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Abstract. The fluorescence properties of individual CdSe/CdS nanocrystals
(NCs) with a very thick shell and deposited on metallic structures are analyzed in
detail. The results obtained for two metallic structures consisting of a continuous
or a semi-continuous gold film are compared. Under low pulsed excitation,
a strong acceleration of radiative processes is observed. The probability
of electron–hole pair recombinations through Auger processes dramatically
decreases, resulting in a suppression of blinking and the appearance of
biexcitonic cascades. An original method of photons postselection also enables
us to determine the decay rate corresponding to biexcitonic recombinations.
Finally, a detailed analysis of the excitation process and the photon collection
efficiency enables us to discriminate the effect of the gold structure in terms
of excitation and fluorescence acceleration. It is found that high collection
percentages can be achieved through the modification of NC emission with
plasmonic structures.
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1. Introduction

The effects of metallic surfaces on fluorescence have been studied since 1968 when Drexhage
first reported the possibility of modifying the spontaneous emission of Eu3+ ions by locating
them close to a silver film [1]. More recently, the interactions of fluorophores with metallic
structures were used in biology to increase intensities of fluorescence but also to design
detection systems based on fluorescence quenching [2, 3].

Developments in the field of plasmonics also open up the possibility of controlling the
emission of a single emitter for the generation of quantum states of light such as single
photons [4–8]. The radiation pattern of the emitter is modified by its coupling with the structure,
and a better collection efficiency can be achieved [9]. The spontaneous decay rate can also be
increased through the Purcell effect [10] that is quantified by the Purcell factor FP. For an emitter
coupled to a cavity, with a linewidth narrower than the spectral width of the cavity mode, the
Purcell factor is proportional to Q/V , where V is the volume of the electromagnetic mode and
Q its quality factor. With the dielectric nanocavities such as micropillars [11], microdiscs [12] or
photonic crystals [13] exhibiting quality factors greater than thousands, Purcell factors greater
than 10 have been obtained.

In the visible range of the electromagnetic spectrum, losses make the quality factor of
metallic nanocavities lower than that of dielectric ones. But the spatial confinement of the
electromagnetic field is much higher. Even if the volume V cannot be rigorously defined as for
dielectric cavities [14], a strong spatial localization of the electromagnetic field is achieved with
the metallic nanostructures. The volume V can be much lower than the cube of the wavelength
that is the limiting value for dielectric cavities.

Moreover, metallic structures are especially suited for emitters operating at room
temperature, such as colloidal nanocrystals (NCs), since they present a rather large linewidth
(for a standard NC, the typical quality factor of the emitter is Qe ∼ 20 at λ = 660 nm). Indeed,
when Qe is lower than Q, there is no gain sharpening the resonance of the cavity. In a general
way, the use of metallic structures gives the opportunity for developing devices exhibiting a
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very broad bandwidth that increases the accordability of the cavity with the emission of the
fluorophore [15]. Several groups are now involved in the control of a single NC fluorescence
with a metallic nanostructure [16–19].

Due to losses in a metal, it is also difficult to predict whether the coupling of a nano-emitter
with a metallic structure, such as a nanoparticle, a rough or a continuous surface, will quench
or enhance fluorescence [20]. In the case of standard CdSe/ZnS NCs [17, 18], quenching is
often observed. Electron transfers between the NC and the metal are not prevented by the thin
shell (about 1 atomic layer) of these core/shell structures as well as the excitation of lossy
modes. In this paper, the opportunities opened by a new type of colloidal semiconductor NCs are
investigated. Recently, two groups succeeded in synthesizing core/shell structures consisting of
a CdSe core and a very thick and crystalline shell (>5 nm) of CdS [21, 22]. These core/shell
NCs exhibit very low blinking. The duration of low emitting periods never exceeds 50 ms, in
sharp contrast with standard CdSe/ZnS NCs [23]. Moreover, these periods are not completely
dark as for CdSe/ZnS NCs but correspond to a gray state with a quantum efficiency (QE) at
least of the order of 20% [24]. When they are coupled to metallic structures, the following
results show that the thick shell provides an intrinsic spacer between the emitter and the metal
that avoids the quenching of the fluorescence.

