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anti-bunching/bunching from single quantum
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Steven L. Suib, a,c Ou Chen, d Shengli Zou b and Jing Zhao *a,c

In this study, we aim to investigate the change in photon emission statistics of single CdSe/CdS core/shell

quantum dots (QDs) on dielectric modified gold nanoparticle (NP) substrates as a function of the exci-

tation wavelength. Photons emitted from single QDs are typically “anti-bunched” and are independent of

the excitation wavelength. However, when QDs are coupled to plasmonic substrates, even at the low

excitation power regime, we observed a significant change in photoluminescence emission behavior of

single QDs; i.e. the emission transformed from incomplete photon anti-bunched to bunched when the

excitation was changed from “off” to “on” plasmon resonance. Theoretical studies based on electro-

dynamics modeling suggested that for the QD–Au NP system, the quantum yield of single excitons

decreases while that of biexcitons increases. In addition, when excited at the “on” resonance condition,

the absorption is highly enhanced, resulting in an increased population of higher order excitons of the

QDs. The higher order exciton emission was directly observed as an additional peak appeared at the blue

side of the exciton peak of single QDs. The combined effect of the change in quantum yield and the

increase in the absorption cross-section switches the photons emitted by single QDs from anti-bunched

to bunched. These results provided direct evidence that not only the plasmonic nanostructures but also

the excitation wavelength can effectively control the photon emission statistics of single QDs in the

hybrid metal–semiconductor system. Manipulating the multiexciton–plasmon interaction in a hybrid

complex like this could possibly open up new doors for applications such as entangled photon pair gene-

ration and plasmon-enhanced optoelectronic devices.

Introduction

Colloidal quantum dots (QDs) have been under the spotlight
of various research fields over the past few decades because of
their unique light absorption and emission properties. In par-
ticular, the broad absorption and high photoluminescence
(PL) quantum yield (QY) offered by QDs make them promising
building blocks for light emitting devices,1–5 and desirable

fluorescent probes for biological imaging and tracking.6–8

Nowadays, QDs with near-unity single exciton PL QY have been
routinely synthesized owing to the advancement in the syn-
thetic approaches of QDs. However, the PL QY of multiexcitons
in typical QDs is often low due to the fast non-radiative Auger
recombination,9,10 limiting the applications of QDs in laser
and quantum communication. An effective method to increase
the multiexciton QY of QDs is to couple them to metal nano-
particles (MNPs).11–15 The multiexciton emission of QDs can
be enhanced when QDs are deposited on roughened gold and
silver thin films,11,13,16 as well as on silica-coated silver and
gold nanoparticles (NPs).12,17,18 This emission enhancement
originates from the interaction of multiexcitons in QDs with
the highly increased electric field around the MNPs, which is
due to the excitation of localized surface plasmon resonance
(LSPR) in the MNPs.19,20 The exciton–plasmon interaction can
even change the emitted photons of single QDs from anti-
bunched to bunched.13,21,22 Although a strong plasmonic
effect on the radiative and non-radiative recombination of
multiexcitons has been observed by several groups independently,
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inconsistency exists in the literature about the multiexciton–
plasmon interaction mechanism.11,13,14,18,23,24 Moreover, since
the electric field associated with a plasmon is highly depen-
dent on the excitation wavelength, we expect that the excitation
conditions will strongly impact the multiexciton–plasmon
interaction and therefore the photon statistics of single QDs
although for isolated QDs, their single or multi-exciton emis-
sion efficiency is nearly independent of the excitation wave-
length. However, there is currently a lack of such studies.

