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We explore the effect of shell thickness on the time and spectral response of CdSe/CdS core—crown
and CdSe/CdZnS core-shell nanoplatelets (NPLs) under X-ray and intense optical excitation. From their
intensity-dependent spectral and timing response, we demonstrate that the exciton—exciton interaction
in the bi-exciton (XX) changes from attractive to repulsive when varying the design from core/crown to
thick quasi type Il core/shell 2D nanostructures. We find that an additional shell layer of 0.4 nm is enough
to convert the red-shifted XX emission to non- or blue-shifted emission. Under pulsed X-ray excitation,
the scintillation decay dynamics reveal that multiexcitons are generated in all 2D nanostructures, whose
presence can hardly be detected in the emission spectra for NPL thicknesses larger than 2 nm. We
provide a numerical estimation of the number of scattering events of 35 keV electron as a function of NPL
thickness, revealing that the formation of biexcitons with ultra-fast time response is more efficient in thick
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NPLs. However, this advantage is counterbalanced by a blue-shifted emission of that ultra-fast emission,

rsc.li/materials-advances rendering large NPLs less effective regarding the self-absorption issue.
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1 Introduction

Colloidal semiconductor nanoplatelets (NPLs) have attracted a
lot of attention due to their superior physical and chemical
properties. Precise control on their thickness and confinement
in one dimension leads to narrower emission spectra, larger
absorption cross sections, and giant oscillator strengths,"?
which are desired properties for various applications, including
light-emitting diodes, low threshold lasing and solar cells.>™
Additionally, their fast decay dynamics offer promising prospects
for the fast-timing radiation detection,”® which can convert high
energy photons (X-ray or y-ray) or particles (electron, a,...) into
visible light. Such a material is usually called a scintillator. The
pursuit of fast-timing ability for high energy physics and time-of-
flight positron emission tomography (TOF-PET) motivates the
exploration of new scintillation materials® and the strong quantum
confinement in 2D of NPLs provides the opportunity to achieve the
required time response. Furthermore, tunable emission spectra
and processability in solution are additional required properties for
scintillating materials based on nanostructures.'® Nevertheless, the
stopping power for X-ray and y photons depends on the total mass
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of the active material, which requires handling materials in bulky
form or highly concentrated in mass in a matrix, or implementing
strategies with hybrid materials where one component insures the
stopping power and another contributes in part to the fast timing
functionality, betting on an appropriate sharing of energy along the
energy relaxation pathway. As an illustration, for CdSe nanoplate-
lets deposited on Lu,SiOsCe™" single crystal, the energy sharing has
demonstrably improved the a coincidence time resolution,"’ a
crucial parameter for time-of-flight positron emission tomography.
However, compared to core/shell nanostructures, this hybrid
configuration exhibits the lack of proper passivation on their larger
lateral surfaces and may still suffer from stability issues.’* In
addition to that, the use of semiconducting NCs at very high
concentrations is facing the self-absorption issue due to a small
Stokes shift, which reduces of the light extraction efficiency. One
strategy to overcome the self-absorption issue is to use core/shell
NCs, allowing to increase the stopping power of the media while
keeping constant the concentration of emitting centers and thus
limit self-absorption. Finally, in spite of some preliminary results
having been published, the physics underlying energy deposition,
relaxation in NPLs as well as multi-exciton generation is still not
fully understood in such 2D materials. To date, a study performed
on CdSe quantum dots reported the generation of multi-excitons
during the entire energy relaxation process following the electron
excitation." In a recent work on spherical quantum wells, we have
studied the effect of the particle dimension on the multi-exciton
generation under X-ray excitation."* In this contribution, we there-
fore explore and compare a series of 2D nanostructures made of
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alloyed CdSe/CdS core/crown (C/C) and CdSe/CdZnS core/shell
(C/S) NPLs via the hot injection approach to realize a high
emission quantum yield and high chemical stability in a nano-
scintillator with a fast time response. Compared to the core/
crown structure, the effective passivation of surface trap states by
the epitaxial growth of wider-bandgap shells enhances the
quantum yield and the stability. Furthermore, adjusting the
thickness of the shell enables the investigation of size-
dependent scintillating properties including multi-exciton gen-
eration. The alloyed composites give rise to the gradient energy
band alignment, which is regarded as an efficient way to
decrease Auger recombination.”® Here, through spectral and
dynamical comparison under X-ray excitation and photoexcitation,
we report the identification of excitation species produced during
the energy relaxation process induced by X-rays, including single
excitons and multi-excitons in NPLs, and we discuss the influence
of shell thickness on the scintillation properties with respect to fast
timing applications.

2 Results and discussion
2.1 Nanoplatelets: synthesis and characterizations

Our aim is to synthesize different NPL heterostructures: core/
crown (C/C) as well as core/shell (C/S) NPLs with different
thicknesses to explore the underlying physics under X-rays
excitation, and to compare their scintillation behaviors.