Here, the coupling of single CdSe/CdS NCs deposited directly on a continuous or a semi-
continuous gold film is studied in detail. In comparison with many previous experiments [7, 17,
18, 25], the improvements induced by the metallic structure in terms of excitation and increase
of the fluorescence decay of the NC are distinguished. Moreover, a detailed assessment of the
radiative and non-radiative channels opened by the coupling between the NCs and the gold
structures is provided. For a low optical excitation, we characterize the photoluminescence (PL)
decay and the time statistic of the photons emitted by individual NCs with original methods.
An analysis of the excitation process under pulsed excitation provides the contribution of
the excitation enhancement near the metal film. The coupling between the NC and the gold
structure results in a strong enhancement of the fluorescence, corresponding to FP values up
to 60. The blinking suppression is also observed. The histogram of the intensity shows that this
suppression corresponds to a strong reduction of Auger recombinations. By using second-order
autocorrelation function measurements, we show that this reduction also leads to very efficient
biexcitonic cascades. The data concerning the time detection of the photons also enable us to
determine the PL decay corresponding to the recombinations of biexcitons. Finally, a precise
analysis of the excitation process and the rate of collected photons is performed. It is shown that
a high efficiency of the photon collection and a strong reduction of the excited state lifetime can
be simultaneously achieved.

2. Experimental setup

The CdSe/CdS NCs (λ = 660 nm with a full-width at half-maximum of 32 nm) are core/shell
structures composed of a CdSe core (3 nm radius) and a thick crystalline shell of CdS (7 nm,
rms ∼1 nm). Their synthesis is presented in detail in [21]. In quasi-type II CdSe/CdS NCs,
the electron is partially delocalized in the shell. The overlap between the electron and hole
wavefunctions is reduced, resulting first in an increase of the radiative and Auger lifetimes.
In contrast with standard CdSe/ZnS NCs, the fluorescence of ionized CdSe/CdS NCs is not
quenched by Auger recombination. Under low power pulsed excitation, when the probability
of generating one electron–hole (e–h) pair per pulse is much higher than the probability of
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creating several ones, CdSe/CdS NCs oscillate between two states: a bright state corresponding
to a monoexciton (denoted as X) that always recombines radiatively (QEX = 100% [24]), and a
gray state for a trion (denoted as X∗) that decays with a lower radiative QE.

The gold film is prepared by evaporation under ultra-high vacuum (10−9 torr). By adjusting
the duration of deposition, a semi-continuous film just below the percolation threshold [26–28]
or a continuous film can be obtained. The standard continuous and flat film presents a thickness
of 20 nm and a roughness of 0.8 nm (rms, AFM measurements). The properties of its delocalized
plasmon modes have been widely studied [29]. For the semi-continuous gold film, a wide
distribution of plasmon resonances has been observed. Their spectrum covers the visible range
above 550 nm [30] and includes the wavelength emission (λ = 660 nm) of the NCs. In sharp
contrast with the continuous film, these disordered nanostructures also exhibit high localization
of plasmon modes. The electromagnetic energy confinement in subwavelength-sized regions
called ‘hot spots’ [26, 28, 31] has been identified. Strong intensities are theoretically predicted
and experimentally observed [30]. More recently, these localized plasmon resonances have also
been studied through the fluctuations of the local density of optical states [32].