Usually, photons emitted by a single QD are anti-
bunched.25 The degree of photon anti-bunching can be evalu-
ated from the second-order photon intensity correlation histo-
gram, g(2)(τ). Under pulsed excitation, the relative area ratio of
center (τ = 0) to side (τ = time interval between pulses) peaks
of g(2)(τ), gð2Þ0 , is a signature of the bunching/anti-bunching be-
havior of the emitted photons.13,26–28 Moreover, when the exci-
tation is at low pump fluence, the average photon absorbed
per pulse 〈N〉 → 0, gð2Þ0 directly represents the ratio of biexciton
QY to exciton QY, as reported by Nair et al.26 This method has
been applied in the previous studies on the multiexciton emis-
sion of single QDs near metal films or NPs.11,13,29,30 However,
when QDs are located close to MNPs, the absorption cross-
section is greatly increased due to the enhanced electric field
from plasmons, thus resulting in increased 〈N〉. Even though
the pump power from the excitation source is maintained low,
the probability of forming multiexcitons in QDs near MNPs is
much higher than that of the isolated QDs. In this scenario, it
becomes difficult to determine the biexciton QY of single QDs

near MNPs without performing any population modeling.13,26

Thus, the previous model of using the g(2)(τ) function to calcu-
late the biexciton QY of single QDs needs to be revisited for
the QDs near MNPs.

In this work, we investigated how altering the excitation
wavelength could promote the multiexciton emission of single
QDs close to dielectric-modified Au NPs even under low exci-
tation fluence. Surprisingly, by simply varying the excitation
wavelength from “off” to “on” plasmon resonance, the
photons emitted by single QDs near Au NPs changed from
anti-bunched to bunched, which was not observed in QDs on
glass substrates. To understand this phenomenon, we re-evalu-
ated the relationship between the g(2)(τ) function and the multi-
exciton emission QY of QDs in the hybrid QD–MNP system.
Electrodynamics modeling was also applied to quantitatively
determine the absorption and emission rates of single and
biexcitons at “on” and “off” plasmon resonance conditions.

The system we studied is composed of individual CdSe/CdS
core/shell QDs dispersed on a substrate of Au NPs coated with
alumina. Fig. 1(A) shows the schematic representation of the
substrate preparation. The Au NP substrates were fabricated by
immobilizing 120 nm Au NPs on glass, following a previously
developed protocol.12,31–33 A 20 nm thick alumina layer was
then grown over the Au NPs using atomic layer deposition
(ALD) to prevent complete quenching of QD emission. CdSe/
CdS core/shell QDs were synthesized following a previously
reported method in the literature.34 The QDs with a quantum
yield of 95% in hexane were diluted and spun-cast onto the Au

Fig. 1 (A) Schematic representation of substrate preparation for single QD optical measurements. (B) Absorption and emission spectra of CdSe/CdS
QDs dispersed in hexane. (C) The extinction spectrum of 120 nm Au NPs with a 20 nm thick alumina spacer (dotted lines represent different exci-
tation wavelengths used for the single particle studies at 510 nm, 530 nm, 550 nm and 580 nm).
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NP–alumina substrate. The morphology of the QDs and
alumina-coated Au NPs on glass can be determined from the
transmission electron microscopy image and scanning elec-
tron microscopy image in Fig. S1 in the ESI.† Fig. 1(B) shows
the absorption and PL spectra of the CdSe/CdS QDs dispersed
in hexane. The absorption spectrum shows several distinct
excitonic features associated with discrete electronic tran-
sitions in the QDs. The emission spectrum shows a narrow
(FWHM ∼ 21 nm) band-edge emission peak at 638 nm. The
Au NP–alumina substrate has an LSPR peak at ∼590 nm as
shown in Fig. 1(C). The LSPR of the Au NPs has a substantial
overlap with the PL spectrum of the QDs, leading to a strong
exciton–plasmon interaction. The dotted lines on the extinc-
tion spectrum in Fig. 1(C) represent different laser excitation
wavelengths (510, 530, 550 and 580 nm) used in our study.