2.1.1 Chemicals. 1-Octadecene (ODE, 90%) and oleic acid
(OA, 90%) and 1-octylamine (99%) were purchased from Alfa
Aesar. 1-Octanethiol (OT, 98.5%), trioctylphosphine (TOP, 97%),
cadmium nitrate tetrahydrate (Cd(NOs)-4H,O, 99%) cadmium
acetate dihydrate (98%) and zinc acetate dihydrate (99%) were
obtained from Sigma-Aldrich. Selenium powder (99.99%) was
purchased from Strem. Na(myristate) (98%) was purchased from
TCI and oleylamine (approximate C18-content 80-90% from Acros.

All chemicals were used directly without purification.

2.1.2 Precursors. Cd(myristate),:9.3 g of Na(myristate) is
dissolved in methanol under vigorous magnetic stirring for 1 h.
3.7 g of Cd(NO;)-4H,0 dissolved in 120 mL MeOH is slowly
added to this solution inducing Cd(myr), precipitation. After
one more hour stirring, the white solid is filtered and washed
multiple times on Buchner. TOPS 1 M: we prepared 1 M TOPS
solution by dispersing 160.3 mg of sulfur into 5 mL of TOP. The
solution was stirred overnight at room temperature in an air-
free glovebox to ensure the S powder completely dissolved.

2.1.3 CdSe NPLs synthesis. 4ML CdSe nanoplatelets having
four complete monolayers of CdSe with an additional layer of
Cd atoms were synthesized with a slightly modified recipe from
the literature." In a three-neck 250 mL flask, 1.02 g of cadmium
myristate and 70 mL of ODE were loaded. The solution was
degassed and stirred under vacuum at 90 °C for 1 hour. Then,
72 mg Se powder was dispersed in 2 mL ODE, and this mixture
was rapidly injected into the flask under an inert atmosphere
(argon). Afterwards, the temperature of the solution was set to
240 °C. When the solution color becomes bright yellowish
(generally around 205 °C), 300 mg cadmium acetate was added.
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After reacting for 10 min at 240 °C, the solution was cooled to
150 °C and 6 mL oleic acid (OA) was injected. The reaction
mixture was let to cool again. When the solution temperature
approached to the boiling point of hexane, 90 mL of hexane was
injected to avoid the stacking of NPLs. The reaction mixture
contains the 4ML nanoplatelets as well as unreacted precur-
sors, byproducts and parasitic nanocrystals as 3ML NPLs and
QDs. The 4ML NPLs are isolated through a size-selective
purification step. 90 mL antisolvent ethanol was added to
precipitate the nanoparticles. Three additional purification
steps help us to get rid of the undesired byproduct and obtain
pure 4ML NPLs. Finally, the nanoplatelets were dispersed in
hexane at a dilution adjusted to have an optical density of 20 at
350 nm. TEM image of the CdSe core are presented in the ESI,
Fig. SI-1 and they show a non rectangular shape with lateral
dimensions between 10 and 20 nm.

2.1.4 CdS crown synthesis on CdSe NPLs. In order to
obtain an homogeneous crown maximizing the nanocrystals
fluorescence, we applied a slightly modified procedure from the
literature.'® First, 0.5 mL of 1 M TOPS solution was diluted in
9.5 mL ODE to form 0.05 M TOPS solution. Meanwhile, 8 mL of
ODE, 180 pL of OA, 96 mg of Cd(Ac), and 4 mL of 4ML CdSe
NPLs were combined into a 50 mL three-neck flask. The
reaction mixture was degassed in vacuum for 1 h at 60 °C.
Subsequently, the solution was heated up to 240 °C under
argon atmosphere. When the temperature reached 210 °C,
2 mL of 0.05 M S precursor solution was injected at a rate of
12 mL h™" to form a homogeneous CdS crown. After completion
of the injection, the solution was directly cooled down to room
temperature. The solution was washed by addition of a 2:1
ethanol: hexane mixture. The resulting C/C NPLs were finally
redispersed in hexane. The TEM image of the C/C NPLs is
presented in Fig. 1(a). The inset shows the NPLs thickness which
is, as expected, smaller that the smallest thickness of the C/S
NPLs. The C/C NPLs show a regular rectangular shape with
lateral dimensions in the range of 25 nm for the length and
10 nm for the width.

2.1.5 CdZnS shell synthesis on CdSe NPLs. The shell
synthesis used here is an adaptation of a previously published
protocol to grow high quality alloyed gradient CdZnS shell on
CdSe NPLs." In a typical synthesis, 14 mg of Cd(Ac),-2H,0,
34 mg of Zn(Ac),-2H,0, (i.e. 0.05 mmol Cd and 0.15 mmol Zn),
0.5 mL OA, 5 mL ODE and 5 mL of CdSe core NPLs solution are
loaded in a 50 mL three-neck flask. The mixture is degassed at
80 °C for 1 h to remove oxygen, water, and hexane. The reaction
mixture is then heated up to 300 °C under argon atmosphere.
When it reaches 90 °C, 0.5 mL of oleylamine is quickly injected.
At 165 °C, a solution of 350 pL of 1-octanethiol in 20 mL ODE
begin to be injected in the flask at a 10 mL h™"' rate. The
injection rate is then decreased to 4 mL h™" when the reaction
temperature reach 240 °C. After injection of the desired sulfide
precursor volume (6 mL for the medium shells for example),
the solution is kept for 50 min at 300 °C for annealing and full
consumption of unreacted precursors. The reaction mixture is
then cooled down to room temperature, and 5 mL hexane is
added at 60 °C. Finally, the core/shell NPLs are precipitated by

