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ARTICLE OPEN

On the use of CdSe scintillating nanoplatelets as time taggers
for high-energy gamma detection
R. M. Turtos 1*, S. Gundacker1,2, S. Omelkov 3, B. Mahler4, A. H. Khan 5, J. Saaring3, Z. Meng4, A. Vasil’ev 6, C. Dujardin 4,
M. Kirm3, I. Moreels 5, E. Auffray1 and P. Lecoq1

The technological challenge imposed by the time resolution essential to achieve real-time molecular imaging calls for a new
generation of ultrafast detectors. In this contribution, we demonstrate that CdSe-based semiconductor nanoplatelets can be
combined with standard scintillator technology to achieve 80 ps coincidence time resolution on a hybrid functional pixel. This result
contrasts with the fact that the overall detector light output is considerably affected by the loss of index-light-guiding. Here, we
exploit the principle of 511 keV energy sharing between a high-Z, high stopping power bulk scintillator, and a nano-scintillator with
sub-1 ns radiative recombination times, aiming at a breakthrough in the combined energy and time resolution performance. This
proof-of-concept test opens the way to the design and study of larger size sensors using thin nanocomposite layers able to perform
as efficient time taggers in a sampling detector geometry of new generation.

npj 2D Materials and Applications            (2019) 3:37 ; https://doi.org/10.1038/s41699-019-0120-8

INTRODUCTION
The possibility of reaching real-time molecular imaging for cancer
diagnosis using time-of-flight positron emission tomography
scanners (TOF-PET) calls for well dedicated efforts along this line
of research.1

Benefits would extend beyond a 10-fold sensitivity, and spread
to areas like neonatal imaging and theranostics, just to mention a
few.2 In terms of detector performance, this translates to reaching
a time resolution of 10 ps, needed for 511 keV gammas to travel
few millimeters within a cancer tumor. At present, the forefront
time resolution values obtained in a commercially available TOF-
PET scanner are at the level of 215 ps using Lu2−xYxSiO5 crystals
and silicon photomultiplier (SiPM) readout.3 Time resolution
achieved with current state-of-the-art scintillators featuring
standard photon emission mechanisms, i.e., minimum decay
times of tens of nanoseconds and maximum light yield of
100,000 ph/MeV, is largely limited by their associated photon-time
density.4–6 Hence, harvesting prompt photons from quantum
confined direct band-gap semiconductors would highly impact
the time resolution of state-of-the-art scintillating detectors.4

Recent advances in the readout electronics of coincidence time
resolution (CTR) measurements using 511 keV gammas have
proven to be able to benefit from prompt emission in the form
of Cherenkov photons7 for the purpose of improving the time
resolution with standard scintillators. Unfortunately, classic
Cherenkov emission in high-Z scintillators is limited up to ~20
photons emitted per 511 keV gamma interaction.8,9 Imposing
severe limits in the number of fast photons available in the first
10 ps after the gamma has interacted. Normally, for standard
state-of-the-art materials, photon-time density fluctuates ~1
photon/MeV per picosecond just from the scintillation mechan-
isms, not considering Cherenkov10 or hot intraband luminescence
(IBL).11 In order to increase the prompt photon emission yield, we

propose to replace the usual bulk scintillator pixel by a sampling
configuration, so that the recoil electron from a photoelectric
conversion created in the dense host scintillator can eventually
reach a fast emitting nano-scintillator layer.12 In this way, prompt
or relatively prompt emission from nanocrystals could be added to
the standard scintillating signal and help to decrease the overall
timing jitter associated to particle detection.4 In this approach,
each component brings its own functionality, the fast material is
driving the timing improvements and the heavy/standard
scintillator provides the stopping power and energy resolution.
One of the first direct band-gap semiconductor nanocrystals

studied for the purpose of ultrafast timing detector applications at
the level of 10 ps has been CdSe nanoplatelets.13 CdSe with a 1D
quantum confinement and a thickness of ~1.5 nm, corresponding
to 4–5 monolayers (ML)14 has been reported as one of the
materials with fastest radiative recombination times due to its
giant oscillator strength,15,16 a low stimulated emission threshold
of 6 μJ/cm2 and a high biexciton binding energy of ~30 meV at
room temperature.17,18 Their red-shifted radioluminescence (RL)
signal with 25% of the fast emission being unresolved by a setup
with an instrumental response function (IRF) of ~130 ps full width
half maximum (FWHM) and the rest being ~300 ps, makes them
potential candidates for a new generation of scintillators.13,19

However, their implementation as radiation detectors is techno-
logically challenging owing to intrinsic short-comings such as
rather low stopping power of individual nanoparticles,20–23 high
self-absorption owing to small Stokes-shift of emission24–26 and
the necessary presence of organic ligands needed for surface
passivation and shaping the luminescence and spatial distribution
of nanoplatelets.27–31