To obtain the g(2)(τ) function of the QDs as well as the PL
intensity time traces, single QDs on the Au NP/alumina sub-
strate were excited with a pump power of 50 nW at wavelengths
of 510, 530, 550 and 580 nm. The value of 〈N〉 was found to be
0.045 for 510 nm, 0.027 for 530 nm, 0.023 for 550 nm, and
0.021 for 580 nm excitation. The calculation of 〈N〉 is available
in the ESI.† To ensure that the QDs did not undergo photo-
degradation during the measurements, we varied the order of
the excitation wavelength to which the QDs were exposed and
no obvious difference in the PL intensity time trace was
observed. Fig. 2 shows the g(2)(τ) functions with the corres-
ponding PL time traces for a single QD on Au NP substrates
acquired at 510 nm, 530 nm, 550 nm and 580 nm excitation,
respectively (also see additional data in Fig. S3†). The PL time
traces show clearly binary-state (on and off ) blinking, confirm-
ing that the signal is from a single QD. The PL intensity of the
QD decreased on increasing the excitation wavelength in this
case, because the absorbance of the QD is lower at 580 nm
compared to 510 nm, and the exciton emission was quenched
due to the Au substrate. However, for the g(2)(τ) functions,
there is a drastic increase of the relative size of the center
peaks to the side peaks when the excitation wavelength was
increased from 510 nm (off-resonance) to 580 nm (on-reso-
nance). The high center peak of the g(2)(τ) function shows that
the multiexciton emission of QDs is highly enhanced when
they are close to MNPs, consistent with previous
reports.11–13,18,35 Moreover, the intensity of the center peak
became even higher than that of the side peak at 580 nm exci-
tation. In contrast, in the control experiments performed on
single QDs on glass (Fig. S2†), the g(2)(τ) functions show no
dependence on excitation wavelengths. In order to quantitat-
ively evaluate the degree of enhancement of biexciton to
exciton QY (ηBX/ηX) as a function of the excitation wavelength,
we calculated the values of gð2Þ0 for 45 individual QDs collected
on glass, and 38 QDs on Au NP substrates. Fig. 3 shows the
box and whisker plots of gð2Þ0 at different excitation wave-
lengths. For the QDs on glass, gð2Þ0 shows a small dot-to-dot
variation that is independent of the excitation wavelength. The
average value of gð2Þ0 is 0.2, giving ηBX ∼ 0.2 of single QDs on
glass, according to the previous literature,26,36 whereas for the
QDs on Au substrates, the average value of gð2Þ0 increases from

0.62 (at 510 nm excitation) to 1.33 (at 580 nm excitation). The
dot-to-dot variation in the values of gð2Þ0 is much larger in the
QDs on the Au substrate than that of the QDs on glass. This is
likely due to the variations in the positions of the QDs relative
to Au NPs. Since ηBX and ηX are dependent on the distance
between the QD and the Au NPs as reported in our previous
studies,12 the value of gð2Þ0 will depend on the location of the
QDs on the Au substrate. Nevertheless, the results show that
by varying the excitation wavelength from “off” to “on”
plasmon resonance, the photons emitted by a QD near Au NPs
change dramatically from anti-bunched to bunched. For the
same QD near an MNP, its multiexciton emission can be easily
controlled by changing the excitation wavelength.

The multiexciton emission intensity of QDs is dependent
on the excitation power.13,37,38 Thus, in order to further under-
stand the effect of plasmons on single and multiexciton emis-
sion, we measured the g(2)(τ) functions of QDs at varying pump
power at 580 nm excitation both on glass and on Au substrates
(Fig. S4†). We are particularly interested in this wavelength
because it is in resonance with LSPR and the effect on
enhancement in multiexciton emission is more pronounced.
The excitation powers used in our study were 50 nW, 250 nW,
500 nW, 1000 nW, and 2500 nW. The estimated values of 〈N〉
for these powers are 0.02, 0.10, 0.21, 0.43, and 1.07, respect-
ively (see the ESI† for the calculation of 〈N〉). The gð2Þ0 value as
a function of the excitation power is plotted in Fig. 4. The
average value of gð2Þ0 of the QDs on glass increases from 0.19 to
0.78 when the excitation power increases from 50 nW to 2500
nW, which is due to the excitation of more biexcitons at a
higher power, whereas for the QDs on the Au substrate, the
average value of gð2Þ0 is 1.16 at 50 nW excitation. The gð2Þ0 value
increases gradually and levels off to 1.5 at 2500 nW excitation.
This change in gð2Þ0 when increasing the pump power seems
different from the previous results reported in ref. 13. The
difference mainly lies in the different plasmonic structures
employed in our work (Au NPs) and their work (roughened Ag
films), where the enhancement in the electric field provided by
the Au NPs at resonance excitation is much higher. The differ-
ence also arises because the emission of higher order multiex-
citons (such as triexciton) is partly cut-off by the emission
filter which we used to block the excitation light. In addition
to g(2)(τ) measurements, pump-power dependent single QD PL
spectra were simultaneously recorded. Along with increased
biexciton emission when increasing the excitation power, there
is a red-shift in the peak position of the PL spectra for the QDs
on glass of ∼20 meV (Fig. 4B and S5-A†). The red-shift is due
to the biexciton binding energy, as previously reported.39–42

