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Abstract

We investigate the photon statistics of the light emitted by single self-assembled
hybrid gold-CdSe/CdS/CdZnS colloidal nanocrystal supraparticles through the de-
tailed analysis of the intensity autocorrelation function ¢(® (7). We first reveal that,
despite the large number of nanocrystals involved in the supraparticle emission, an-
tibunching can be observed. We then present a model based on non-coherent Forster
energy transfer and Auger recombination that well captures photon antibunching.
Finally, we demonstrate that some supraparticles exhibit a bunching effect at short
time scales corresponding to coherent collective emission.

1 Introduction

When multiple quantum emitters are coupled to a mode of the electromagnetic field in such
a way that their emission cannot be distinguished by a detector, quantum interference
phenomena occur, yielding photon-mediated coupling between the emitters. This can
generate important modifications of the radiation pattern and of the photon statistics
[1, 2]. Ultimately, when all the light-matter coupling terms are identical for all emitters, this
culminates in superradiance [3], which strongly alters the internal dynamics of the emitters.
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This concept is at the origin of several multi-faceted works in astrophysics concerning
the amplified diffusion of light [4, 5, 6]. In the field of optics, it has also attracted a
great attention, motivating fundamental physics works [7, 8] as well as studies about the
principles of new laser devices [9].

Due to the inherent homogeneity of their properties, trapped atoms are a system of
choice to experimentally implement the concept of superradiance [10]. Regarding condensed-
matter emitters, the progress in material nanostructuration or the use of photonic struc-
tures offer the possibility to tune light matter interaction and to achieve superradiance for
a wide range of nanoemitters such as molecules [11], nanotubes [12], diamond color centers
[13] and quantum wells [14].

In order to promote coherent collective emission, plasmonic nanocavities are particu-
larly well suited. They allow to confine and tune the electromagnetic field at subwavelength
scales. The plasmonic mode can play a crucial role, mediating and adjusting the coupling
in the near field [15, 16, 17]. This approach can also be extended to obtain phase locking
between 2D arrays of spasers [18].

In this paper, we show the collective emission of hybrid plasmonic/colloidal quantum
dot structures. They consist in self-assemblies of core-shell colloidal CdSe/CdS/CdZnS
nanocrystals (NCs) encapsulated into a silica shell and a gold nanoresonator. The first
section of the paper summarizes the chemical synthesis and the main properties of these
golden supraparticles (GSPs) concerning their photoluminescence decay rate and non co-
herent Forster energy transfer (FRET) between single NCs. By performing a detailed
time-resolved analysis of the intensity autocorrelation function ¢ (7), we then show that
photon antibunching is observed for several GSPs. This result is well modeled by a Monte-
Carlo simulation taking into account FRET as well as Auger recombinations and a fraction
of non emitting NCs. More interestingly, we evidence that the light emitted by some GSPs
exhibits bunching at short delays, suggesting coherent collective emission.

2 Gold-(CdSe/CdS/CdZnS) nanocrystal supraparti-
cles: synthesis and basic optical properties

A procedure with several steps was implemented to synthesize hybrid gold CdSe/CdS/CdZnS
colloidal NC supraparticles as detailed in [19]. Briefly, each GSP includes from a few hun-
dred to a few thousand NCs with a diameter of 7.7 & 1 nm (CdS shell of 1.6 nm, fluorescence
centered at 645 nm, FWHM = 30 nm). Following the approach presented in [20], the NC
aggregate is first encapsulated in a silica shell with a thickness of 15 nm. It prevents
quenching by the gold nanoshell of the emission of the NCs located at the surface of the
aggregate [21]. After functionalization of the silica layer, gold seeds are then deposited
according to the synthesis reported by Halas et al. [22]. The synthesis of continuous
gold nanoshells with a thickness of 19 + 5 nm is finally achieved (see Figure 1). More
characterizations by TEM and SEM can be found in [19].

The gold nanoshell first results in an increase of the PL decay rate through the well-



0 20 40 60
Time (ns)

Figure 1: Schematic representation of a single GSP (a). Wide field images of GSPs (b).
Typical PL decay rate of an individual GSP (c). It is fitted with a log-normal distribution
with a central decay rate 7,y= 1 ns and a slow exponential component (7 = 17 ns)
corresponding to the contribution of non radiative traps.

known Purcell effect that was measured and modeled in detail [23]. Depending on the
GSP diameter, the Purcell factor ranges between 3 and 8, corresponding to PL lifetime
between 0.7 ns and 1.9 ns (see Figure 1.c). Close packing the NCs in a compact aggregate
also results in the possibility of Forster resonant energy transfer (FRET) through the
well-known process described by Forster. The small NCs (with the shortest fluorescence
wavelength) act as donors for the larger ones (with a long fluorescence wavelength). With
respect to aggregates without gold nanoshell, we showed that the gold nanoshell inhibits
the contribution of FRET to the total decay rate of the smallest GSPs by a factor around
3 [23]. In the next section, we investigate the opportunities opened by the reduction of
this incoherent process in order to achieve coherent interactions between close NCs.