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Transmission microscope images of the series of NPLs. (a) TEM
images of core—crown NPLs. (b)-(d) are the core-shell NPLs with small,
medium and large shell thicknesses. The insets show vertical NPLs, high-
lighting thickness changes. The scale bar is 20 nm. The NPLs thicknesses
are 2 nm, 3 nm and 4 nm for images (b), (c) and (d) respectively.

ethanol, and redispersed in hexane. We successfully synthesized
three different thicknesses core/shell NPLs as shown in trans-
mission emission microscopy (TEM) in Fig. 1(b)—(d). Typical
lateral dimensions are in the range of 20 to 40 nm. In the insets,
a side view of the NPLs allows to estimate the thicknesses to
2 nm, 3 nm and 4 nm for images b, c and d for the C/S NPLs
respectively.

2.1.6 Optical characterization. Fig. 2(a) shows the absorption
and emission spectra under excitation at 405 nm of the pristine
CdSe NPL cores (purple), the C/C (red) and the C/S NPLs for the 3
prepared thicknesses (green, orange and blue for 2, 3 and 4 nm
respectively). The pristine NPLs exhibit an emission spectrum
peaking at 514 nm for the 4ML seeds and 515 nm for the
synthesized C/C NPLs. The C/C NPLs preserve the confinement
induced by the atomically controlled thickness, and their spectral
characteristics are similar. An additional absorbance peak appears
centered at 410 nm, characteristic of the CdS crown. The full
width at half maximum (FWHM) of the emission is ~10 nm
(48 meV). The C/S NPLs show a significant red shift of the
emission (Fig. 2(a)) with emission peaking at 615 nm, 631 nm
and 671 nm for core/shell NPL thickness of 2, 3 and 4 nm
respectively, due to reduction of the quantum confinement. Given
that 5ML and 6ML NPLs are emitting at 550 nm and 580 nm
respectively, one may estimate that the smallest thickness of the
C/S NPLs emitting at 610 nm correspond to about 7ML NPLs
having thus a thickness of 2.1 nm, which is in agreement with
estimations based on TEM images (~2 nm). The absorption
spectra of the pristine and C/C NPL are showing the 2 peaks
related to the electron to heavy-hole (HH) and light-hole (LH)
transitions.'® Compared to pristine and C/C NPLs, the absorption

© 2022 The Author(s). Published by the Royal Society of Chemistry

View Article Online

Paper

spectra of the C/S NPLs also possess clear HH and LH transitions
peaks, experiencing the same red shift observed for the emission
spectra when the shell is coated. The conduction band alignment
difference of CdSe and CdS is negligible for electrons and a bit
higher for holes as sketched in Fig. 2(b). The FWHM of PL spectra
are around 26 nm (~80 meV at these wavelengths) for all C/S
samples. The broadening, compared to 4ML NPLs, is attributed to
the thickness dispersion which does not occur in pristine and C/C
NPLs. It has also been assigned to a stronger coupling to phonons
in the shell."” The photoluminescence quantum yield (PLQY) was
reported to be unity in solution for such core/shell NPLs."” Using
an integrating sphere in a spectrofluorometer (Edinburgh Instr.
FS5, SC-30 module), we have measured a PLQY in solution of 43%
for C/C, and 72%, 79% and 92% for C/S NPLs with shell thickness
of 2, 3 and 4 nm, respectively.

The decay curves obtained under 405 nm at low power
excitation (power 35 pW non focused) of samples consisting
of a drop-cast from a colloidal solution of NPLs on a silicon
substrate are presented in Fig. 2(c) for the C/C and C/S NPLs
samples. We systematically adjust our initial NPL solutions to
have an optical density of 20 at 350 nm. This value implies a
concentration in Se of about 0.01 mmoL in 1 mL NPLs solution.
We dilute these solutions 3 times and use them for film
deposition. We generally use 10 pL of solution that we dry on
a 10 x 10 mm silicon substrate to obtain the films. According to
the known Se concentration, we can calculate the theoretical
thickness of the film, and we obtain that under these conditions
the homogeneous thin film is about 300 nm thick (considering
that the NPLs plus ligands are about 3 nm thick), with a 100 nm
CdSe active layer. The thickness of the NPLs layer was thus kept
small enough to avoid self-absorption effects. The decay rate is
driven by complex multiple-channel recombination of excitons,
including single exciton radiative recombination, trap recombi-
nation and non-radiative recombination leading to multiexpo-
nential behavior’®?! including long components due to traps.”>
The traditional fitting method with a small pre-defined number
exponential components assumes that there are distinct
mechanisms with well-defined characteristic times. This is not
the case for various types of processes including quenching
(typical example is dipole-dipole quenching), diffusion-controlled
reactions, tunneling processes and nonlinear processes resulting
in hyperbolic laws. The approximation of the decay using e.g a
stretched exponential (which is also the parametrization widely
used for decays in nanostructured systems) is also not directly
connected with specific decay mechanisms. We propose to use
the fitting with a large set of exponential functions with quasi-
continuous distribution of characteristic times and technical
details are described in the ESL{ Because of this complex
multi-exponential behaviour for all sizes, we have first applied a
time-distribution fitting procedure where the experimental data
have been adjusted by 3 (4;/7;) exp(—1t/7;) considering the instru-
mental response function and the excitation repetition rate. The t;
are fixed as regularly distributed on a log scale, while the ampli-
tudes A; (weights of the corresponding exponents) are the free
parameters and thus represent the fraction of photons contributing
to each decay. Such a method is instructive in the case of complex
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Fig. 2 (a) Absorbance normalized to the first exciton (dashed) and normalized emission under 405 nm excitation of the NPLs samples in solution. (b)