In this contribution, we focus on understanding and demon-
strating the timing potential capabilities of these types of
materials under ionizing radiation in section 2.1 and 2.2. The
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section 2.3 has the purpose of showing how CdSe/CdS
nanoplatelets could be used in a real detector geometry for
medical applications and what are the scintillating features of this
type of sample. In the Discussion section, we include a study of
the minimum performance needed from the CdSe-based built-up
layers to reach the 10 ps goal. CdSe/CdS core-crown nanoplatelets
will be studied in combination with state-of-the-art bulk materials
such as LYSO, forming drop-casted films or after an embedding
procedure that uses polystyrene (PS) as a host matrix. Our aim is to
prove that CdSe is indeed a potential candidate for ultrafast
timing applications in combination with standard scintillating
technology, specially for TOF techniques using 511 keV. A second
intention is to delineate a road map for the future application of
CdSe nanoplatelets or similar colloidal nanocrystals with sub-1 ns
decay times in a hybrid detector pixel geometry, where they are
mechanically and chemically stabilized.4,13

In this paper, we start from the luminescence properties of
individual CdSe/CdS nanoplatelets under laser and X-ray excita-
tion and show red-shifted biexcitonic RL at room temperature. We
follow-up with a study of the light emission features of a more
complex system, in which nanocrystals are either drop-casted on
LYSO or forming a nanocomposite. The drop-casting technique
using LYSO as direct substrate has been chosen to understand and
demonstrate the timing capabilities potential of CdSe under
511 keV gamma excitation, as this method is capable of using the
standard scintillator as a waveguide, transporting light to the
photodetector. However, this compromises the performance of
the heavy scintillator needed for the detector’s energy resolution,
so we follow-up with a nanocomposite approach, where CdSe/CdS
nanoplatelets are mechanically stabilized on a host matrix, as this
is key for real detector applications. Time-resolved ultrafast decay
kinetics of a first generation CdSe-based nanocomposite under
100-fs X-ray excitation is shown together with first light output
measurements obtained by X-ray attenuation and cross-checked
by spectrally-resolved pulsed cathodoluminescence. We present
first time results on the characterization of a sampling scintillating
pixel, where standard LYSO 200 μm-thick plates are combined
with CdSe/CdS nanoplatelets for 511 keV gamma detection. The
promising results on the decay kinetics and time resolution
obtained with a still non-optimized CdSe-LYSO sampling pixel are
pushing for developing reproducible and scalable methods to
produce CdSe-based built-up transparent nanocomposite layers at

least 100 μm thick in order to substitute the drop-casted films in
the hybrid pixel geometry. Drop-casted films can be considered as
a random distribution of “unconnected”-emitting centers, in the
sense of overall energy distribution, in a given volume and they
impede the application of a readout method that guarantees the
ultimate performance in terms of combined energy and time
resolution previously demonstrated in ref. 12

RESULTS
Light emission properties of CdSe/CdS drop-casted films on LYSO
The core-crown heterostructure of CdSe-based nanoplatelets has
been chosen owing to its enhanced quantum yield and stability
compared with bare platelets.32 A first characterization of the
CdSe/CdS luminescent properties under laser and X-ray excitation
is performed with highly diluted films in order to avoid self-
absorption. The results are shown in Fig. 1, where a clear red-
shifted (lower energies) emission can be seen next to the
photoluminescence (PL) line. The fit is done using a Voigt
probability density function for each spectral line with similar
width but centered toward lower energies. The RL data in Fig. 1b.
confirm the presence of a second spectral line red-shifted from
2.385 eV to 2.35 eV, i.e., equivalent to a binding energy of 35 meV,
with a yield fraction of ~0.3. The result of 35 meV is well in
correspondence with the value reported as the binding energy of
biexcitons, ~30 meV for bare CdSe nanoplatelets17 and it could
indicate the presence of other types of multiexcitonic states. The
transmission electron microscope image of the CdSe/CdS core-
crown nanoplatelets used in this study is shown in Fig. 1a together
with the PL emission spectra. The effective decay time under non-
intense laser excitation has been measured to be ~600 ps, which is
in very good agreement with the 520 ps found for CdSe
nanoplatelets without crown.13 Under X-ray excitation, we obtain
a faster emission towards the higher wavelengths, which reassures
that the red-shifted emission is not a self-absorption artifact. The
effective RL decay time is ~160 ps, which corresponds to both
excitonic and biexcitonic spectral lines, yielding a PL/RL factor of
3.75. For further information regarding biexcitonic emission under
pulsed laser excitation at different laser powers refer to Section S1.
For the purpose of detecting highly energetic particles,

