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Abstract: The autocorrelation function of the fluorescence intensity of a
nanoemitter is measured with the standard Hanbury-Brown and Twiss setup.
Time-tagging of the photodetection events during all the experiment has
opened new possibilities in terms of post-selection techniques that enable
to go beyond the blinking and antibunching characterization. Here, we first
present a new method developed to investigate in detail the antibunching of
a fluorophore switching between two emitting states. Even if they exhibit
the same fluorescence intensity, their respective amount of antibunching
can be measured using the gap between their respective decay rates. The
method is then applied to a nanoemitter consisting in a colloidal quantum
dot coupled to a plasmonic resonator. The relative quantum efficiency of the
charged and neutral biexcitons are determined.
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1. Introduction

Single photon sources such as atoms [1], molecules [2], NV centers in diamond [3], molecu-
lar beam epitaxial [4] and colloidal quantum dots [5] have been extensively studied using the
autocorrelation function (ACF) of the intensity g(2)(τ). Through the ACF measured with the
Hanbury-Brown and Twiss (HBT) setup, non classical light properties can be characterized
and the antibunching effect synonymous of a light beam with sub-poissonian statistics can be
demonstrated. Beyond the proof of single photon emission, cross correlation experiments can
also provide either the radiative quantum efficiency (QE) of the biexcitonic recombination in
semiconductor quantum dots [6] or a full characterization of the flickering over time scales
ranging from few nanoseconds to seconds [7].

Progresses in the conception and realization of electronic devices have enabled to reduce
dramatically the size of the electronic setups that record the photodetection events. The time
resolution has also been improved and reaches sub-ps values. More fundamentally, the most
recent devices enable to time-tag the absolute arrival time of the detected photons with a time
accuracy of the order of 100 ps during all the duration of the experiment. From a single set of
data, several relevant quantities such as the variation of the fluorescence intensity, the photolu-
minescence (PL) decay and the ACF of the intensity can be extracted.

Post-selection methods can also be carried out. As an example, a time-gated technique was
developed to unambiguously distinguish the contribution of clustering and multiexcitonic emis-



sion when a peak at zero delay is observed in antibunching experiments under pulsed excitation
[8]. With this full-optical method, it is possible to determine if only one emitter or a cluster is
observed. Beyond the scope of the investigation of the time statistics of the photons emitted by
a single emitter, post-processing of the stream of photons is widely used in experiments such
as entanglement demonstration between a single electron spin and a photon [9, 10, 11].

The PL decay or the ACF for a chosen level of fluorescence intensity corresponding to a
given state can also be measured [12]. Such an approach has been applied with success to
colloidal quantum dots known to switch between a neutral and an ionized state with differ-
ent emission intensities (the fluorescence intensity of the ionized state is lower because the
trion can recombine through an Auger process [12, 13]). Recently, many authors reported the
coupling of colloidal quantum dots to plasmonic structures which enhances the radiative re-
combinations [14, 15, 16, 17, 18, 19]. Due to the drastic reduction of Auger recombinations,
the radiative quantum efficiency of the ionized and neutral states become very close and cannot
be distinguished through their intensity [19].

In this paper, we describe a new time-gated technique. Under low excitation power, when
a single emitter switches between two emitting states with the same fluorescence intensity but
different PL decays, our approach enables to characterize independently the coincidence his-
togram for each state and get their respective amount of antibunching. After describing the
method, we apply it to a typical nanosource consisting in a single colloidal quantum dot cou-
pled to a plasmon resonance. For these thick shell CdSe/CdS core-shell nanostructures inserted
into a gold nanoshell resonator, the emission intensities of the ionized and neutral states are
equal [19]. We show that the amount of antibunching for the charged and neutral states are
different and infer the ratio between the QE of the neutral biexciton and the charged one.

2. Time-gated post-selection

We consider an emitter switching between two states such as a charged and a neutral states for
a colloidal quantum dot. We suppose a pulsed laser operation and a low pumping. Fluorescence
intensity then corresponds to the recombination of the trion (X∗) and monoexciton (X) that are
considered as having the same QE. The charged and neutral states fluorescence intensities are
then equal. The calculation of the ACF g(2)(τ) only involves the photons emitted by the neutral
and charged monoexcitons and biexcitons (higher order excitons can be neglected under low
excitation). Fundamentally, the post-selection approach is based on the fact that, even if X and
X∗ exhibit the same QE, the lifetime τ of X is always greater than the lifetime τ∗ of X∗ because
of the number of charge carriers in each excitonic state [12, 19, 20]. Taking into account this
general property, the technique consists in selecting the pairs of photons for which the second
photon is detected for a recombination occurring after a delay longer than D (procedure 1, see
Fig. 1) or shorter than D∗ (procedure 2, see Fig. 2). The contribution of the ionized state to the
coincidences histogram decreases especially as D grows longer whereas it dominates for short
values of D∗.