Schematic presentation of the energy band diagram of the C/C and C/S NPLs and the spread of the wavefunctions of electrons and holes (c) decay time
measurement of the drop-casted NPLs on silicon substrates under low power excitation at 405 nm and (d) the deduced decay time distributions. Black
lines correspond to the decay value obtained by a fitting performed with 4 exponential functions.

decays allowing to show some maxima which are broadened by the
size distributions of the samples as can be observed in Fig. 2(d). All
samples exhibit a wide distribution of decay times ranging from
sub-nanoseconds to several ps. The slow component can also be
described as an hyperbolic power-law distribution revealing prob-
ably some tunneling processes from defects (Fig. SI-7, ESIt).

We can observe in the C/S that the lifetime gradually
increases with shell thickness, which reflects that the relaxation
of the quantum confinement as the shell broadens, reducing the
wave-function overlap of electrons and holes. Besides, the frac-
tion of long-lived component is larger in C/S-4 nm, suggesting an
increase in trap-involved delayed emission, and the traps usually

arise from the lattice-mismatch defects in thick-shell nanocrystals.
Furthermore, a short component appears and is more pronounced
when the shell thickness decreases, reflecting the fact that the
surface defects generally considered as quenchers have more effect
on the exciton life time at small shell size. The case of very complex
decays is not straight forward to analyse. Another fitting procedure
based on maximum-likelihood estimation indicates that at least 4
exponential components are required to accurately fit the decay
curve and the best obtained results are summarized in the Table 1
and described in detail in ESL.f In the case of C/C NPLs, a
significant shortening is observed and may reflect quenching
mechanisms as indicated by a smaller quantum yield (43%).

Table 1 First 4 lines: PL quantum yields, decay-time characteristics and percentages of the total number of photons for low power optical excitation
based on 4-component fitting for the 4 NPLs thicknesses. Last 4 lines: decay times characteristics for X-ray excitation based on the same fitting

procedure for the 4 NPLs thicknesses

QY. (%) 71 (ns) A (%) 72 (ns) 4 (%) 73 (ns) 45 (%) 74 (ns) Ay (%)
C/C-4ML 43 0.25 4+ 0.03 22.4 2.6 £ 0.2 21.5 21+1 28.4 150 + 4 27.6
C/S-2 nm 72 1.5+ 0.1 12.8 7.8 £ 0.3 49.9 30+ 1 28.6 187 £ 10 8.7
C/S-3 nm 79 2.7 £ 0.1 13.5 11.6 £ 0.2 51.7 40.9 =1 27.6 233+ 8 7.2
C/S-4 nm 92 9.9 + 0.5 10.4 30.6 + 0.5 49.6 87 +2 32.9 348 + 25 4.2
C/C-4ML 0.221 4 0.005 35.3 1.27 £ 0.04 17.7 191+ 1 12.5 553 £+ 41 34.4
C/S-2 nm 0.34 4+ 0.02 17.3 3.2+0.2 26.3 21+1 19.6 3741 £+ 490 36.7
C/S-3 nm 0.36 = 0.01 17.8 2.9 + 0.2 24.6 204 +1 20 2949 + 380 37.6
C/S-4 nm 0.37 4+ 0.03 13.2 2.9 +0.2 22 23 +1 37.6 101 £ 4 27.3
8344 | Mater. Adv,, 2022, 3, 8341-8350 © 2022 The Author(s). Published by the Royal Society of Chemistry
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Because the measurements are performed on a substrate, the
platelets may also partly experience stacking as illustrated for some
NPLs in the TEM images (insets in Fig. 1) and thus Forster resonant
energy transfer (FRET) may occur inducing shortening of the time
response as illustrated in ref. 23. As has been suggested for CdSe
quantum dots,>* the short component could also reflect the
quenching with potential hole traps associated to unbound Se site.

2.2 Intense optical excitation

Upon intense optical excitation, it is known that multi-excitons
can be produced by absorbing simultaneously more than one
photon per NPL, which can be useful for the interpretation of
X-ray or electron excitations as illustrated with quantum dots
(QDs) and CdS/CdSe/CdS spherical quantum well (SQWs).">**

In order to characterize in more details the spectral and
temporal behavior of the NPLs under various intensities of
excitation, the drop-casted NPLs on silicon substrates were
excited in a home-built confocal microscope operating at
420 nm (Fig. 3). With such a set-up the focal spot is well
characterized, thus providing a precise determination of the
power density of excitation.