CdSe nanoplatelets are studied in combination with high-Z
materials able to perform as state-of-the-art scintillators. The
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spectral-time-resolved PL and RL obtained for the CdSe/CdS
drop-casted film on LYSO is shown in Fig. 2. The excitation and
corresponding readout geometry for each measurement is shown
in the schematics above the streak camera figures.
As expected, the PL emission spectra of core-crown CdSe/CdS

nanoplatelets (NPLs) is centered at 515 nm and in comparison
with the LYSO PL emission integrated over the first nanosecond,
the signal is at least four times higher for CdSe. Taking into
account the LYSO emission in the first nanosecond (1000 ph/
MeV33) and the characteristics decay times exhibited by CdSe
(300 ps13), this measurement points towards a CdSe/CdS photon-
time density at least 10 times higher than LYSO. In contrast to the
PL results, under X-ray excitation we observe a large red-shift in
the RL emission centered at ~530 nm, together with a decrease in
the emission intensity of around a factor 75% as shown in Fig. 2c.
These highlights the self-absorption issues of the drop-casted
films. The comparison between PL and RL was done without
moving the sample in order to keep constant the uncertainties
related to focusing and alignment.
Figure 2d shows the decay kinetics of CdSe/CdS core-crown

nanoplatelets under X-ray excitation. In this case, the film was
drop-casted on glass to avoid the influence of LYSO emission and
excited with a pulsed X-ray tube with a FWHM of ~50 ps. The
photodetector used for the readout is a fast hybrid PMT and the
instrumental response (IRF) function of the whole setup has been

obtained measuring the IBL of Li2MoO4.
11 The IRF has a full width

half maximum of ~130 ps34 and this is the reason for the
unresolved first decay component expressed as 20 ± 20 ps.

CdSe-LYSO sampling pixel under 511 keV excitation
One of the benefits of improving the time resolution of
scintillating detectors is applied in the TOF technique. TOF is
used for particle identification in high-energy physics experiments
or as a way to spatially resolve the point of positron annihilation in
PET scanners. For the latest, 511 keV gammas are detected in
coincidence usually by means of LYSO crystals and SiPM readout.
In this section, we combine several LYSO 3 × 3 × 0.2 mm3 plates
coated with the CdSe/CdS drop-casted film and we proceed with
the assembly of 10 plates to form a 3.8 × 3.8 × 3mm3 pixel shown
in Fig. 3a. The aim for this kind of construction is to stop 511 keV
gammas in the LYSO plates and excite the CdSe/CdS drop-casted
films with the recoil electron created upon the photoelectric
effect. Owing to the characteristic travel path of the recoil electron
with > 400 keV, a fraction of them will be able to leak some of their
energy to the nano-material and this can be observed by
measuring the decay kinetics of the sampling pixel.
The time-resolved photon emission of the CdSe-based sampling

pixel consisting of 10 LYSO plates 200 μm thick covered by the
CdSe/CdS drop-casted films is shown in Fig. 3b. In this case, the
readout takes into account all events no matter the energy
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deposited, therefore the signal shown is characteristic for the
average type of event. We observe a very fast rise time,
characteristic of the first rise time component of LYSO:Ce crystals35

and a prompt peak on top of the LYSO emission. The red line
follows the rise time parameter of ~10 ps and the green curve
represents 3–4 bins average. This measurement constitutes an
experimental proof that 511 keV gamma excitation is able to
transmit part of its energy to a built-up nano-scintillating layer in
direct contact with the LYSO plates.
The 511 keV energy spectrum obtained by integrating the

measured charge when coupling the CdSe-LYSO sampling pixel to
a FBK NUV-HD SiPM36 is shown in Fig. 3c. The events are in
coincidence with a LSO:Ce:Ca 2 × 2 × 3mm3 co-doped crystal used
as reference with a coincidence time resolution (CTR) of 60 ps
FWHM.7 As a form of direct comparison, the integrated charge
obtained when measuring a bulk 3 × 3 × 3mm3 LYSO:Ce crystal
from the same producer than the coated plates is shown together
with the CdSe-LYSO data.
As expected from the optical properties of CdSe/CdS nanopla-

telets, their direct drop-casting on the surface of the LYSO disrupts
the angle of total internal reflection and therefore deteriorates the
index-light-guiding to the point that the photopeak and the
Compton edge are not longer well separated as for the case of
bulk LYSO (red stripes spectrum).
According to Fig. 3c, there is a light output reduction for the