Let us first consider that the emitter remains in a given state (the neutral state for example).
With the Hanbury-Brown and Twiss setup, it can be shown that the area of the peak at zero
delay is proportional to Q(1)Q(2)P(2)/2 where Q(n) is the quantum efficiency of the state
with n electron-hole pairs and P(n) the probability to generate this state [6] (in the HBT setup,
coincidences are recorded only if the two photons are detected by different photodiodes which
explains the factor 1/2). For the lateral peaks, the area is proportional to [Q(1)P(1)]2 /4 (the
factor 1/4 also comes from the HBT setup). When operating under low excitation and out of
any resonance, P(n) follows a poissonian statistics and P(2) = P(1)2/2 [12]. The ratio between
the two areas then provides the ratio between the quantum efficiency Q(2) of the biexciton and
the quantum efficiency Q(1) of the monoexciton.
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Fig. 1. Schematic representation of the first post-selection procedure that enhances the con-
tribution of the neutral state. The cases of the lateral and central peaks are detailed. The
histograms of coincidences are calculated by keeping only the photons arriving within the
time-gated region (gray zone). The starting point of this region is defined by D. The dou-
ble blue arrows indicate the delays selected for the calculation of the coincidences counts.
Red/purple dots correspond to detection events on the detectors. Purple (respectively red)
dots depict the radiative recombination of a neutral or a charged biexciton (respectively ex-
citon or trion). When a biexcitonic cascade is detected (central peak), it has to be noted that
the time-gated region is defined by taking the time detection of the biexciton as reference
and not the laser pulse event (see dashed lines).
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Fig. 2. Schematic representation of the second post-selection procedure that enhances the
contribution of the ionized state. The cases of the lateral and central peaks are detailed. The
histograms of coincidences are calculated by keeping only the photons arriving within the
time-gated region (yellow zone). The duration of this region is defined by D∗. The dou-
ble blue arrows indicate the delays selected for the calculation of the coincidences counts.
Red/purple dots correspond to detection events on the detectors. Purple (respectively red)
dots depict the radiative recombination of a neutral or a charged biexciton (respectively ex-
citon or trion). When a biexcitonic cascade is detected (central peak), it has to be noted that
the time-gated region is defined by taking the time detection of the biexciton as reference
and not the laser pulse event (see dashed lines).

To introduce the procedure 1 of the time-gated post-selection technique, we consider that
the emitter is in a fixed state. For a lateral peak of the ACF, the coincidence counts corre-
spond to photons generated by exciton recombinations (see thumbnail image of [6]). We se-
lect the photon pairs for which the second photon is detected for a delay greater than D after
the laser pulse excitation (see Fig. 1, left side). The number of counts is then proportional to
[P(1)Q(1)]2 /4× exp(−D/τ). Indeed, only the second photon of the pair is filtered and the
number of photons corresponding to monoexciton recombinations occurring after a delay D is
multiplied by a factor exp(−D/τ) when compared to the total number of monoexciton recom-
binations. For the central peak, we have to take into account that the delay between the laser
pulse and the second photon is not directly linked to the radiative lifetime τ . Indeed a biexci-



tonic emission precedes the monoexcitonic emission. The radiative lifetime τ then corresponds
to the monoexponential decay of the histogram of the delays between the photons generated
by the biexciton and monoexciton recombinations. In this case, the post-selection has to be
driven by only keeping the coincidence events for which the delay between the two photons
is greater than D (see Fig. 1, right side). The area of the peak for delays around zero is then
proportional to Q(1)Q(2)P(2)/2× exp(−D/τ). The crucial point is that the ratio between the
peak areas remains unchanged and once again provides the amount of antibunching and the
quantum efficiency of the biexciton normalized to the quantum efficiency of the monoexciton.

Fig. 3. (a) Fraction of photons corresponding to monoexcitonic (red) and trion (blue) re-
combination as a function of D. (b) The same as a function of D∗. For the two figures, the
emitter spends the same time in the ionized and neutral states and τ∗ = 1 ns and τ = 2 ns.