Emission spectra and decay times have been recorded
simultaneously for intensities ranging from 10™* W cm™> to
4 x 10> W ecm ™% To avoid degradation, the sample was
continuously scanned leading to irradiation times of less than
50 ms for a group of NPLs in the focal spot. The core-crown
NPLs clearly demonstrate an additional emission peaking at
about 20 meV on the low-energy side relative to the excitonic
emission, with an increase in amplitude with the excitation
intensity 3-a. As shown in the ESIf (Fig. SI-9), neither a
Gaussian nor a Lorentzian function can properly fit the emission
spectra recorded at the lowest excitation intensity, while a
pseudo-Voigt profile is appropriate. When the excitation inten-
sity is increased, 2 pseudo-Voigt functions are used, allowing to
extract the first exciton position and a second contribution
assigned as the bi-exciton contribution (XX). The obtained peak
positions are stables for all fitted curves allowing to deduce a
biexciton binding energy of 26 meV, in good agreement with the
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Fig. 3 Evolution of the emission spectra at room temperature of the
series of 4 NPLs having different shell thicknesses as a function of

excitation intensity at 420 nm. The intensity is expressed in W cm™2.
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Fig. 4 Evolution of the X0 and XX intensities as a function of the power
density of excitation at 410 nm. The curves have been multiplied by an
adapted constant factor to obtain a clear figure. For the C/C-4ML NPLs,
crosses correspond to the intensities deduced from emission spectra
(green for X0 and red for XX). Black and purple scatters correspond to
the intensities deduced from the decay times. The fast components
(purple) exhibit a power law dependence with exponents over 1.3. The
slow components (black) follow a power law with exponents about 0.9.

value obtained in ref. 25. The evolution of the signal as a
function of the excitation intensity can also be deduced. Illus-
trative fittings are given in the ESIt (Fig. SI-8). The excitation
intensity dependence of both bands can be plotted, and the red-
shifted band demonstrates a power-law exponent of about 1.33
while the X0 emission follows an almost linear dependence (red
and green crosses in Fig. 4). The power-law exponent smaller
than 2 found for the bi-exciton reflects the Auger quenching
occurring at high density of excitation.>®

The XX emission starts to be detectable for excitation
intensities over 10 W cm 2. Yeltik et al. have measured the
absorption cross-section of 4ML CdSe NPL at ¢ ~ 5 x 10~ ** cm?
at 400 nm.>” Considering our initial core area of 200 nm” and the
mean area of the final CC-NPs of about 800 nm?, we estimate
the cross-section of our 4ML-CC NPL to be ¢ ~ 20 x 10 ** cm®.
We can deduce the mean number of electron-hole pairs created

IoAt

per excitation pulse and per NPL according to (N) = % I, o,

At and E are the excitation intensity, the absorption cross section
of a single NPL, the duration of the excitation laser pulse, and
the excitation photon energy, respectively. The product I x ¢
therefore represents the total power absorbed by a single NPL
per second. Multiplying it by the pulse duration gives the total
energy absorbed by a single NPL per excitation pulse and finally,
dividing this results by the energy of one excitation photon yields
the number of absorbed photons per pulse per NPL. Considering
our experimental parameters, XX can be observed for (N) larger
than 0.14. The linear behavior of the monoexciton (X0) is
observed from the lowest used intensity up to a (N) of about 3.
The observed deviation from the linear behaviour may reflect a
combination of saturation and degradation of the sample. The
fluorescence decays have been measured simultaneously to the
emission spectra and their evolution demonstrated, as expected,
an acceleration when the intensity of excitation is increased
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Fig. 5 Evolution of the fluorescence decay at room temperature, as a
function of the power density of excitation at 410 nm of the series of

NPLs having different shell thicknesses. The power density is expressed

inWcm™2.

(Fig. 5(a)). We can reasonably assign the fast contribution to XX
(and all the charge declination) and the slow contribution to
most probable excitons with linear behavior against intensity
variations, i.e. X0, X— and X+, to the least. Considering the fast-
component range (between 0 and 2 ns) and the range of the
slower components between 15 and 30 ns, which are propor-
tional to the XX and X0 emissions, respectively, we can deduce
their respective evolution with the excitation intensity for C/C
NPLs. Their intensities can then be plotted as a function of the
excitation intensity as shown in Fig. 4 (purple and black
squares), resulting in a very good agreement with similar curves
deduced from two-peak fitting of the emission spectra (green
and red crosses).