CdSe-LYSO sampling pixel of at least a factor 5, not taking into

account the SiPM saturation issues. In terms of CTR, which scales
down as the square root of the photon-time density, a
deterioration of a factor 5 in the number of photoelectrons
detected would imply a worsening of the pixel timing perfor-
mance of about a factor 2.2. Assuming plain LYSO emission, this
factor translates to an expected time resolution of ~180 ps FWHM.
However, looking at the delay time distribution of events in the
CdSe-LYSO sampling pixel with an integrated charge higher that
4nV*s, we obtain a CTR value of 80 ps FWHM. For comparison, we
have included in Fig. 3d the delay time distribution obtained with
bulk LYSO crystal, choosing events with a similar integrated
charge from 4 to 8nV*s.
Despite all the optical issues, drop-casted films allow to

mechanically assemble a CdSe-LYSO sampling pixel for a first
time proof-of-concept with 511 keV gammas. An extended study
of a second type of sampling pixel using Bi4Ge33 O12 as high-Z
material is included in the Supplementary Information Section S2,
Fig. S2. The CTR of this crystal is determined by its Cherenkov
emission at a level of few photons, instead of by its standard
photostatistic and this has a crucial role in the readout threshold
and depth of interaction correction needed in long sensors.
Therefore, the study of this type of combination, Cherenkov
emitter and fast nanocrystals is complementary to the LYSO case.
The results presented above constitute an experimental proof

that CdSe nanoplatelets bears significant timing potential for
511 keV gamma detection. However, its assembly in combination
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with state-of-the-art scintillators must be optimized. This work
proves that CdSe nanoplatelets, if properly stabilized as emitting
centers in a matrix host, would revolutionize the field of fast
timing research and the new detectors could eventually reach the
regime of real-time molecular imaging in the clinical scenario. Our
efforts in this direction are described in the section below.

Light emission properties of CdSe-based nanocomposite under X-
ray and electron excitation
The decay kinetics of CdSe/CdS nanocomposite in a polystyrene
(PS) host (CdSe/CdS@PS) with 1% weight concentration has been
obtained with exceptional time resolution of 38 ps FWHM at the
FemtoMAX beamline in Lund, Sweden. Time-resolved data are
shown in Fig. 4 together with the setup IRF. We observe a fast
photo-response, which decays two order of magnitudes in the first
10 ns according to Fig. 4b, (for further fitting details with multi-
exponential decay components refer to Table S1). These results
are found to be in good agreement with the PL study performed
with similar nanoplatelets using long integration gates up to
20 μs.32 In addition to the rise-decay kinetics, Fig. 4a shows the
prepared sample and its transmission in comparison with CdSe/
CdS drop-casted films and LYSO plates up to 200 μm thick.
Concerning light output under high excitation, the two-step

light yield characterization results obtained for the CdSe-based
nanocomposite sample are shown in Fig. 5. Both samples, LYSO
and CdSe/CdS@PS 1% have the same cross section size of 3 ×
3mm2 and were excited by a collimated X-ray beam of 3 mm
diameter. The CdSe/CdS@PS 1% light output is obtained by
comparing to the amount of photons integrated over a pre-
defined 500 ns gate using the LYSO as reference. Taking into
account LYSO intrinsic yield33 and its reported non-proportionality
of ~55% for 10 keV gammas, we obtain a reference value of
22,000 ph/MeV. A direct comparison of the decay curves obtained
for both samples, LYSO (reference) and CdSe/CdS@PS 1% is shown
in Fig. 5a for the first 10 ns of scintillating signal next to the sample
X-ray attenuation. For further details regarding the light yield
determination measurements consult the Methods section and for
a full review using different materials refer to ref. 34

A summary of the measured absorption coefficient and
comparative light yield value obtained for the CdSe-based
nanocomposite sample is shown in Table 1. Summing up the

two-step light yield measurements result in a value no higher than
100 ph/MeV.
A second method to determine the light yield of the

nanocomposite sample uses short range electron excitation. The
procedure of pulsed cathodoluminescence yield comparison of
transparent samples (crystals or PS slabs) was described in.37

Similarly to the drop-casted CdSe/CdS nanoplatelets under
continuous electron beam,34 the same nanoplatelets embedded
in polystyrene (PS) have shown some degree of CL degradation
under 120 keV electron pulses. The peak pulse electron current
was reduced to 0.7 A/cm2 to partially mitigate this effect. Owing to
the pulsed nature of the source, the first spectrum was recorded
with no preliminary irradiation and can be considered unaffected
by degradation as shown in Fig. 6, curve 1. The repeated
measurement indicated ~20% loss of yield after full spectral scan
(which takes ~300–400 electron pulses).
Figure 6 shows the spectra of CdSe/CdS@PS and LYSO:Ce,