3 Light emission of the GSPs — photon statistics

3.1 Photon counting and confocal microscopy setups
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Figure 2: (a) Schematic representation of the ¢(® () time-integration method. For a given
value T', we sum the number of coincidences recorded during a time window 1" centered
around the maximum of each peak [27]. (b) Zoom of the central peak.



40 pL of the GSP water solution is directly deposited on a glass coverslip where a TiO,
grid with numbered cells of 65 um x 65 um was previously prepared by photolithography.
A set of single GSPs is selected by using an atomic force microscope (AFM) before optical
measurements. Finally, we characterize their form by scanning electron microscopy (SEM).
Only individual GSPs with a shape that is close to a sphere are further considered.

The sample is positioned inside a confocal microscope (Attocube, Attodry 1100, ob-
jective numerical aperture = 0.82) operating at 4 K and equipped with piezoelectric posi-
tioners that enable to excite a selected GSP by a focused laser beam provided by a pulsed
laser diode (Picoquant LDH 520, wavelength = 520 nm, FWHM 160 ps). A dichroic mirror
and a fluorescence filter separate the reflected laser light and the GSP emission, which is
collected by a fiber and sent to a standard Hanbury Brown and Twiss detection setup.
The signal of the two avalanche photodiodes (MPD, time resolution of 50 ps) is recorded
by an acquisition card (Picoquant, PicoHarp 300, time bin of 64 ps) also synchronized to
the pulsed laser diode. From the same data set, the decay of the luminescence and the
histogram of the delays between photons can be plotted, the latter providing the intensity
autocorrelation function g (7).

A pioneer work reporting superradiant emission with quantum dots was based on the
measurement of the enhancement of the PL decay rate [24]. However, in the case of
most condensed-matter emitters, this approach can lack reliability due to the possible
generation of non-radiative traps during the fabrication process. Moreover, if cooperative
emission is only achieved for a small fraction of emitters, the signal may be hidden by
the standard fluorescence of the remaining emitters. In contrast, as in many quantum
optics experiments, characterizing the intensity autocorrelation function ¢®(7) appears
as a very robust approach to demonstrate collective emission through the prediction of
super-Poissonian and even superthermal statistics [25, 26, 27]. As in [27], we analyzed
the data by using a time resolved approach consisting in plotting the variations of the
time-integrated function ¢(®(7) (see figure 2). More precisely, the area of the peak around
zero delay is integrated over a duration 7" and normalized by the mean area of the lateral
peaks, integrated over the same duration 7". This quantity is noted gg? )(O) and enables to
reveal non-Poissonian statistics at short time scale when T decreases.

3.2 Results

Thanks to this analysis, different behaviors can be evidenced. The results for first three
GSPs are presented in figure 3. For some GSPs like (a), the photon statistics is Poissonian
whatever the value of 7. Some GSPs, as shown in (b) and (c), exhibit a small degree
of antibunching for T greater than 1 ns that is not expected for non-interacting emitters.
Indeed, if we consider N dipoles emitting independently, it is well-known that ¢ (0) is
equal to the value (N — 1)/N, which can be used to develop postselection methods [28].
However, the emission from clusters of colloidal NCs can exhibit stronger antibunching
due to non-radiative energy transfer [30]. Due to Auger recombinations, energy transfer
between two excited NCs results in a first non-radiative decay channel. It can be compared
to the Auger recombination of a biexcitonic state in a single NC, which is at the very
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origin of their single photon emission. Alternatively, blinking or photobleaching can create
another non-radiative recombination channel since an excitation can be transferred from
an "on” NC to an "off” one by FRET.
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Figure 3: Time-integrated function gg? ) (0) for 3 GSPs showing a Poissonian statistics (a)

or a small amount of antibunching (b,c). The error bars are calculated by taking into
account the finite number of coincidences.

In ref [30], the number of emitters is low (< 4) so that the authors could derivate a
rate equation model to calculate the amount of antibunching. In the case of GSPs, such
approach is not possible and we therefore performed Monte-Carlo simulations to calculate
the time-dependent evolution of the number of excited NCs and the photons emission date
that provides the photon statistics. We consider an ensemble of N NCs arranged in a cubic
lattice with periodic boundary conditions. The emission energy of each NC is different and
is drawn randomly in a set of equally distributed values. When excited, a NC can transfer
its energy by FRET to one of the 6 closest NCs if its fluorescence wavelength is lower
than the considered adjacent NC. The corresponding rate krrpr is set to 30 % of the total
decay rate k.qq + kprer (typical for such self-assembled NCs structures [20, 23]). In the
case of a 6 nm CdS shell thickness, Auger recombinations at 4 K are partially inhibited
due to electron delocalization into the shell and the radiative quantum efficiency is about
50 % [29]. Since the NCs used for the present study exhibit a thin shell (1.6 nm), we
consider that biexcitonic radiative recombinations do not occur. Even if blinking is nearly
suppressed for such kind of emitters at 4 K [29], we reported previously that a fraction
of the NCs are damaged during the aggregate synthesis [20]. This is equivalent to the
fraction 1 — F' of NCs in the "off” state taken into account in [30]. More recently, an
in-depth analysis of the first-order coherence of the light emitted by GPSs allowed us to
numerically estimate the fraction F' of bright NCs in such a mesoscopic ensemble [31]. It
ranges between 10 % to values exceeding 90 %. Figure 4 shows the variations of ¢(®(0)
for various parameter values as a function of the number of NCs. The model predicts an
excess amount of antibunching with respect to the (N — 1)/N value corresponding to N
independent emitters. As in [30], it increases with F' and it reaches values of around 1 %
that are experimentally observed in Figure 3. For some GSPs, the absence of antibunching
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Figure 4: Monte-Carlo simulations of 1 — ¢®(0) for a cubic crystal of N NCs that can
exchange energy by FRET with a rate kprgr. The fraction of emitting NCs is F. k,qq is
the radiative decay rate. The probability to excite each NC per pulse is 0.3.