The case of the C/S NPLs is more complex to analyze. The C/
S-2 nm NPLs only show a broadening of the emission spectrum
when the intensity increases. Furthermore, this spectral change
is observed at larger intensities as compared to C/C NPLs. The
C/S NPLs with thicknesses of 3 and 4 nm show a blue-shifted
broadening with increasing excitation intensity. For the 3 nm
thick NPLs, a small broadening on the low energy side can be
detected at high intensities. The fitting procedure with 2 pseudo-
Voigt functions is less straightforward in this case and only
spectra measured at high excitation intensities allow to extract
two bands, while keeping the center position and the width
deduced from the low-intensity spectra. Assigning the broadening
and shoulders to the XX emission, the binding energy of the bi-
exciton can be estimated as summarized in Table 2. Furthermore,
one can then observe that even the addition of only a thin shell
layer (about 0.4 nm on each side) switches the exciton-exciton
interaction from attractive to repulsive. In order to estimate the
excitation intensity dependence, the spectral evolution cannot be
used with accuracy. We present in Fig. 5 illustrative fluorescence
decay measurements for various excitation intensities for all
samples (normalized at 50 ns for C/C-4ML, and 100 ns for C/S
samples). Similarly to the C/C NPLS, the decay-time analysis is
applied on the C/S-2, 3 and 4 nm to extract the power dependence
of fast and slow components. The low-intensity decay time being
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Table 2 Peak position of X0 and XX as well as the energy difference for
the NPLs for 4 different thicknesses

Exo (V) Exx (eV) AExx-xo (meV)
C/C-4ML 2.404 2.378 —26
C/S-2 nm 2.025 2.025 0
C/S-3 nm 1.971 2.025 17
C/S-4 nm 1.849 1.864 15

longer than for the C/C-4ML NPLs, the slow component has been
adapted between 30 and 40 ns for the C/S-2, and 3 nm, and
between 60 and 80 ns for the C/S-4 nm. The intensity dependence
is well described by a power-law function with exponents ranging
from 0.9 to 1 for the slow component and between 1.4, 1.5 and
2 for the fast component of the C/S 2 nm, 3 nm and 4 nm
respectively. This power-law dependence allows to assign the fast
component to the XX emission and confirms that, despite a small
spectral change observed for C/S-2 nm NPLs, the XX are indeed
generated at high intensities of excitation. Only a weak broad-
ening is observed without a shift, meaning that the bi-exciton
binding energy is around 0 in this case. Note that the evolution of
the shape of the decay curves differs from the C/C-4ML to the C/S
NPLs. It appears to be the case that the value of the fast decay
component is roughly independent of the excitation intensity for
the C/C-4ML NPLs, while its relative amplitude increases signifi-
cantly. On the other hand, the C/S-sample exhibits an acceleration
of the fast decay when the excitation intensity is increased.

2.3 Comparing optical excitation and X-ray excitation

As they involve multiple time, energy and space scales, energy
relaxation mechanisms under ionizing radiations differ signifi-
cantly from those under optical excitation. The interaction of
X-ray photons with materials leads to the photo-ionization of an
electron from a deep band, generating a primary high-energy
electron-hole pair composed of a deep hole and a hot electron
(several keV). After a complex sequence of energy relaxation
processes, secondary electrons and holes are forming excitons,
leading to emission of light when radiative transitions are
favorable. In the case of nanoparticles, for which the particle
size is smaller than the mean migration distances of the
involved species, the energy deposition and the distribution
of excited states is extremely different from bulk materials:
Nanocrystals experience significant escape of charges, depend-
ing on the particle size, as described in Bulin et al. and Meng
et al.**?® In the case of direct-bandgap semiconductors, the
emission signatures of multi-excitons at the end of the relaxa-
tion process can be observed. Based on these analyses, we
compared the excitonic species after the cascade of the second-
ary electrons under X-ray excitation and those generated by low
intensity and high intensity optical excitation.

As a first step towards probing the scintillation behavior in
nanocrystals, we compared steady-state emission spectra under
optical and X-ray excitation of the NPLs deposited on a silicon
substrate (Fig. 6(a)).

The photoluminescence (PL) spectra under weak intensity of
optical pumping at 405 nm show a single symmetrical band

© 2022 The Author(s). Published by the Royal Society of Chemistry
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(a) Emission spectra and (b) fluorescence decay times at room temperature of the series of NPLs having different thicknesses ranging for C/C 4ML

(1.2 nm), and C/S 2 nm, 3 nm and 4 nm under low power density of optical excitation (405 nm) and X-ray excitation.