recorded in 0–200 μs 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: PS host luminescence at 330 nm,
CdSe/CdS excitonic band at 525 nm and broad defect emission at
~750 nm. The absence of the latter in the spectrum recorded in
0–32 ns time window indicates that it has the decay constant in
microsecond range, which could not be measured in our
experiment. The decay curves of 330 nm and 525 nm bands are
complex and the list of their exponential decay components is
shown in Table S1. Both high-energy X-rays and electron beam
pulses populate high excited states, wherefrom energy is
transferred to the emission centers through various relaxation
processes causing appearance of complicated decay curves. It
should be noted that the main component of PS emission (15 ns)
is very similar to the slow component of excitonic emission (18 ns),
which indicates that about half of the total excitonic yield in
cathodoluminescence experiment comes from re-absorption of
slow PS emission. Comparing decay kinetics between the different
experiments shows that the decay component of 300 ps is only
preserved for the X-ray experiment at CERN where the beam flux
does not degrade the luminescence properties of CdSe/CdSe@PS
1% sample. For an extended study of this method with a different
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concentration 500 μm thick and CdSe/CdS drop-casted film with an effective thickness of 20 μm in comparison with LYSO:Ce crystal 200 μm
thick. b Time-resolved decay kinetics of CdSe/CdS@PS 1% as measured at the FemtoMAX beamline with a IRF of 38 ps FWHM. The double-
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type of nanocrystals refer to the Supplementary information
Section S4.
The approximate light yield numbers can be derived from the

first spectra for which the degradation of the sample was
negligible (Fig. 6, curve 1). The total light yield of 525 nm excitonic
band in 0–200 μs time window is 0.37% of total LYSO:Ce
cathodoluminescence yield. The non-proportionality of LYSO:Ce

at 100–120 keV X-ray is 80–85% relative to the yield at 662 keV.38

Assuming the same non-proportionality factor for the electron
beam, the excitonic emission yield (525 nm line) is 122 ph/MeV, of
which only 68 ph/MeV belong to the ultrafast components with
decay constant τ ≤ 1.1 ns. For comparison, the yield of PS emission
band and defect band is 0.63% and 0.62% of LYSO:Ce,
respectively, and, combined together, comprise 77% of total light
output of CdSe/CdS@PS.
In this experiment, we can assume that most of the energy is

absorbed by PS because the electron penetration depth is no
more than 0.2 mm and most of the material encountered by
electrons on that distance is PS. Therefore, the ratio of excitonic to
PS emission in this case will correspond to the energy transfer
efficiency from PS to NPLs. The ratio of surfaces under 520 nm and
320 nm bands in Fig. 6, curve 1 is 0.58. However, not all of the
520 nm emission is caused by prompt processes, and to estimate
the efficiency of prompt energy transfer we have to subtract the
effect of delayed energy transfer. The total yield of PS and
excitonic bands is 0.63 and 0.37% of LYSO standard, respectively.
In all, 55% of excitonic emission is prompt (τ ≤ 1.1 ns), and the
rest is somehow delayed. Owing to the similarity of decay
components of delayed NPLs emission and PS emission (as
described above) we can assume the main reason of delayed
energy transfer is re-absorption. Taking the quantum efficiency
of NPLs as ~50%,32 we can estimate which portion of PS emission
was reabsorbed by NPLs. After correcting for re-absorption in
this way, the ratio of intrinsic PS yield to prompt excitonic yield
becomes 0.21. This value is in a very good correspondence with
20–25% obtained by theoretical considerations (Supplementary
information Section S3.).

DISCUSSION
As presented in the sections above, CdSe/CdS nanoplatelets
exhibit a red-shifted RL emission with a binding energy of 35 meV,
characteristic of biexcitons in 1.5 nm thick CdSe platelets. This
confirms biexcitonic emission under X-ray excitation, which have
associated decay times of ~100 ps, a promising route to pursue for
fast timing applications.
As expected, CdSe/CdS drop-casted films using LYSO as

substrate affect the light transport within LYSO itself, given by
the angle of total internal reflection. Optically separating the
standard and the fast photon emission phases would allow for a
better performance of the sampling pixel. In this regard, we
studied the luminescence properties of CdSe/CdS nanoplatelets
embedded in PS as a way to build a nanocomposite suitable for
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Fig. 5 Two-step light yield determination of CdSe/CdS@PS 1% sample. a Comparative light output between LYSO and CdSe/CdS@PS 1%
obtained in a time correlated single photon counting setup with a tungsten pulsed X-ray tube up to 40 kV. Data are shown within a 10 ns gate
for visual purposes. b X-ray attenuation measured with the Timepix chip detector45

Table 1. Measured absorption coefficient η, comparative light output
and light yield for a CdSe/CdS@PS 1% nanocomposite sample
measured under soft X-ray excitation up to 40 keV

Nano-scint LY1
est% ηTPX LYmeas (ph/MeV) Yield21ns% Yield210ns%

CdSe/CdS@PS 1% 0.1 0.26 85 60 83

1Estimated light yield as compared with the LYSO intrinsic light yield at
10 keV and assuming full energy deposition
2The Yield1ns and Yield10ns represent the percentage of the emission
integrated over 1 ns or 10 ns with respect to the total emission integrated
over 500 ns