The NCs are suspended in a mixture of 90% hexane and 10% octane and spin coated
in such a way that individual NCs could be observed with an epifluorescent microscope (IX
71, Olympus). The NCs are excited by a pulsed laser diode emitting at 485 nm (LDH 485,
Picoquant, pulse duration6100 ps). Their fluorescence is collected through an air objective with
a numerical aperture (NA) of 0.95 and sent into a Hanbury-Brown and Twiss setup presenting
a high sensitivity (avalanche photodiodes MPD; time resolution of 50 ps). The photodetection
signals were analyzed by a PicoHarp 300 module (Picoquant). For each photon, an internal clock
(with a click every 50 ns) records the absolute time of arrival with respect to the beginning of
the whole measurement. The card also records the delay between the photons and the laser
pulse (64 ps accuracy). Since there is no drift between the laser diode and the internal clock of
the module, the addition of the two times provides the absolute time of arrival of each photon
with a precision limited by a time resolution of 64 ps. The time evolution of the fluorescence
intensity, the second-order autocorrelation function and the PL decay can be extracted from
these data. Moreover, when biexcitonic cascades are observed, in contrast with a standard setup
that only records the delay between photons, the setup enables us to distinguish unambiguously
the photons stemming from the emissions of the biexciton or of the monoexciton.

3. Results

3.1. Preliminary results

First of all, the emission of individual NCs spin coated on a glass coverslip (oil objective,
NA = 1.4) under low-power excitation is recorded. The fluorescence intensity of a single NC
switches between two values corresponding to the bright (X) and the gray (X∗) states (figure 1).
As in [24], perfect antibunching (data not shown) was always observed, showing that the NCs
are individual. The histogram of the intensity shows two bumps denoted as A and B with areas
proportional to the probability occurrence of the bright and gray states. The relative positions
of the A and B bumps in figure 1(b) correspond, respectively, to the mean intensity of X∗ and
X states. They are proportional to the radiative QE of each state. Since the QE of the bright
state QEX is 100%, QEX∗ = 40% is calculated [24]. The total PL decay is well adjusted by a
bi-exponential decay function (figure 1(c)). The short component is the charged exciton (X∗)
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Figure 1. (a) Fluorescence intensity of a single CdSe/CdS NC on a glass
coverslip (time binning tb = 10 ms). (b) Intensity histogram corresponding to
panel (a). (c) PL decay of the fluorescence. The red line is a bi-exponential fit
(with an offset; lifetimes of 13 and 65 ns).

lifetime (13 ns), while the long component (65 ns) is the monoexciton (X) lifetime. From the
procedure described in [24], the Auger lifetime (∼20 ns) and the radiative lifetime (∼30 ns) of
the X∗ state are deduced. These values are slightly higher than those reported in [24] owing to
the thicker shell of the NC used here. They will be used as references in the following.

For a further precise determination of the collection efficiency on gold films, the probability
of excitation with the air objective is now to be determined. First, the emission of individual
NCs spin coated on a glass coverslip is analyzed. At saturation, for a repetition rate of 5 MHz,
the intensity Isat is equal to 20 kHz, i.e. 0.4% of the laser pulses generate a photon detected
by the optical setup. In the following experiments, the laser power is set to a constant value.
For the glass coverslip, the pump power µGlass then corresponds to a fluorescence intensity
equal to 6 kHz (30% of Isat). The probability P(n) to generate n e–h pairs per pulse follows
a Poissonian statistics [24], P(n) = ηn exp(−η)/n! (η is the mean of the distribution). From
the value

∑
∞

1 P(n) = 30%, ηGlass = 36%, P(1) = 25% and P(2) = 4.5% are calculated. The
probability of exciting several e–h pairs is more than 5 times lower than the probability of
exciting only one, which means that NCs are operating in a low excitation regime. In order
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Table 1. The mean number η of e–h pairs created per pulse and probabilities
P(n) for the different configurations.