attributed to X0 as already discussed above. On the exact same
experimental set-up, the radioluminescence (RL) spectrum
(X-ray excitation with 35 kv, 30 mA on the W anode), exhibits
a behavior very similar to intense optical excitation, i.e. a red-
shifted shoulder compared to low-intensity optical excitation
for C/C NPLs, a weak broadening of the emission spectra for the
C/S 2 nm, and a weak blue-shifted shoulder for the C/S 3 and
4 nm NPLs. For the C/S NPLs, this spectral comparison gives the
impression that no XX are formed for the smallest thickness
(2 nm), and that the probability to form XX increases when the
thickness is larger (3 and 4 nm), which would be expected as
discussed in the next section. One may nevertheless deduce from
such a spectral comparison that C/C NPLs are more favorable to
form XX. In light of the intense optical excitation as described
above, the X0-X0 interaction energy of the bi-exciton has been
estimated to be about 0 for the C/S 2 nm NPLs, and about
+16 meV for the larger C/S NPLs, while it has been measured at
—26 meV for the C/C NPLs. Combined with the larger FWHM of
the X0 emission of the C/S samples, the XX emission is not less
intense under X-ray excitation but less detectable by means of
the radioluminescence spectroscopy. We have then compared
the fluorescence decay times under low-power optical excitation
and pulsed X-ray excitation (HV at 35 kV on the W anode). The
amplitude of the X-ray excitation has been adapted to match the
30-50 ns domain of the 405 nm one (corresponding to the X0
emission) to highlight the extra fast emission under X-ray
excitation, similarly to the intense optical excitation. The ampli-
tude of the measured X-ray-induced decay time is then multi-
plied by about 12 for C/S 3 and 4 nm, by 6 times for the C/S 2 nm
and 4 times for the C/C 4ML samples. The X-ray-induced
decay analysis using the multi-components method and the 4
exponential fitting are presented in Fig. 7. For comparison, the
results obtained under low-intensity optical excitation are also
presented as dashed lines. The C/S samples clearly show extra
bands at short times. In contrast, the structure of the decay
decomposition is rather similar for the C/C NPLs, with an
enhanced area of the short component and in consequence a
reduced one for the slower component (> 10 ns). Such behavior
has been highlighted under intense optical excitation. The

© 2022 The Author(s). Published by the Royal Society of Chemistry

obtained parameters from the 4 exponent fitting are summar-
ized in Table 1. Note that an extra very slow component appears
the C/S 2 and 3 nm samples, probably reflecting trapping. On the
other hand, this slow component can be hardly detected under
X-ray for the C/C NPLs suggesting that the corresponding traps
are not filled with X-ray excitation.

2.4 Simulation of the energy relaxation

Detailed simulations using micro-theory of scintillation fully
based on the dielectric response function of the material have
been previously performed on SQWs to describe the formations
of highly excited nanoparticles."**° As described above, X-ray
irradiation at 35 keV produces fast primary electrons with
kinetic energies from 10 to 35 keV. The absorption of an
X-ray photon can occur in any nanoparticle or in the substrate,
and the primary photoelectron produces secondary electronic
excitations (SE) in different NPLs along the path of the fast
electron. The number of scattering events with production of
secondary electron-hole pairs can be estimated as stopping

0.09 -
0.08 fN A
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0.06 AL AL T

£ 0054 |

5 005 C/S-3nm

2 o041
0037 cis-2nh
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Fig. 7 Solid line: decay-time distribution deduced from the multi-
component fitting of the fluorescence decay time under X-ray excitation.
Dashed line: for comparison, the same distribution for the 405 nm
excitation. The black lines correspond to the decay times obtained using
the 4 exponential fitting with maximum-likelihood estimation.
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power (—dE/dx) for electrons with energies of 1 to 35 keV, multi-
plied by the length of the electron trajectory traversing the NPL and
divided by the plasmon energy, which corresponds to the max-
imum of the energy-loss function (about 12 eV for CdS and CdSe).
The value of the stopping power is about the same for all materials
that form the NPLs. The mean number of the SE produced in an
NPL depends thus on the distribution of in-particle trajectory
lengths and Poisson statistical factors. The length of the photoelec-
tron trajectory depends also on the angle between the normal to the
NPL plane and photoelectron trajectory, and most of these lengths
are about the thickness of the NPL since a small fraction passes the
NPL with a direction parallel to the NPL plane. Therefore a large
fraction of photoelectrons do not produce SE in thin NPLs (see
Fig. 8(a)), and the distribution of the numbers of scattering
processes depends weakly on lateral size (see Fig. 8(b)). For a
30 nm diameter NPL and for thicknesses of 1, 2, 3 and 4 nm,
the fraction of multiscattering (likely to generate XX) to single
scattering are estimated to be 36%, 42%, 47% and 48% respectively
and the non-interacting fraction decreases from 72% to 39%. These
rough estimates show that the contribution of XX emission is
expected to increase by about 30% from 1 to 4 nm. Secondary
excitations with energies close to the plasmon energy relax within
the NPL under production of a few low-energy electron-hole pairs,
the final number of which is also controlled by Auger processes
with hot electrons and holes as described in ref. 14). The number of
low-energy electron-hole pairs in the NPL is proportional to the
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number of primary scattering processes. After thermalization, these
electron-hole pairs can form excitons. If more than two excitons are
formed in one NPL, they can be combined into biexcitons with
corresponding modification of emission and decay rates. As shown
previously, the formation of XX depends on the presence of the
shell, whose thickness as shown in Table 2. As speculated in
Fig. 2(b), the band alignment is supposed to lead to quasi-type II
C/S NPLs where electrons and holes wavefunctions expand in
different ways in the shell and the one-dimensional confinement
thus differs for electrons and holes. Note that in the case of type I
core/shell NPLs, the situation is supposed to be similar to core-
crown NPLs and a red shift of the XX emission is observed as
demonstrated in ref. 17 and 30. Differences in the shell gradient
composition (Cd/Zn ratio) may explain this type I or quasi type II
behavior. The hole wavefunction spreads only over the core
thickness (about 1 nm), whereas the electron wavefunction
extends over the whole thickness of the NPL because of the
small difference in energy of the bottoms of the conduction-
bands of CdSe and CdZnS. For thick NPLs (>3 nm) the spread of
electron wavefunction is limited by the free-exciton radius (about
2.5 nm). Therefore, for C/C (or type I C/S), electrons and holes
have about the same distribution over the thickness (Fig. 8(d))
and the lateral charge distributions for the electron and the hole
are the same.