When the QDs were placed on Au substrates, an additional
peak appeared at the blue (higher energy) side of the PL
spectra along with the red shift of the band-edge emission
peak (see Fig. 4D and Fig. S5-B†). Moreover, the intensity of
the additional peak increases with increasing excitation power.
We were not able to measure the complete peak feature
because a 600 nm longpass emission filter was used to block
the excitation laser light at 580 nm. The additional peak
feature at ∼600 nm is ascribed to the emission from higher
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excitonic states, such as triexcitons of QDs. Triexciton emis-
sion was not observed in the QDs on glass because triexcitons
could not be populated at the excitation power used in the
experiment. Only at a very high excitation power, the
additional feature in the PL spectra of single QDs on glass was
observed at the blue side of the band-edge emission peak (see
Fig. S6†). But when QDs were close to Au NPs and excited at
LSPR, their absorption cross-section was highly increased due
to the plasmon resonance (see below for more discussion).

This highly enhanced absorption makes it much easier to
populate the higher order excitons in the QDs near Au NPs
compared to the isolated ones. Therefore, triexciton emission
was observed for the QDs on Au but not on glass at the same
laser power.

From the experiments, we found that the multiexciton
emission of QDs near Au NPs is highly dependent on the exci-
tation wavelength. One important factor accounting for this
excitation wavelength dependence is the difference in the QD

Fig. 2 Representative time-dependent second order photon intensity correlation functions (g(2)(τ) functions) and the corresponding intensity–time
traces of a single QD deposited on Au NPs with 20 nm alumina substrates at excitation wavelengths of (A) 510 nm, (B) 530 nm, (C) 550 nm and (D)
580 nm.
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absorption cross-section at different wavelengths. This hypoth-
esis is based on the well-established fact that the excitation of
LSPR results in a highly enhanced electric field around the
MNP, the magnitude of which is dependent on the excitation
wavelength.43–45 To test our hypothesis, an electrodynamics
simulation using the discrete dipole approximation method was
performed to determine the change in the absorption cross-
section of a single QD near Au NPs at different excitation wave-

lengths.46 In the simulations, an 8 nm QD was placed next to a
120 nm Au sphere, separated by a 20 nm layer of alumina (see
Fig. 6A for the scheme). The direction of the incident electric
field was varied to be perpendicular or parallel to the axis
defined by the center of the QD and the Au NP to account for the
uncertainty in the direction of the electric field. The table in
Fig. 6A shows the average electric field enhancement factor (EF).
The enhancement factor EF is calculated using EF = |E|2/|Einc|

2,

Fig. 3 Box and whisker plots representing the measured gð2Þ
0 values (the integrated area ratio of the center to side peaks obtained from g(2)(τ) func-

tions) of single QDs excited at 510 nm (black), 530 nm (red), 550 nm (blue) and 580 nm (green). The single QDs were deposited on (A) glass and on
(B) Au NP substrates. The lines inside the box indicate the median values, the box edges indicate the first and third quartiles, and the top and bottom
lines represent the maximum and minimum values.