Configuration Pump η (%) P(1) (%) P(2) (%)

Glass coverslip µGlass 36 25 4.5
Continuous film µCF 48 30 7.2
Semi-continuous film µSCF 40 27 5.4

to precisely calculate the excitation probability of a NC when coupled to one of the gold
films, the reflectivity of each film at the excitation wavelength of 485 nm has to be taken into
account (in a previous paper [33], the probability of excitation was lower and the effect of
the gold film reflectivity could be neglected). Spectrophotometric measurements give R = 13%
for the semi-continuous film and R = 35% for the continuous gold film. The pump power
µCF can be assumed to be equal to µCF = 1.35 × µGlass. Concerning the semi-continuous film,
an important point is that no plasmon can be excited at 485 nm and the fluctuations of the
near-field intensity at this wavelength due to the metallic pattern are lower than 10% [30].
So, the pump power is considered to be homogeneous on the surface and equal to µSCF =

1.13 × µGlass. In table 1, we summarize the pump power for the different configurations, the
mean number η of e–h pairs created and the corresponding probabilities P(n). The control of
the excitation power will be a key point to infer the collection efficiency of the photons. In the
following, the contribution of biexcitonic cascades to the total fluorescence intensity will also be
evaluated.

3.2. Photoluminescence decay

In this section, the PL decay acceleration is compared on continuous and semi-continuous films.
Figure 2(a) shows the PL decay measurements for four NCs directly deposited on the continuous
film. They can be fitted by a bi-exponential decay function. As in the case of a glass coverslip,
the long component is interpreted as the lifetime of X, while the short one is that of X∗ (in
the following, we will see that a low percentage of the short component also corresponds to
biexcitonic emission). As expected, the lifetimes of X and X∗ (see table 2) do not also depend on
the NC (the PL decay of NCd is faster since it spends more time in the ionized state). The Purcell
factor for the bright state is close to 6, a value that is consistent with theoretical predictions [3].
For the semi-continuous gold film, due to the strong localization and exaltation of the intensity
characterizing the plasmons, the PL decay is much faster than that in the case of the continuous
film (figure 2(b)). The Purcell factor can reach values as high as 60. For NC2, NC3 and NC4,
the time resolution of the experiment (∼150 ps) does not allow us to distinguish the PL decay
of X and X*. The data’s adjustment only provides an approximate value of the X lifetime (see
table 2). Moreover, the decay rate depends on the NC considered. This feature can be attributed
to the very specific plasmon modes on the disordered gold film. Localized at the nanometer
scale, they exhibit random spatial localization which induces strong fluctuations in the local
density of states already observed through a modification of the fluorescence of polystyrene
beads [32].

New Journal of Physics 14 (2012) 063035 (http://www.njp.org/)

http://www.njp.org/


7

N
o

rm
al

iz
ed

 P
L

10-2

10-1

100

Time (ns)
0 5 10 15 20 25

(b)

NCa

NC
5

NC
4

N
C

3

N
C

2

N
C

1

N
o

rm
al

iz
ed

 P
L

10-1

100

Time (ns)
0 10 20 30 40

(a)

NC
d

NC
a, b, c

Figure 2. (a) PL decay of four NCs deposited on the continuous film (NCa, NCb,
NCc and NCd). (b) PL decay of five NCs deposited on the semi-continuous film
(NC1, NC2, NC3, NC4 and NC5), illustrating the range of decay rates. The PL
decay of NCa for the same range is also plotted for comparison.

Table 2. X, X∗ lifetimes and the Purcell factor (for the bright state X) of the nine
NCs corresponding to figure 2. The row ‘Glass coverslip’ corresponds to the
mean results obtained for NCs deposited on a glass coverslip. For NC2, NC3 and
NC4 deposited on the semi-continuous film, lifetimes are too short to distinguish
the two components.