In the case of optical excitation, a four-particle system as
described in ref. 25 is formed directly and accounting for
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(a) Distribution of the number of scattering processes in CdSe NPLs when varying the thickness (a), and the lateral size (b). (c) Example of situation

with 0, 1 and 2 scattering processes. Schematic charge distribution of holes and electrons in the case of core—crown (d) and core—shell NPLs (e).
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multiple mirror image charges. Ionizing radiation, on the other
hand, generates free charges which may recombine into excitons
and potentially into bi-excitons, i.e. the same species as obtained
under optical excitation. The scintillation process thus induces an
intermediate stage of interaction between two excitons which have
not yet formed a four-particle biexciton. In this case the excitons
are considered as two distinct entities interacting through direct
Coulomb coupling of two quadrupoles, as well as due to polariza-
tion of one exciton by charge fluctuations in the other exciton
(similar to the case of two neutral atoms). The latter interaction
results in attractive dipole-dipole forces, and for objects with
complicated geometries the interaction energy could even deviate
from the usual 7~ ® power law, leading to potentially bound or anti
bound energy levels. The attraction of two excitons means that the
energy of the bi-exciton is lower than the energy of two individual
excitons (2Ee, — Eggund). After the recombination of one e-h pair
in the process “bi-exciton — exciton + photon” one of the excitons
remains, and therefore the energy of emitted photon equals Ex —
ERL na, which results in a red shift. In case of repulsive excitons,
no bi-excitons can be created in infinite crystal. Nevertheless, in
systems with quantum confinement two excitons can coexist at
the distances less than the lateral size of the NPL. Therefore their
energy is larger than twice the energy of a single exciton in the
same NPL, and the photon emitted after recombination has a
blue-shifted wavelength. The size of this blue shift should be
weaker since the distance between repulsive excitons is deter-
mined by the lateral size, whereas for attractive excitons the
distance between two excitons is about exciton radius which is
smaller than NPL size (in most cases the attractive exciton forms a
cluster of two electrons and two holes in which we cannot even
distinguish two excitons).

In C/C or type I C/S NPLs, dipolar interaction is dominating and
a red shift of the XX emission is observed. When the thickness is
increased as obtained in quasi-type II C/S NPLs, the distribution of
the charges uniformity is broken and forms a negative-positive-
negative distribution across the NPL thickness. The quadrupole
moment increases with the growing spread of the electron wave-
function. The experimental estimation of XX energies presented
above shows that for 2 nm C/S, Coulomb repulsion of two excitons
almost compensates dipolar attraction, and the XX has no addi-
tional binding energy. The spread of electron wavefunction is
higher in 3 and 4 nm C/S NPLs, and about the same for these
two thicknesses since the exciton radius is of the same order of
magnitude as or less than the NPL thickness. Therefore two
excitons repulse each other as illustrated by the observed blue-
shift of the emission. This different behavior of two excitons shows
that XX state can be easily produced when two separate excitons are
formed under X-ray excitation in C/C NPLs due to their attraction.
On the contrary, two excitons in thick C/S NPLs repulse each other
and can be separated along the lateral dimension.

3 Conclusions

To summarize, we have synthesized a series of core/crown and
core-shell NPLs of CdSe/CdS and CdSe/CdZnS compositions,
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with thicknesses ranging from 1.2 nm to 4 nm and exhibiting
high luminescence quantum yields. Through the analysis of
time-resolved dynamics and spectra under intense optical
excitation, we demonstrate that the exciton—exciton interaction
shifts from the attractive to repulsive regime when the thick-
ness is increased. We deduce that a shell layer of 0.4 nm is
enough to break the “neutral” character of the exciton respon-
sible for the attractive van der Waals interaction leading to the
red-shifted emission of the XX in the case of the C/C NPLs. We
highlight the multiexciton generation under X-ray excitation in
these 2D heterostructural NPLs, and estimate the expected
number of electron multi-scattering compared to single-
electron scattering probabilities as a function of thickness.
Contrary to the core/crown heterostructure, the fast multi-
exciton emission is blue shifted as soon as a shell of 0.4 nm
is deposited. Despite larger thicknesses being more favourable
for X-ray and y-ray absorption, as well as for multi-exciton
generation, the strategy of shell covering is not adapted to
address the self-absorption issue, in addition to the slower
response observed. In this family of compounds, the 2D core-
crown nanoplatelets remain the best choice, combining ultra
fast decay and a red shifted bi-exciton, despite being more
prone to Auger quenching and exhibiting surface defects. Our
study provides a direct insight to 2D NCs-based fast scintilla-
tion materials, beneficial to the selectivity and development of
nano-scintillators.
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