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ABSTRACT: The interactions between surface plasmons
(SPs) in metal nanostructures and excitons in quantum
emitters (QEs) lead to many interesting phenomena and
potential applications that are strongly dependent on the
quantum yield of SPs. The difficulty in distinguishing all the
possible exciton recombination channels hinders the exper-
imental determination of SP quantum yield. Here, we
experimentally measured for the first time the quantum yield
of single SPs generated by the exciton−plasmon coupling in a
system composed of a single quantum dot and a silver
nanowire (NW). By utilizing the SP guiding property of the NW, the decay rates of all the exciton recombination channels, i.e.,
direct free space radiation channel, SP generation channel, and nonradiative damping channel, are quantitatively obtained. It is
determined that the optimum emitter-NW coupling distance for the largest SP quantum yield is about 10 nm, resulting from the
different distance-dependent decay rates of the three channels. These results are important for manipulating the coupling
between plasmonic nanostructures and QEs and developing on-chip quantum plasmonic devices for potential nanophotonic and
quantum information applications.
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The interactions between surface plasmons (SPs) and
excitons in the coupled systems composed of metal

nanostructures and quantum emitters (QEs) are of consid-
erable current interest.1−4 Mediated by SPs that are the
collective oscillations of free electrons on the metal surface
driven by electromagnetic waves,5,6 the coupled systems show
many interesting phenomena and enable many potential
applications, such as plasmon-enhanced fluorescence,7−10

plasmon-mediated energy transfer,11,12 plasmon-enhanced
light-emitting diodes,13 exciton−plasmon−photon conver-
sion,14,15 and plasmonic amplifier and nanolaser.16−18 All of
these phenomena and device applications are strongly depend-
ent on the efficiency of excitons converting to SPs, i.e., the
quantum yield of SPs. As is known, there are three channels for
the recombination of the excitons in coupled plasmonic
systems, which are the direct free space radiation channel, SP
generation channel, and nonradiative damping channel. To get
the SP quantum yield, the decay rates of all these three
channels need be determined. To separate the nonradiative
damping from the exciton recombination processes, there are
only two reported methods as far as we know. One is to utilize
the nearly uninfluenced excitation rate when the excitation
wavelength is far from the SP resonance.19 The other one is
based on the assumption that the enhancement factor of
excitation rate is the same as that of the radiative decay rate

when the excitation wavelength is close enough to the emission
wavelength of QEs.20 However, there is still no experimental
method that can separate the SP generation channel with the
direct free space radiation channel. The experimentally
measured emission intensity and radiative decay rates are
usually convoluted values of the direct radiation from the
emitters and the scattering of exciton-generated SPs,21−23

because the photons emitted through these two channels are
indistinguishable. This indistinguishability hinders the determi-
nation of SP quantum yield.
The propagating SPs supported by the metal nanowire

(NW) make it possible to separate the directly emitted photons
and the generated SPs in the QE-NW coupling structure, which
provides a suitable system to disentangle the exciton
recombination channels and obtain the SP quantum
yield.24,25 In recent years, the coupling between QEs and
metal NWs has received strong interest.1,14,15,24−35 The tight
confinement of the optical field associated with the guided SPs
along the NW enables the strong interaction with individual
QEs. In particular, the exciton−plasmon coupling has been
achieved with single quantum dot (QD)24,25,31 and NV-
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center,28,29,33 resulting in the Purcell enhancement of QE
spontaneous emission and the efficient generation of single SPs.
The generation of single plasmons bridges the fields of
nanoplasmonics and quantum optics and opens the prospects
of using quantum optical techniques to study single plasmons
and designing novel quantum plasmonic devices. Owing to the
nanometer size, QDs are ideal QEs for local probing and
excitation of plasmonic nanostructures with high spatial
accuracy.34,35 In the previous studies on the efficiency of QD
emission into SPs,24,25 the reported efficiency values are the
results neglecting the nonradiative damping channel, a
dominating decay channel for small QD-NW separation.36