Fig. 6 High-energy cathodoluminescence emission spectra of CdSe/
CdS@PS 1% Curve (1) was recorded in the 0–200 μs time gate and
curve (2) between 0 and 32 ns time window relative to the excitation
pulse. The CL spectrum of LYSO:Ce was recorded in 0–200 μs
time window
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the detection of high energetic particles in combination with
high-Z materials. The light output of this nanocomposite with 1%
weight concentration have been characterized using X-ray and
electron excitation, yielding very modest values of ~100 ph/MeV.
Calculations of the range for non-radiative energy transfer
between the organic host and the inorganic nanoparticles are
able to estimate an effective volume surrounding the nanoplate-
lets for which the transfer is highly probable (see Fig. S4). For the
given weight concentration of 1%, effective non-radiative energy
transfer accounts at most for just 20% of the energy deposited in
the PS host. Weight concentrations of at least 10%, where the
average distance between nanoplatelets would be on the order of
30 nm would significantly increase the amount of energy transfer
by dipole–dipole interactions, i.e., up to 20% without considering
exciton diffusion (see Section S3 of Supplementary information).
A sampling pixel geometry with optically separated scintillators

has been previously implemented and proven to bring better
timing to a fraction of the 511 keV events.12 The experimental
proof-of-concept readout has been implemented with BC-422, a
plastic scintillator in the shape of 200 μm thin plates combined
with 200 μm thin plates of LYSO or BGO. This plastic scintillator
presents a very low density of 1.0 g/cm3 (no-photopeak), a
minimum decay time of 1.3 ns, light yield of 10,000 ph/MeV and
therefore an excellent CTR of 35 ps FWHM. Therefore, substituting
the BC-422 material by CdSe-based nanocomposites layers up to
100 μm thick with weight concentrations of minimum 10% and
ultimate timing constitutes a solution for the material bottlenecks
faced in fast timing applications.
In this regard, the last developments in the production of

high-loaded nanocomposites with weight concentrations up to
60% are showing excellent transmission values at the level of
60–80% for 2 mm-thick samples as reported in.31 In this study,
they report on a chemical path that allows for ligand-
functionalized CdZnS/CdS quantum dots to be covalently bound
to the polymer host, resulting in nanocomposites samples with
high light yield and enhanced probability of gamma conversion.

The inclusion of a dye molecule acting as a wavelength shifter
enlarges the small Stoke-shift characteristic of direct band-gap
semiconductors and modulates the sample’s transparency to
values up to 80%. In the case of CdSe nanoplatelets, particles
synthesized with 5 monolayers (ML) instead of 4 ML (the ones
presented in this study) have been proven to emit at 550 nm
and to present ultrafast interplate Förster energy transfer when
used in combination with the 4 ML nanopletelets.39 This ultrafast
energy transfer mechanism with lifetimes of ~28 ps between
emitting centers with an spectral overlap could be used as a
non-radiative wavelength shifting process able to preserve fast
rise-times critical for timing applications.
Aiming at the optimization of such hybrid pixel,

Geant4 simulations40,41 of the energy deposited by 511 keV
gamma rays are used for the estimation of the fraction of energy
going to each scintillator on an event-by-event basis. This
distribution is shown in Fig. 7 for a hybrid pixel composed of
LYSO plates 100 μm thick and CdSe-based nanocomposite with a
loading fraction of 60%, also 100 μm thick. The total number of
events detected are ~20% of the total, which compares to 22% for
the case of bulk LYSO 3 × 3 × 3mm3. Regarding the distribution of
events fully depositing 511 keV within the sampling pixel they
account for 34% of the gammas detected. We observe that a
minority of such events, 8% are not able to share energy and
therefore will carry standard timing resolution. However, the
majority of 511 keV events, more than two-thirds, would enter in
the category of shared events, having energy deposited in both
scintillators. For this configuration, they will represent 26% of the
events and they will exhibit improved time resolution.
These calculations show the incredible application potential of

having a highly loaded mono-disperse nanocomposite up to
100 μm thick in combination with LYSO or other high-Z
scintillators with similar density. Not only the total number of
detected events is 90% compared with bulk LYSO, but the number
of events depositing >200 keV in CdSe-based nanocomposite
represents ~30% of the events depositing 511 keV in the sampling
pixel. The transmission/transparency of a mono-disperse highly
loaded nanocomposite with thickness of 100 μm is a topic for
further investigation, as well as the chemical path leading to such
high loadings for this type of nanoplatelets.31