Fig. 4 Box and whisker plots representing the pump power dependence of gð2Þ
0 values plotted as a function of the excitation power at 580 nm exci-

tation for single QDs deposited on (A) glass and (C) Au NP substrates. (B) and (D) The representative photoluminescence spectra of a single QD on
glass and on the Au NP substrate under 580 nm excitation at different excitation powers (50 nW, 250 nW, 500 nW, 1000 nW and 2500 nW). The
dotted line in figure (D) indicates the 600 longpass emission filter.
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where |E| is the magnitude of the electric field the QD
experiences, and |Einc| is the magnitude of the incident elec-
tric field. As a result of the electric field enhancement, the
absorption cross-section of the QD near the Au NP is enlarged
by EF times. The population of single and multiexcitons gener-
ated per pulse will change accordingly. Since the absorption of
QDs follows the Poisson distribution, the probability of gener-

ating the k-th exciton is Pk‐th exciton ¼ EF� Nh ið Þk � e�EF� Nh i

k!
,

where k = 1 for a single exciton, and k = 2 for a biexciton and
so on. Comparing the QDs on glass and on the Au substrate,
PTX is negligible for the QDs on glass at a low excitation power,
but PTX is much higher for the QDs on the Au substrate. That
is the reason why the triexciton emission was observed in the
QDs on the Au NP substrate but not in the QDs on glass at the
same laser power (Fig. 4B and D).

In addition to the absorption enhancement, the exciton/
multiexciton decay dynamics and QYs of QDs are also modi-
fied when they are situated close to an MNP. Fig. 5 compares
the PL decay of a single QD on glass (Fig. 5A) and close to Au
NPs (Fig. 5B) when the excitation wavelength was varied. It is
evident that the PL decay of the QD on glass is independent of
the excitation wavelength. Surprisingly, the PL decay of a
single QD close to Au NPs changes upon changing the exci-
tation wavelength. This phenomenon was observed in a few
previous studies on QDs near metal NPs, but the mechanism
is still unclear.47,48 One possible reason that could contribute
to the PL decay change is that new emitting species with faster
PL decay rates may form at the excitation wavelength close to
the plasmon resonance of the Au NPs. To examine this possi-
bility, the PL spectra of the hybrid system at different exci-
tation wavelengths were recorded, but no significant changes
were observed in the spectra. Therefore, we do not have any
evidence that any new emitting species with different PL life-
times were formed when varying the excitation wavelength.
The change in the PL decay is possibly due to the higher multi-
exciton emission at 580 nm excitation than at 510 nm. Since
the multiexciton lifetime is much shorter than the single
exciton lifetime, the PL decay of the hybrid system QD
becomes faster when there is a larger contribution from multi-
exciton emission in the PL. This is consistent with the “bunch-

ing” of photons we observed when the system was excited
close to the plasmon resonance. Now we discuss the change in
the QYs of the QDs when they are close to Au NPs. For an iso-

lated QD, its emission QY can be expressed as η ¼ kr
kr þ knr

,

where kr and knr are the intrinsic radiative and non-radiative
recombination rates of the QD. When the QD is placed near an
MNP, its QY is modified and the new QY can be calculated

with the following equation: η′ ¼ k′r
k′r þ knr þ kET

, where k′r is

the modified radiative rate and kET is the additional non-radia-
tive energy transfer rate from the QD to the MNP. Using these
equations, the exciton and biexciton QYs of a QD close to the
Au NP (as illustrated in the scheme in Fig. 6A) were calculated
for the scenario when the electric field was perpendicular or
parallel to the axis defined by the centers of the QD and the
Au NP. The averaged η′X for single exciton is calculated to be
0.54 and the averaged η′BX for biexciton is 0.36. The η′X (= 0.54)
value is lower than ηX (= 0.95), meaning that the PL of excitons
is partially quenched when the QD was close to the 120 nm Au
NP. In contrast, η′BX (= 0.36) is higher than ηBX (= 0.2), showing
that the PL of biexcitons is enhanced in this case. This
quenching/enhancing of exciton/biexciton emission in QDs
near Au NPs has also been observed in our previous work.12