If the emitter switches between a neutral and an ionized state, the fraction of photons cor-
responding to a radiative trion or a monoexciton recombination can be easily evaluated as a
function of the fraction of time spent in each state, the trion and monoexcitonic lifetimes and
the delay D. Fig. 3(a) shows the results obtained for an emitter spending the same time in each
state with τ∗ = 1 ns and τ = 2 ns (values close to the experimental ones discussed in section 3).
As seen in Fig. 3(a), when the delay D is 4 times longer than the trion lifetime, the contribution
of its radiative recombination can be neglected. In this case, the histogram of the coincidences
calculated with the selected pairs of photons will correspond to photons detected only dur-
ing the neutral state and will provide the ratio between the quantum efficiencies of the neutral
biexciton and exciton (this result is valid if the probability of neutral/charged states switching
during the time range at which the coincidence histogram is calculated -1 µs in the following-
remains negligible).

A time gated analogous approach can also be applied to get insight into the ionized state
(procedure 2). One can indeed consider the coincidence events when the second photon is
detected at a delay shorter than a given delay D∗ (see Fig. 2). In the previous formulas, the term
exp(−D/τ) is replaced by [1− exp(−D∗/τ∗)]. However, the situation is less favorable than in
the case of monoexciton filtering (see Fig. 3(b)). Since most of the photons corresponding to
the monoexciton and trion recombinations are detected at short delays, the contribution of the
neutral state cannot be completely suppressed (see Fig. 3(b)).

From a technical point of view, in contrast with many other time-gated techniques, the con-
dition used to select the photon pairs is applied only to the second photon and not to both.
Moreover, the delays plotted in the autocorrelation functions are selected considering a gating
region defined from the emission of the first photon for the same shot and from the laser pulse



for the other ones.

3. Results and discussion

The two procedures are now applied to thick-shell CdSe/CdS quantum dots encapsulated in
a silica shell coated with a gold shell. These hybrid nanostructures were synthesized recently
[19] and are referred as golden quantum dots (GQDs) in the following. The coupling between
the quantum dot and the plasmonic resonator results in strongly accelerated emission processes
that lead to the suppression of Auger recombination of the trion. The QE of the trion and
monoexciton are thus equal (∼ 30 % due to metallic losses) and the residual flickering of
the thick-shell CdSe/CdS GQD is completely suppressed. Particularly resistant to high power
excitation, their emission is perfectly stable.

Fig. 4. (a) PL decay of GQD1. The fit (red line) corresponds to the sum of 2 exponentials
decay with a lifetime of 1.1 ns (blue dashed line) and 2 ns (green dashed line) and with a
respective amplitude of 0.41 and 0.59. (b) PL decay of GQD2.The fit (red line) corresponds
to the sum of 2 exponentials decay with a lifetime of 0.9 ns (blue dashed line) and 2.5 ns
(green dashed line) and with a respective amplitude of 0.28 and 0.72. (c) Polar represen-
tation of the fluorescence lifetime of GQD1. (d) Polar representation of the fluorescence
lifetime of GQD2.

In the following, we consider two GQDs noted GQD1 and GQD2. Before applying the two
post-selection procedures, we confirm that the emission comes from two different states of the
emitter by investigating their PL decay. First, they are well fitted by the sum of two exponen-
tial decays from which we deduce the lifetime of each state (Figs. 4(a) and 4(b)). This basic
approach can be refined following the procedure described in [21]. After splitting the overall
record into intervals of a 1 s duration, we calculate the cosine and sine transforms of the PL
decay for each interval that provides the (u,v) coordinates in a polar representation. When a
single exponential PL decay is detected, the point is located on a semi-circle. Long lifetimes
are on the left of the diagram while short ones are on the right. Multi-exponential decays cor-
respond to points inside the semi-circle. In Figs. 4(c) and 4(d), the results obtained for the two
GQDs are plotted by taking into account the number of photons for each point in the diagram
through the color bar. For both GQDs, all the points are inside the semi-circle confirming the
contribution of two states. For GQD2, the points are gathered into a very small spot showing



that the lifetimes of the neutral and ionized states as well as the fraction of time spent by the
GQD in each state during 1 s are constant. For GQD1, the linear shape defined by all the points
around a central spot can be explained by small variations of the time spent by the GQD in each
state during 1 s.