τX (ns) τX∗ (ns) FP (X)

Glass coverslip 65 13
Continuous film NCa 11 2 5.9

NCb 10 3 6.5
NCc 10 2.5 6.5
NCd 9.3 1.7 7

Semi-continuous film NC1 2 0.6 33
NC2 1.1 ∼60
NC3 1.3 ∼50
NC4 2.1 ∼30
NC5 4 2.6 16

3.3. Fluorescence intensity

Next, the difference in fluorescence intensity between the continuous and semi-continuous
films is analyzed. In both cases, the very thick shell of the NCs minimizes the generation
of lossy surface waves and prevents the fluorescence quenching of the NCs coupled to the
continuous or semi-continuous gold films. Figure 3(a) presents the results obtained for a NC
coupled to the semi-continuous film. No blinking is observed. The histogram of the intensity
(figure 3(b)) is perfectly fitted by a Poissonian distribution corresponding to the fluctuations
observed for a single emitting state. The radiative recombinations have become so fast that
Auger recombination of the X∗ is prevented. The radiative efficiency of the trion state is then
equal to that of the neutral state.
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Figure 3. (a) Fluorescence intensity of a NC deposited on the semi-continuous
film (zoom on 20 s; tb = 5 ms). (b) Intensity histogram corresponding to panel
(a). The bars represent the experimental results. The red line is a Poissonian
distribution fit (mean value of 109). (c) Fluorescence intensity of a NC deposited
on the continuous film (zoom on 20 s; tb = 5 ms). (d) Intensity histogram
corresponding to panel (c). The bars represent the experimental results. The red
line is a fit corresponding to the sum of two Poissonian distributions (violet and
blue lines; mean values of 25 and 33).

The histogram of the intensity of a NC coupled to the continuous film (figure 3(d)) is
not fitted well by a Poissonian distribution but can be numerically fitted by the sum of two
Poissonian distributions corresponding to the intensity fluctuations of the ionized and neutral
states (the emission for these two states can be considered as independent processes, so we can
add the two Poissonian distributions). The acceleration of the radiative recombination of the
trion is lower than that in the case of a semi-continuous film. Auger recombinations can still
occur and the QE of X∗ is lower than the QE of X. From the mean value of the two Poissonian
distributions, QEX∗ = 0.76 × QEX is deduced.
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Figure 4. Coincidence counts for a NC deposited on the continuous (a) and semi-
continuous (b) films.

3.4. Autocorrelation of the intensity

The suppression of blinking under low-power excitation comes from the enhancement of
radiative processes. In the case of the semi-continuous film, the radiative recombination of X∗ is
so fast that Auger recombination can be completely neglected. The Auger processes also being
at the very origin of the single-photon emission in colloidal NCs, the consequences of increasing
the radiative decay rate are now studied from the point of view of the quantum properties of NC
emission. Figure 4(a) shows the histogram of delays between photons for a NC deposited on the
continuous gold film. The antibunching is still observed but the presence of a peak at zero delay
is evidence that radiative recombination of the neutral (XX) or charged (XX∗) biexcitonic states
occurs. The QE of the biexcitonic emission is now analyzed by using a method based on the
intensity autocorrelation measurement (it is presented in detail in [36]). The area of the peak at
zero delay is about 50% of the mean area of the lateral peaks. Under low excitation, this value
is the ratio between the mean radiative QE of the biexcitonic emission and the mean radiative
QE of the monoexcitonic one (X and X∗ present very close QEs and we assume that XX and
XX∗ QEs are also very close).

When a semi-continuous film is used as metallic structure (figure 4(b)), Auger
recombination of the XX and XX∗ states can be completely neglected. The peak at zero delay
has the same area as the other ones; the NC is no longer a single-photon emitter. This also
shows that the biexcitonic and monoexcitonic states are characterized by the same coupling to
the semi-continuous film. Due to the spectral width of its plasmon mode (>30 nm), the gold film
can be considered as a photonic system with a large bandwidth that includes all the radiative
processes involved in the NC de-excitation.

3.5. Postselection of the photons: measurement of the decay rate of the biexciton for a
nanocrystal deposited on the semi-continuous film

Under low-power excitation, the probability of generating two photons is much lower than the
probability of generating one (P(2)/P(1) ranges between 0.18 and 0.26). Moreover, in the case
of the semi-continuous film, XX and XX∗ states recombine on a very short time scale, like the
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Figure 5. (a) PL decay of X∗ states. The red line is a monoexponential decay
(with an offset, lifetime of 0.96 ns). (b) PL decay of XX∗ states. The blue line is
a monoexponential decay (with an offset, lifetime of 0.32 ns).