This paper reports on the very encouraging results from a proof-
of-concept experiment exploring the use of CdSe-based nanopla-
telets in combination with standard detector technology in a
hybrid functional pixel. Integrating fast emitting nanocrystal
semiconductors with state-of-the-art scintillators is shown here
as a pathway for improved timing performance, which otherwise
faces severe limitations.
We are able to observe for the first time CdSe/CdS scintillation

emission under 511 keV gamma excitation in the form of a prompt
peak added to the LYSO characteristic kinetics. This prompt
emission has proven to reduce the timing jitter associated with
511 keV gamma detection, yielding CTR state-of-the-art values of
~80 ps.
In view of the upgraded detector pixel geometry, we foresee

the need for a CdSe-based built-up nano-scintillating layer with a
minimum thickness of 100 μm. Aiming at higher nanocomposite
loadings of at least 10% weight concentration is essential in order
to harvest most of the energy deposited in the polymer matrix. On
top, increasing the total light yield of CdSe-based nanocomposite
in a factor 100, would provide with the photon-time density
critical to reach ultimate time resolution for a significant fraction of
the events fully contained in the proposed hybrid pixel geometry.
This proof-of concept test opens the way to the design and

study of larger size sensors aiming at a high sensitivity and
picosecond timing resolution in the low energy detection regime
of few hundreds keV.
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Fig. 7 In total, 511 keV gamma energy distribution in a sampling
pixel geometry able to provide ultimate timing. Geant4-based
simulations were done for a hybrid pixel consisting of 100 μm thick
LYSO plates combined with 100 μm thick layers of CdSe-based
nanocomposite with a loading fraction of 60% in polystyrene. The
blue (red) solid dots show the % of events with respect to the total
number of detected events (511 keV events) for which the energy
deposited in the nano-phase surpass the energy value indicated in
the x axis. The number of photons given per energy deposited in the
upper X axis corresponds to the minimum estimated value able to
provide ultimate time resolution at energies above 250 keV (see Fig.
S6)
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METHODS
Luminescence properties of CdSe/CdS core-crown nanoplatelets
CdSe-based samples consist of CdSe 4 ML in the form of nanoplatelets
synthesized by wet chemical methods (protocol established in15). After the
main synthesis, a second one follows in order to add a CdS crown around
the CdSe nanoplatelets as reported in ref. 42

The spectroscopy of drop-casted CdSe/CdS films using LYSO as
substrate was measured with a Hamamatsu streak camera model
C10910. The PL was obtained using a PILAS picosecond pulsed diode
laser with wavelength of 372 nm as source of excitation with ~45 ps
FWHM. Meanwhile, the RL data use a Hamamatsu 50 ps FWHM pulsed X-
ray tungsten tube with energies up to 40 keV and lines centered between
9 and 11 keV. For these measurements, we have used LYSO:Ce from Crystal
Photonics Inc., 3 × 3 × 0.2 mm3 as a substrate for the film preparation and
the nanoplatelet deposition covers one of the two 3 × 3mm2 polished
faces. The emission is collected in transmission mode through the 200 μm
thick LYSO crystal and integrated over the first 5 ns. The effective thickness
of the film deposited on LYSO used for the PL and RL measurements is
estimated to be ~20 μm given by the amount of CdSe deposited and
assuming all the nanoplatelets are forming a bulk layer.

CdSe-LYSO sampling pixel under 511 keV gamma excitation
For the rise-decay time measurement under 511 keV excitation, we use a
time correlated single photon counting (TCSPC) setup with an IRF of 150 ps
FWHM measured with Cherenkov emission in undoped LuAG crystals. The
start detector consist of a LSO:Ce:Ca co-doped crystal coupled to a SiPM
and an ID Quantique performs as stop detector. For more details regarding
the specifications and previous data taken with this setup please refer to
ref. 35

The CTR measurements were performed in the state-of-the-art experi-
mental setup previously described in.7,12 This bench uses a LSO:Ce:Ca 2 ×
2 × 3mm3 crystal as reference detector with a single time resolution of
41 ps FWHM. The SiPMs in used are FBK NUV-HD with 40 μm SPADs size36

and measured single photon-time resolution of 70 ps. The electronics
readout divides the integrated signal to perform separate measurements
of energy and timing and a high-frequency amplifier43 with 1.5 GHz
bandwidth is used to record the time stamps. The signals are analyzed in a
Lecroy oscilloscope with 3.5 GHz bandwidth and 40 Gs/s (using four
channels this reduces to 20 Gs/s, i.e., 50 ps binning). The sampling pixels
are coupled to the SiPMs using Meltmount glue with an index of refraction
of 1.582, which allows for a good index matching with the photodetector.