Fig. 5. (a) Overall coincidences counts (GQD1). (b) Coincidence counts corresponding to
photons that have been both recorded with a delay greater than 1 ns with respect to the
pulse laser (GQD1, method described in [8]). (c) Area of the central peak normalized to the
area of the lateral peaks as a function of D (GQD1). (d) Area of the central peak normalized
to the area of the lateral peaks as a function of D∗ (GQD1). (e), (f), (g) and (h): the same
for GQD2.

The normalized histogram of the delays between photons for the overall record is now plotted
for the two GQDs (Figs. 5(a) and 5(e)). A small antibunching is observed for each GQD (20
% for GQD1 and 30 % for GQD2). However GQDs are known to form aggregates. In order
to prove that we are detecting the fluorescence of a single nanoemitter, we applied the post-
selection method proposed by Mangum et al. [8] and calculated the histogram of the delays
between the photons that are both detected for delays greater than 1 ns after the laser pulse. The
nearly perfect antibunching (Figs. 5(b) and 5(f)) then observed demonstrates that GQD1 and
GQD2 correspond to single core-shell nanostructures.

Figs. 5(c), 5(d), 5(g) and 5(h) display the results obtained for the two GQDs by the time-gated
procedures. The area of the peak at zero delay normalized to the area of the lateral peaks (noted
A0) versus the time D or D∗ are represented. As expected, when increasing D (Figs. 5(c) and
5(g)), A0 decreases from the value found when the histogram of the coincidences is calculated



with the overall record (0.8 for GQD1 and 0.7 for GQD2). It also reaches an asympotical value
which means that the application of the procedure 1 permits the suppression of the contribution
of the ionized state (see Fig. 3(a)). Moreover, this asymptotic value of A0 is equal to the QE of
the neutral biexciton normalized to the monoexciton one (0.65 for GQD1 and 0.5 for GQD2).

The variations of A0 with D∗ (Figs. 5(d) and 5(h)) show the results obtained with the pro-
cedure 2 and can be understood as follows. At high values of D∗, A0 is equal to 0.8 for GQD1
and 0.7 for GQD2 since the post-selection has no effect and the contributions of the neutral and
ionized states are mixed. When D∗ tends to 1 ns, the ionized state dominates. A0 is close to 0.9
(0.9 for GQD1 and 0.85 for GQD2), showing that the QE of the charged biexciton is very close
to the trion one in these two GQDs. For these two GQDs, the QE of the neutral biexciton (0.65
and 0.5) is then about 30 % lower than the charged biexciton one (0.9 and 0.85). The results
obtained by the two time-gated procedures then reveal the strong difference in the QE of the
charged and neutral biexcitons.

4. Conclusion

In conclusion, we presented in detail two original post-selection procedures that can provide
the antibunching of the ionized and neutral states of a GQD although they exhibit the same
fluorescence intensity. Concerning the photo-physics properties of the emitter, the main result is
that the charged and neutral biexcitons do not exhibit the same QE. From a more general point
of view, this approach could be applied to other hybrid nanoemitters associating a colloidal
quantum dot and a plasmonic nanostructure that have been recently developed.

5. Methods

5.1. Colloidal quantum dots with a nanoshell resonator

The synthesize process of GQDs is described in detail in [19]. Colloidal CdSe/Cs QDs (15
nm radius) are encapsulated in a silica shell (∼ 35 nm) through a water in oil micro emulsion
process. The gold shell (∼ 20 nm) is then grown by a two-stage method developed by Halas
et al. [22]. The lifetime is typically 12 ns for the monoexcitonic state and 6 ns for the trion.
However, for a few GQDs, shorter lifetimes can be observed. We selected such GQDs since a
high repetition rate of the pulse laser diode (40 MHz) can be used resulting in a reduction of
the data acquisition time.

5.2. Experimental setup

The GQDs were deposited on a glass cover slip and observed at the single molecule level us-
ing a standard confocal microscope (Olympus, IX 71) with a 1.4 numerical aperture objective.
Optical excitation (λ = 405 nm, repetition rate = 40 MHz, pulsed duration ∼ 100 ps) is pro-
vided by a pulsed laser diode (Picoquant, LDH P-C-405). The fluorescence is detected though
a standard Hanbury-Brown and Twiss setup. The two photodiodes (Picoquant, PDM Series, 50
ps time resolution) are connected to a data acquisition module (Picoquant, PicoHarp 300) op-
erating in the Time-Tagged Time-Resolved mode. Each photodetection event is recorded with
an accuracy of 32 ps during the whole experiment.
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