stant in microsecond range.

The approximate yield numbers can be derived from integrating the
spectra from Fig. 7. The total light yield of 390 nm excitonic band in

103

NPLs degradation dynamics (540 nm)

102 T
102 103
Irradiation time, s

Fig. 6. The low-energy CL spectra of 6 um-thick nanoplatelet layer recorded during the CL experiment (phase 1 and 2a-2c), in comparison to the uncoated LYSO:Ce
plate, recorded in the same conditions (left). CL degradation curve of 2 um-thick nanoplatelet layer, normalized arbitrarily (right).
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Fig. 7. The high-energy CL spectra of ZnO:Ga@PS 10% in the full (0-200 ps,
curve 1) and fast (0-32 ns, curve 2) time windows, and their high-wavelength
parts in logarithmic scale. The spectrum of LYSO:Ce, recorded in the same
conditions in the 0-200 ps time window, is shown for comparison.

0-200 ps time window, integrated over 370-450 nm spectral region, is
0.92% of total LYSO:Ce cathodoluminescence yield. The non-pro-
portionality of LYSO:Ce at 100-120 keV X-ray is 80-85% relative to the
yield at 662 keV [19]. Assuming the same non-proportionality factor for
the electron beam, the excitonic emission yield is 315 ph/MeV. For
comparison, the yield of polystyrene and defect emission bands is
0.71% and 0.22% of LYSO:Ce, which comprise 38% and 12% of total
light output of ZnO:Ga@PS. The total CL light output of ZnO:Ga@PS
10% is 634 ph/MeV. Contrary to electron beam, which penetrates a
relatively thin layer of material (<0.2 mm for 120 keV), in the experi-
ments with X-rays and gamma-excitation the bulk of nanocomposite is
excited. Due to re-absorption by nanoparticles, the polystyrene intrinsic
emission might not exit the sample altogether, which explains the lower
total yield value of ZnO:Ga@PS obtained in the X-ray experiment
(Table 2).

3.5. Discussion

From all the samples measured, CdSe-based colloidal nanocrystals
in the shape of drop-casted dry films are the materials with the smallest
light yield, similar to PWO of about 200 ph/MeV. However, their ex-
cellent timing performance with a sub-1ns decay time of around 300ps
[5] (zg1 = 20ps, 27%, 74, = 360ps, 41% and the rest 32% corresponds
to a slower emission of > 4ns), its high biexciton binding energy to-
gether with a very low threshold for stimulated emission [6] place this
type of nanocrystals in the list of materials for future applications.
These results are encouraging since they assume that the light is not
self-absorbed within the 20 um effective thick layer. Therefore, they
serve as starting point to improve the sample preparation and deposi-
tion method of CdSe-based nano-scintillating layers. A different way to
create films allowing a better extraction of the light and guarantying
the surface passivation of the nanoplatelets would highly improve the
potential of these type of materials. An in-dept study of the dosimetric
properties of CdSe-based nanoparticles can be found here [21-23].

One very interesting system from the energy transfer point of view
are nanocrystals embedded in a host matrix, where the nanocrystals
could be used to harvest the energy deposited in the matrix. We have
studied polystyrene as a host material, even if, ideally, the density of
this host matrix should be as high as possible to provide the necessary
stopping power for energetic ionizing radiation. In this regard, the
nanocrystals will act as the “fluors” or the activators added to plastic
scintillators to boost the light yield by a factor 100. Ideally, the matrix
would perform as the stopper and energy distributor and if the dis-
tances between the nanocrystals are smaller than the diffusion length of
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the excitons in the polymer, the emission centers could be efficiently
excited. However, embedding colloidal nanoparticles into a polymer
matrix requires a correct monodispersion and further functionalization
of the ligands able to maintain the nanocrystals’ photoluminescence
properties.

A different type of nanocrystals synthesized by UV irradiation in-
stead of by wet chemistry is ZnO:Ga dry nanopowders. When they are
embedded in polystyrene, the sample presents a light output of around
500 ph/MeV which explains the relatively modest time resolution
measured previously and reported in Ref. [11]. This low light yield is
signature of the high re-absorption and possibly low quantum yield of
individual nanoparticles.

The best light yield result is obtained with the InGaN/GaN MQW
sample (z4; =800ps, 34%, 74, = 3.2ns, 43% and the rest 23% corre-
sponds to a slow emission of several tenths of nanoseconds), which
shows light output values at the level of LYSO:Ce. For this case, we are
able to directly measure its light output by correlating the energy
spectra of a 5keV electron source to the number of photoelectrons
detected. We can observe a discrepancy of around 5% between the
value obtained by direct measurement with an electron source and the
value estimated under X-rays excitation with the TCSPC setup. Due to
the presence of the sapphire substrate this type of sample can not be
used to determine the n value by measurements as done with CdSe-
based and ZnO:Ga@PS samples. The future implementation of InGaN/
GaN multiple quantum wells as radiation detectors will be further
discussed in oncoming publications.