CdSe/CdS embedded in polystyrene at 1% weight concentration
The CdSe-based nanocomposite followed an embedding procedure where
the colloidal nanoplatelet solution is mixed with dissolved pure PS,
evaporated and dried. The CdSe/CdS core-crown solution has been
synthesized with a cadmium concentration of ~4.4 g/L (0.3 absorbance at
350 nm), from which 1mL is mixed in 300mg of PS. The weight
concentration for this sample is ~1% and the overall thickness of the
CdSe/CdS nanocomposite is ~0.5 mm.
The decay kinetics of CdSe/CdS@PS 1% weight concentration nano-

composite with an exceptional time resolution of 38 ps FWHM was studied
during feasibility test beamtime at FemtoMAX44 short-pulse facility (SPF at
MAX-IV laboratory, Lund, Sweden). The beamline provided 10 keV
monochromatic X-ray pulses of 100 fs width (FWHM) at 2 Hz. The
scintillation photons were detected by Hamamatsu R3809U-50 MCP-PMT
through SCHOTT GG475 long-pass filter. The MCP-PMT operated in a single
photon counting mode with a transit time spread of 25 ps FWHM
(according to the datasheet). The output of the detector was boosted by
an SHF 100 APP broadband preamplifier (12 GHz, 19 dB) and digitized by
the Lecroy Labmaster 10–36Zi oscilloscope (36 GHz, 80 G s/s). The trigger
for the oscilloscope was a signal induced in the RF antenna by electron
beam passing the SPF undulator.
After each excitation pulse a waveform containing several single photon

peaks correlated with the trigger event was obtained. Each waveform was
processed in LabView by its built-in Peak Detector Virtual Instrument, which
detected photon time stamps. The decay curves were obtained by
accumulating those time stamps over 6–12 hour period, and plotting them
on a histogram with 12.5 ps bin width (equal to oscilloscope sampling
period). For the determination of IRF of a system we recorded the decay of
IBL in Li2MoO4 crystal using SCHOTT GG420 long-pass filter, and applied
Gaussian fit to the recorded curve. The IBL is a prompt weak emission37 with
decay times on the order of 1 ps, and, in all experiments known to us, its time

profile repeated the IRF of the system. The luminescence of air having decay
time of ~0.5 ns was suppressed by the long-pass filters used, as it was shown
to have negligible intensity at wavelengths longer than 420 nm.

Light yield measurements under X-ray excitation
The light output study is done by comparing the emission from
nanocomposites to the light collected from a LYSO crystal in the same
excitation conditions, normalizing to its intrinsic light yield and assuming
full energy deposition. All samples are placed in the same position,
irradiated with a X-ray beam collimated to 3mm diameter and readout
using the same integration time window of 500 ns. Measurements were
performed in time correlated single photon counting mode using a fast
hybrid PMT (HPM-100-07 from Becker&Hickl) connected through a
constant fraction discriminator (ORTEC 9327) to a fast TDC (the xTDC4-
PCIe from Cronologic). The IRF of the setup has been obtained by
recording the time response of IBL present in Li2MoO4 crystals, which has
shown FWHM of ~130 ps. For more details, please consider.34

X-ray absorption by nano-scintillating layers is used to evaluate the
energy deposited by X-rays in the samples under study. For this, we use
the Timepix chip from the Medipix collaboration at CERN as X-ray
detector.45 We monitored the attenuation of the X-ray beam as it passes
through the samples and report an attenuation coefficient η, which it is to
correct by the partial energy deposition.
As the X-ray tube energy spectra is not mono-energetic, we use the

mean value of the energy deposited in the X-ray detector as a way to
compute the energy deposited on the nanocomposite sample. In this
regard, we find the mean energy deposited in the sample of interest by
subtracting the detector response with and without sample in between
the X-ray beam and the detector as it follows:

η ¼ <ENCsdep>

<ETPXdep >
¼ <ETPXdep >� <ETPXdep >

NCs

<ETPXdep >
(1)

Here <ETPXdep >
NCs is the mean energy deposited in the Timepix detector

when the nanocomposite is in place.

Light yield measurements under electron excitation
We use a spectral-time-resolved cathodoluminescence setup with a broad
energy electron beam and Emax

e ¼ 120 keV (with penetration depth of
~0.2mm) to probe the energy transfer mechanisms within CdSe-based
nanocomposites.
The spectra and decays were obtained at the pulsed cathodolumines-

cence setup described in ref. 11 The electron beam with 200 ps FWHM
pulse and peak electron current of 10 A/cm2 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 Hamamatsu R3809U-50 MCP-
PMT was used, with a time response of 250 ps FWHM. A total time window
for luminescence monitoring after the excitation pulse was 50 μs. The IRF
was determined by measuring the time profile of hot IBL of PbF2 single
crystal. The samples of CdSe/CdS@PS and LYSO:Ce were installed on the
sample holder, and covered by identical aluminum masks to expose the
same sample surface area (~4 × 8mm2) to the wide homogeneous
electron beam. 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.

DATA AVAILABILITY
The data sets generated during and/or analyzed during the current study are
available from the corresponding author on reasonable request.
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