Using the modified QY and 〈N〉eff where 〈N〉eff = 〈N〉 × EF,

the value of gð2Þ0 was calculated using gð2Þ0 ¼ 2P Nh ieff�2

P Nh ieff�1

� �2
η′BX
η′X

as a

function of 〈N〉eff and the results are shown in Fig. 6B (see the
detailed derivation in the ESI†). According to the calculation,

gð2Þ0 increases with increasing 〈N〉eff and levels off, consistent
with the experimental observations in Fig. 4. In particular,

when 〈N〉eff is greater than 1.6, the gð2Þ0 value increases to above
1, indicating that the bunching of the observed emitting
photons can be achieved under such conditions. To under-

stand the excitation wavelength dependence of gð2Þ0 , 〈N〉eff is
calculated for 510, 530, 550 and 580 nm excitation at 50 nW
power using the 〈N〉 of the QD at these wavelengths and the
average EF listed in Fig. 6A. The average EF is calculated by
averaging the electric field obtained when the incident polariz-
ation is perpendicular or parallel to the axis defined by the

Fig. 5 Excitation wavelength dependent PL decay for a single QD (A) on glass and (B) on the Au NP substrate.
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centers of the Au NP and the QD. In the inset of Fig. 6B, the

gð2Þ0 values of a QD near an Au NP for 510, 530, 550 and

580 nm excitation wavelengths are labeled. The gð2Þ0 values are

lower than the experimental data (shown in Fig. 3), and gð2Þ0 at

530 nm is lower than gð2Þ0 at 510 nm. This discrepancy is likely
because we underestimated the EF. Since the Au NPs are not
exactly spherical in shape but are rather ellipsoidal (see the
SEM image in Fig. S1-B†), the EF of an ellipsoidal particle is
expected to be higher than the EF of the spherical particle
with a similar diameter.45 This model does not include the
contribution of the emission from higher order excitons, i.e.,
triexciton and above. We cut off the terms of higher order
exciton emission because in the experiment, some of the
emitted photons from high order exciton recombination were
not collected (see detailed discussion in the ESI†). It is accep-
table to do so when the laser power is low and the EF is moder-
ate. But at a high laser power, there is substantial emission
from triexcitons or even higher order excitons (e.g. Fig. 4D).
The emission from higher order excitons should not be neg-
lected in that case. Photon-induced charging can modify the
photon statistics too.13 In the previous analysis, we assume
that all the single QDs are neutral. However, single QDs
exhibit different PL decay dynamics when they are near Au
NPs, which were not seen when on glass substrates (see Fig. 5).
This indicates that the photon-induced charging could occur
in the QDs near Au NPs.49 According to the previous study,13

we expect a slightly different degree of bunching in neutral
QDs than we observed in our experiment. Nevertheless, we

show both experimentally and theoretically that the gð2Þ0 of a
QD near Au NPs is dependent on the excitation wavelength
and also on the excitation power.

In conclusion, the photon emitting behavior of single QDs
can be manipulated by placing the QDs near plasmonic struc-
tures and varying the excitation wavelength. This effect of
exciton conditions was demonstrated in a simple hybrid
system consisting of single CdSe/CdS QDs near Au NPs.
Specifically, the photons emitted by a single QD switched from

incomplete “anti-bunched” to “bunched” when the hybrid
system was excited “on” plasmon resonance compared to “off”
resonance. In contrast, photons emitted by single QDs on
glass are usually anti-bunched and independent of the exci-
tation wavelength. The results suggest that excitation con-
ditions should be considered when designing strongly coupled
exciton–plasmon systems for optoelectronic devices or lasers.
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Fig. 6 (A) The table indicates the calculated enhancement factors obtained at different excitation wavelengths for a single QD positioned on an Au
NP substrate. The enhancement factor (EF = |E|2/|Einc|

2) is averaged considering the variation in the electric field direction. (B) A plot of the calculated
gð2Þ
0 values against 〈N〉eff.
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