is likely to be related to a strong reduction of FRET processes [23], large values of F' and/or
bunching coming from collective emission.

Before investigating this latter effect, we first evaluate the photon bunching we would
measure from a standard thermal emission characterized by a value ¢(®(0) = 2. Taking into
account the time coherence (~ 100 fs) deduced from the linewidth of emission spectrum
(~ 15 nm [23]) as well as the time bin in our experiment (64 ps), we calculated the
autocorrelation function §(T2 )(0) (see Figure 5). The amount of bunching Q(T2 ) (0) — 1 would
not exceed a negligible value of 0.03 %.
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Figure 5: Calculated time-integrated function g§? )(0) for a thermal source with a linewidth
of 10 THz (corresponding to the typical emission linewidth of a GSP).

In contrast with previously shown, up to 20 % bunching is observed for some GSPs at
short values of T' (figure 6). These results were only obtained using an excitation power 10
times lower than previously, in order to reduce as much as possible processes such as Auger



recombinations and promote coherent interactions between NCs. The probability to excite
one NC in the aggregate is then lower than 10 %. This value is deduced by considering the
count rate and the 0.5 % setup collection efficiency (calculated with the numerical aperture
of the microscope objective (0.8), the fraction of light emitted in the glass substrate, the
various losses induced by mirrors, filters, fiber and detectors).

When considering the ideal case of N independent and identical dipoles coupled to a
single cavity mode, the cooperativity C, which quantifies the emission into the cavity mode
with respect to the other modes, is /N times higher than in a single emitter-in-cavity case
[32]. This property can also be seen as an enhancement by a factor VN of the effective
coupling rate between the emitters and the cavity mode. As a result, collective emission
occurs and superradiance is achieved with an emission decay rate /N times higher with
respect to the single emitter case [3]. Let us consider an ensemble of emitters with a
fluorescence decay rate v and coupled to an environment inducing dephasing with a rate
~*.  Qualitatively, when coupled to a cavity with a Purcell factor Fp, collective effects
can be achieved if v* is smaller than N Fpy so that collective emission occurs before the
processes at the origin of the dipole decoherence act [33].
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Figure 6: Time-integrated function g(T? ) (0) for 4 GSPs showing superthermal bunching.

Concerning GSPs; the dephasing rate for a single GSP is typically v* = 10 THz at 4 K
23, 31] while F,y = 1 GHz (the mean lifetime is 1 ns, see previous section), leading to the
prediction that collective effects can indeed take place if about 10* NCs are involved. This
value can be reached for standard GSPs: taking into account the structure of the GSPs,
the NC diameter, and the volume fraction (66 %) occupied by the NCs [34], one finds that
the number of NCs ranges between 5000 (diameter ~ 220 nm) and 75000 (diameter ~ 400



nm). While significant, the amount of bunching (20 %) decreases with T', suggesting that
only a fraction of NCs are involved in collective emission processes. To go one step further,
a perspective of this work could be to correlate the amount of bunching with the number
of bright emitters (measured as in [31]). A large subset of NCs experience non-collective
(and therefore slower) light emission showing no bunching. As a result, Q(TQ )(0) approaches
0 or negative values as T increases. The absence of bunching for large values of T' also
demonstrates the relevance of the time-resolved approach. Not only does it overcome the
limitations of standard methods such as PL decay rate measurements, but it also allows
us to discriminate between bunching at short time scales and Poissonian or antibunching
for longer time scales.

4 Conclusion

This work focuses on the analysis of the statistical properties of the light emitted by
individual hybrid gold/colloidal NCs structures (GSPs). Using a specific time-resolved
method to analyze the intensity autocorrelation function ¢‘® (1), we demonstrate that the
amount of bunching at short delays can reach 20 % for a single GSP, showing collective
emission. At long time scales, antibunching is sometimes observed. It fundamentally comes
from energy transfer between adjacent NCs and non radiative recombinations involved in
such NCs aggregates. The realization of hybrid gold-colloidal nanostructures based on
nanoscale emitters with much higher oscillator strength, such as nanoplatelets [35], could
open the possibility of achieving collective emission at room temperature.
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