X∗ state. A precise determination of the decay rate of the biexcitonic states through the fit of
the PL decay with a multiexponential distribution is not possible. To circumvent this difficulty,
an original method based on the autocorrelation measurements is now presented. In the peak
at delays close to zero (figure 4(a)), coincidences correspond to the detection of a two-photon
cascade. The first photon is due to the radiative recombination of XX or XX∗, while the second
photon corresponds to X or X∗ de-excitation. Since the delay between the laser pulse and each
collected photon is recorded, we are able to identify unambiguously the photons stemming
from biexciton recombinations and those stemming from the monoexciton recombinations and
to plot the PL decay for each kind of state. Figure 5 presents the results obtained for a NC
whose PL decay has a short component of 0.48 ns and a long component of 2.6 ns. Since the
normalized amplitude of the short component is about 20 times higher than the amplitude of
the long one, the NC is mostly ionized. X and XX emission can be neglected with a very good
approximation in this case. In figure 5(a) (respectively figure 5(b)), the PL decay corresponding
to X∗ recombination is represented (respectively XX∗) after the postselection of the photons
corresponding to the peak at zero delay. As expected, biexcitonic recombinations occur very
fast (lifetime = 0.33 ns), on a time scale close to the resolution of the experiment. A decay of
0.96 ns is found for the monoexcitonic recombination, on the sub-ns time scale. From these data,
a lifetime of 0.96 ns can be assumed for X∗ (the long component of 2.6 ns present in the total
PL decay of figure 5(a) and corresponding to X recombination is too weak to be evidenced in
the filtered signal). For this NC that is mostly ionized, the postselection method thus provides
information on the emission at a very short time scale and the biexcitonic emission from the X∗

emission can be precisely discriminated. When the NC spends time in both states (neutral and
ionized), the method provides the order of magnitude of the XX and XX∗ decay rates.

From a general point of view, the absence of drift between the laser and the data acquisition
card enables us to know the absolute time of arrival for each photon and to calculate the
autocorrelation function of the intensity, the PL decay or the variations of the intensity. Since
all functions of interest are extracted from the same set of data, postselection methods can be
applied very efficiently. This is very general and could be applied to other fluorophores.
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3.6. Collection efficiency

In this section, the collection efficiency is properly estimated. The intensity histogram is now
used to make a precise assessment of the radiative and non-radiative processes leading to the
de-excitation of the X state. In contrast with dielectric structures, the coupling between an
emitter and a metallic structure may result in the opening of a large number of non-radiative
channels and in the suppression of the fluorescence. The acceleration of the decay is then
useless. The relative importance of the radiative and non-radiative channels depends crucially
on the distance between the fluorophore and the metal. The distance between the metal and the
emitter can be controlled through various approaches such as the use of a silica spacer [33] or
biomolecules [34]. Through a detailed analysis of the collection efficiency of the photons, the
crucial role of the thick shell of the NC as a spacer can be proved. From histograms such as
those of figure 3, the intensities of the X state emission can be deduced for both the continuous
film and the semi-continuous film. The results obtained for all the NCs considered in figure 2
are presented in table 3. For a NC on a glass coverslip (the ‘Reference’ line), the intensity is
2 kHz (laser repetition rate = 5 MHz) and corresponds to a collection efficiency of the objective
χGlass

obj = 20% [35]. In order to calculate the collection for the gold structures, the intensity has
to be corrected by taking into account the modification of the NC excitation for each structure
and the QE of biexcitonic emission. For a low excitation, the collected intensity can be written
as follows (see the appendices for the detailed demonstration):

• Glass coverslip: Itot = [P(1) + P(2)] × QX × (T × χGlass
obj ) × N

• Continuous gold film: Itot =
[
P(1) + 3

2 × P(2)
]
× QX × (T × χCF

obj) × N

• Semi-continuous gold film: Itot = [P(1) + 2 × P(2)] × QX × (T × χSCF
obj ) × N

where

• χCF
obj (respectively χSCF

obj ) is the percentage of photons collected by the objective for the
continuous (respectively semi-continuous) film,

• T is the transmission of the setup except the objective,

• N is the repetition rate of the laser diode,

• QX is the radiative QE of X.