Therefore, they cannot reflect the real SP quantum yield. The
experimental measurement of single SP quantum yield is thus
highly desired.
In this work, we carefully analyzed the exciton−plasmon

coupling process in a coupled system composed of a single QD
and a silver NW. The quantum yield of single SP generation is
determined for the first time by disentangling all the exciton
recombination channels. Moreover, we used Al2O3 thin film
with different thickness to control the QD-NW separation and
studied the distance dependent exciton recombination
dynamics. Our results show that the decay rates of exciton to
all the three decay channels increase by decreasing QD-NW
separation distance but with different increasing rates, which
results in an optimum QD-NW distance of about 10 nm,
corresponding to a maximum SP quantum yield of 21%.
In general, fluorescence from a QD under weak excitation

(not saturated) is a two-step process, involving the excitation
and subsequent fluorescent emission. The photoluminescence
(PL) emission intensity of a QD on substrate can be described
by I0 = C0γexc,0ηrad,0, where C0 is the overall collection efficiency

of the setup, γexc,0 is the excitation rate, ηrad,0 is the radiation
quantum yield given by ηrad,0 = krad,0/(krad,0 + knrad,0) = krad,0/
ktot,0, where krad,0 and knrad,0 are the radiative and nonradiative
decay rate, respectively. The excitation rate γexc,0 and radiative
decay rate krad,0 are both proportional to the local density of
optical states (LDOS),37,38 while the nonradiative recombina-
tion is an intrinsic process of QD under the weak excitation
condition.39 If the QD on substrate is present in the vicinity of
a silver NW, the exciton−plasmon coupling makes the QD
relaxation process more complex. As schematically shown in
Figure 1a, the excited QD nearby the NW can undergo energy
relaxation through three possible channels:24 radiative emission
into free space (channel I), excitation of propagating single SP
on the NW followed by scattering at two NW ends (channel
II), and nonradiative damping (channel III) including both the
intrinsic nonradiative decay of the QD and the metal-induced
nonradiative damping. The last channel is of particular
importance when the emitter is very close to the metal surface,
as the metal-induced nonradiative damping will be significantly
increased.7,36 In analogy to the definition of quantum yield of
radiation emission for emitters, we define the quantum yield of
generating single SP for the QD coupled to a silver NW as

η =
+ +

k
k k kSP

SP

rad,m SP nrad,m (1)

where krad,m is the radiative decay rate, kSP is the decay rate to
SP generation channel, knrad,m is the decay rate to nonradiative
damping channel, and subscript m refers to the emitter coupled
with metal nanostructure. The SP quantum yield ηSP indicates
the ability of the NW to capture the energy of an emitter into
the guided plasmon modes, which is important for character-
izing the QD-NW coupling strength.

Figure 1. Coupling of single QD to Ag NW. (a) The scheme for the exciton−plasmon coupling processes in the QD-NW system. The exciton in an
excited QD can recombine through three channels: directly emitting photon to free space (Ch I, red arrows from the QD to the glass substrate),
generating guided SP on the NW (Ch II, red wavy lines along the NW), and nonradiative damping (Ch III, white dotted arrows). The guided SP
propagates along the NW with an energy attenuation process caused by the metal absorption. The SP is not only converted into photons at the NW
ends but also reflected and then interferes with itself so that the NW acts as a Fabry−Per̀ot resonator (see Supporting Information Figure S1). (b)
Electric-field intensity |E|2 distribution at the cross section of a glass-supported NW of 80 nm diameter coated with 15 nm Al2O3 when illuminated by
a 532 nm wavelength Gaussian beam with polarization parallel to the NW axis. The intensity distribution is normalized by the intensity across the
section without NW. The red dotted lines show the outlines of the Ag NW and the Al2O3 film. (c) PL image of a single QD coupled with a Ag NW
coated with Al2O3 film of 15 nm thickness. The inset is the optical transmission image of the Ag NW. The scale bar is 2 μm. The red dots are the
accurate positions of QD A and the NW ends obtained using single molecule localization method. (d) Time traces of fluorescence counts of QD A
and scattered light at the NW ends B and C. The intensity unit kcts means 1000 counts. The light pink boxes in (c) show the regions where the
counts of each pixel are integrated to generate the emission counts. (e) PL decay curves of an uncoupled reference QD (black line) and the coupled
QD A (red line).
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For a QD in the vicinity of a Ag NW, both the excitation rate
γexc,m and total decay rate ktot,m(ktot,m = krad,m + kSP + knrad,m) can
be modified due to the changes of LDOS. The measured
emission intensity ratio of the NW-coupled QD to the
reference QD on substrate is written as