4. Conclusions

In this contribution, we have developed a new method to determine
the light yield of different nano-scintillating structures in order to un-
derstand their potential as radiation detectors for fast timing applica-
tions. The method has been implemented using samples featuring a
broad spectrum regarding fabrication and preparation methods as well
as scintillation efficiency. Our approach uses two different readouts to
measure separately light output and energy absorbed by the nanos-
tructures. Light output is measured in time correlated single photon
counting mode and energy absorption is determined with two different
setups. The first one uses a thin plate of LYSO:Ce coupled to a
Hamamatsu SiPM and the second employs the Timepix chip, which is
able to directly convert X-rays to an electrical signal. Both readouts
were proven to yield the same results and they were validated by using
thin aluminium sheets as a reference material.

The new methodology following X-ray excitation has been cross
checked using a completely different setup and type of excitation.
Spectral and time resolved low-energy cathodoluminescence
(Eexe = 10keV) has been used to determine the yield of drop-casted
CdSe/CdS core crown nanoplatelets films, while high-energy cath-
odoluminescence (EJ}¥* = 120keV) was used for polystyrene-based
nanocomposites. The first results for CdSe-based films reveal the yields
of around 200 ph/MeV, which compares to the 275ph/MeV found
under X-ray excitation. The causes for the degradation of the cath-
odoluminescence spectra after the first irradiation, is a topic that de-
serves a deep future investigation due to its possibly multi-parametric
nature. However, the degradation effect has not been observed using X-
ray or 511 keV gamma excitation and it is most probable highly cor-
related to the deposition technique of drop-casted films.

We have demonstrated the fact that we have a tool for light yield
characterization of scintillating nano-structures and this sets an starting
point for the future improvement of these type of nanocrystalline ma-
terials. On top, the cathodoluminescence setup also offers a powerful
tool to look into the energy transfer mechanisms taking place when
these nanocrystals are embedded in a matrix host able to redistribute
the energy deposited.

From all the tested sampled only InGaN/GaN multiple quantum
wells gives light yield results comparable to standard LYSO:Ce.
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However the nanofabrication technique has limited built-up thickness
and the total amount of energy that can be deposited is around
5-10keV.

We consider this research as a significant step forward in the
characterization of nano-scintillating materials for future time-of-flight
applications.
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Appendix A. Validation of the X-ray absorption measurements using Aluminium thin foils

Fig. A.8 shows the difference in the mean energy deposited when having one layer of aluminium foil in between the X-rays and the LYSO + SiPM
detector. Simulations are performed with the same geometric features than in the experiment using a X-ray spectra also obtained by simulations. The
X-rays characteristic lines at 8.4 keV, 9.7-9.96 keV and 11.3 keV are well known, however the low energy part of the spectra which is determined by
the Beryllium window and other filters could be different to the X-ray tube in use. In this case, both simulations and measurements are in well
agreement showing a 5 value of around 0.06 and 0.07, respectively.

X-ray absorption in Al X-ray absorption in Aluminum
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Fig. A.8. X-ray attenuation by an aluminium sheet 16 um thick in comparison to one layer of teflon as obtained by Geant4 simulations (left) and measurements
(right).

Mean energies are calculated following the equation (x) = S

S f (x)dx
since we trigger on the laser clock, it is filled out with the difference in numbers of counts for each spectra under comparison.

Another test for validation aims to repeat the measurement but this time comparing 1 to 2 layers of aluminium. In this case, simulations predict a
difference in mean energy deposited which corresponds to an 5 value equal to 0.05 as shown in Fig. A.9. The measurements for one or two foil of
aluminium are shown to the right of Fig. A.9. The 5 value obtained by measurement is 0.06 so this allow us to move forward and estimate the energy
absorbed in nanocrystals. The drop-casted films are deposited on an aluminium sheet which covers the SiPM and acts as reflective layer all together.

. The bin of zero energy or zero counts is of most importance and in this case

X-ray absorption in Al X-ray absorption in Aluminum

F N = LYSO + 1Al <Edep> = 14.8keV 1=
0.2 - - o LYSO + 2A1 <Edep> = 14.1keV - - LYSO + Al <Edep> = 14.6keV
C i L - LYSO + 2Al <Edep> = 13.7keV
0.15— -
oa~ &2
3 am
0.05= 10°
- _
A A x107®
0 0.0 0.02 0.03 0.04 0.05 0.06 0.05 0.1 0.15

Edep on LYSO (keV) E (keV)

Fig. A.9. X-ray attenuation by an aluminium sheet 16 um thick in comparison to 32 um, i.e. 1 or 2 layers as obtained by Geant4 simulations (left) and measurements
(right).2
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Supplementary data to this article can be found online at https://doi.org/10.1016/j.jlumin.2019.116613.
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