QX × χobj represents the percentage Fcoll of pulses leading to a photon that is collected by the
objective. This value can be calculated by dividing the collected intensity by T × N and by

• P(1) + 3
2 P(2) = 0.41 for the continuous film,

• P(1) + 2 × P(2) = 0.38 for the semi-continuous film.

For the glass coverslip, QX = 100%, χGlass
obj = 20% and Fcoll = QX × χGlass

obj = 20%. For the
continuous and semi-continuous films, QX and χobj cannot be known independently; only Fcoll

can be evaluated. The radiative and non-radiative channels are characterized by krad,coll and kother.
krad,coll is the decay rate of processes leading to the photons emitted in the far field and collected
by the objective and kother is the decay rate corresponding to all the other processes: photons
not collected, non-radiative recombinations, plasmons which are not coupled to the far field.
Since ktot = krad,coll + kother and Fcoll = krad,coll/(krad,coll + kother), krad,coll and kother can be calculated.
If we consider the NC1, the intensity is equal to 28 × 103 counts s−1 and the total decay
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Table 3. X lifetime and decay rates of the nine NCs corresponding to figure 2.
The row ‘Glass coverslip’ corresponds to the mean results obtained for NCs
deposited on a glass coverslip.

I X lifetime Fcoll krad,coll kother

(kHz) (ns) (%) (MHz) (MHz)

Glass coverslip 6 65 20 3.1 12.3
Continuous film NCa 7 11 4.3 3.9 87

NCb 6 10 3.7 3.7 96
NCc 8 10 4.9 4.9 95
NCd 7 9.3 4.3 4.6 103

Semi-continuous film NC1 28 2 19 93 410
NC2 23 1.1 15 140 770
NC3 9 1.3 6 46 720
NC4 22 2.1 15 69 410
NC5 20 4 13 33 220

rate ktot = 1/2 ns−1
= 500 MHz. Taking into account the pulse rate 20 MHz, the transmission

T = 2% and P(1) + 2 × P(2) = 0.38, a fraction of collected photons krad,coll/(krad,coll + kother)

equal to 28 × 103/(20 × 106
× 0.02 × 0.38) = 0.19 is calculated. From this fraction and the total

decay rate, the values krad,coll = 93 MHz and kother = 410 MHz are deduced.
In the case of continuous films, the fraction of radiative processes is relatively low. Indeed,

the surface plasmon excited by the NC cannot be coupled to the far field. Most of the exciton
recombinations are then non-radiative. In sharp contrast with this result, a NC coupled to the
semi-continuous gold film may present a collection efficiency of photons Fcoll equal to that of
a NC on a glass coverslip. The plasmons excited by the NC can be coupled to the far field
due to the random structure of the film. The percentage of collected photons then depends
strongly on the NC position. A crucial result is that whatever the gold structure or the position
of the NC, its fluorescence is never quenched. In contrast with the results reported in previous
works [9, 33], there is no need of a silica spacer between the NC and the gold structure to prevent
energy transfer. In [9], standard CdSe/ZnS NCs of shell thickness lower than 1 nm were used,
while in [33], CdSe/CdS with a shell of about 5 nm were used. In this work, even though most
decay rates are still non-radiative, the NCs (shell thickness = 7 nm) can be detected at the single
emitter level. All these results show that a size of the shell layer of about 10 nm provides an
intrinsic and very efficient spacer to this kind of semiconductor quantum dot.

4. Conclusion

In conclusion, the fluorescence of individual CdSe/CdS NCs with a very thick shell and directly
deposited on metallic structures has been studied in detail. A comparison of the results obtained
for a continuous film and for a semi-continuous film allowed us to illustrate the changes in
classical and quantum properties of the emission of the NCs. Strong Purcell effects are observed
that result in a dramatic reduction of the efficiency of Auger processes. As a consequence, the
blinking is suppressed and radiative recombinations of biexcitonic states occur. Through the
control of the excitation, we also show that a very large collection efficiency can be achieved. In
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the field of quantum plasmonics, this paper highlights the great interest of associating metallic
structures and NCs, with a thick shell playing the role of a spacer. It also presents several original
data analyses which could be used to study the emission of other fluorophores.
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Appendix

Here the formula of the emission intensity used in section 3.6 is demonstrated. Due to the low
excitation, only the generation of one e–h pair and two e–h pairs per single pulse has to be
considered. In what follows, note that:

• χobj is the fraction of photons collected by the objective. It depends on the configuration
(glass coverslip, continuous film (CF) or semi-continuous film (SCF)) through the radiative
pattern of the NC.

• T is the transmission of the setup except the objective.

• N is the repetition rate of the laser diode.

• QX is the radiative QE of X.

A.1. Monoexcitonic excitation

The probability that a pulse generates one e–h pair is denoted as P(1). The corresponding
intensity is

I1 = P(1) × QX × (T × χobj) × N . (A.1)

A.2. Biexcitonic excitation

When two e–h pairs are excited by a single pulse, several recombination processes have to be
considered:

• The two e–h pairs recombine radiatively. The probability of this event is QX × QXX.
The probability that the two photons are detected is (T × χobj)

2. So we can neglect
this correction. The probability that only one photon is detected is 2 × (T × χobj) ×[
1 − (T × χobj)

]
. The corresponding intensity is

I2a = P(2) × QX × QXX ×
[
2 × (T × χobj)

2 + 2 × (T × χobj)
[
1 − (T × χobj)

]]
× N . (A.2)

• Only the biexcitonic state recombines radiatively. The probability of detecting the photon
is

I2b = P(2) × QXX × (1 − Q X) × (T × χobj) × N . (A.3)

• The monoexcitonic state recombines radiatively. The probability of detecting the photon is

I2c = P(2) × QX × (1 − QXX) × (T × χobj) × N . (A.4)
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A.3. Total intensity

The total intensity is obtained by adding the contributions of the different decay processes. A
straightforward calculation gives

Itot = P(1) × QX × (T × χobj) × N + P(2) ×
[
QX × (1 − QXX) × (T × χobj)

+QXX × (1 − QX) × (T × χobj)QX × QXX

[
2 × (T × χobj)

2

+2 × (T × χobj)
[
1 − (T × χobj)

]]]
× N

= P(1) × QX × (T × χobj) × N + P(2) × [QX + QXX] × (T × χobj) × N

= [(P(1) + P(2)) × QX + P(2) × QXX] × (T × χobj) × N . (A.5)

The interpretation of this equation is straightforward: the contribution of the monoexcitonic X
and biexcitonic XX states to the total intensity is proportional to the probability of generating
the state by one laser pulse multiplied by its radiative QE.

This equation can be simplified by considering the value of QXX with respect to QX,
obtained through the area of the peak at zero delay of the autocorrelation function. One obtains

• Glass coverslip
In this case, QXX = 0, which leads to

Itot = [P(1) + P(2)] × QX × (T × χGlass
obj ) × N . (A.6)

• Continuous gold film
In this case, QXX =

1
2 QX, which leads to

Itot =
[
P(1) + 3

2 × P(2)
]
× QX × (T × χCF

obj) × N . (A.7)

• Semi-continuous gold film
In this case, QXX = QX, which leads to

Itot = [P(1) + 2 × P(2)] × QX × (T × χSCF
obj ) × N . (A.8)
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