γ

γ
=

I
I

C
C

k

k

k

k
m

0

m

0

exc,m
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rad,m

rad,0
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The excitation rate is proportional to the local electric-field
intensity at the position of QD, and the excitation rate
enhancement factor can be expressed as the ratio of the local
electric-field intensity with and without the NW. The
simulation result in Figure 1b shows that the QD near the
NW feels almost no change of excitation rate when the focused
laser beam is polarized parallel to the NW (see Supporting
Information Figure S2 for other thicknesses of Al2O3 film).
Considering ktot = 1/τ (τ is the PL lifetime), eq 2 can be
rewritten as
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η≈k
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(3)

This expression shows that the radiative decay rate of the
coupled QD can be obtained by measuring its PL intensity Im
and lifetime τm, if the PL intensity I0 and radiation quantum
yield ηrad,0 of the reference QD and the collection efficiency
ratio C0/Cm can be determined.
In our experiments, Ag NWs (about 80 nm in diameter)

deposited on a glass substrate were coated with Al2O3 film of
different thickness. Then CdSe/ZnS QDs with emission
wavelength centered at about 650 nm were spin-coated onto
the sample surface. The QDs were illuminated by 532 nm laser
light polarized parallel to the NW axis through an oil immersion
objective with NA = 1.4. The emitted fluorescence can be
guided to an EMCCD for imaging or to single photon
avalanche diodes for analysis using a time-correlated single
photon counting module (see Section 3 of Supporting

Information). The excitation power is 1 μW, which ensures
that the excited QDs are well below the saturation condition
(see Supporting Information Figure S3). Figure 1c shows the
PL image of a single QD coupled with a Ag NW coated with 15
nm Al2O3 film. The bright spots A, B, and C correspond to the
QD fluorescence and scattering of SPs at the NW ends,
respectively. As shown in Figure 1d, the three time traces of PL
counts from A, B, and C show the same ON/OFF blinking
behavior, indicating that there is only one QD at spot A and the
QD is the source of the single plasmons propagating along the
NW (see Supporting Information Figure S4).
Figure 1e shows the fluorescence decay curves for QD A and

an uncoupled reference QD on Al2O3-coated glass substrate. A
single exponential decay fitting yields the PL lifetime of 11.6
and 28.6 ns for these two QDs, respectively. This reduction in
lifetime of the coupled QD is mainly due to the increased
LDOS near the NW, which is consistent with previous reports
about the QDs coupled to plasmonic NWs.24,25,30,33 We also
compared the PL emission intensity of the QD A to that of the
reference QDs on substrate (averaged intensity of 70 reference
QDs) under the same excitation conditions. The result shows
that the intensity ratio of the QD A to reference QDs is 0.86 ±
0.06. It is worth mentioning that the PL intensities of reference
QDs are independent of the excitation polarization (see
Supporting Information Figure S5), which is due to the
spherically degenerated excitation transition dipole of single
CdSe/ZnS QDs.40

It is known that the metal nanostructures can alter the
angular distribution of emission from adjacent single QE.41

This effect is especially pronounced for elongated NWs that can
serve as optical antennas, which can drastically change the
angular emission pattern and hence the fraction of light
collected by the microscope objective.42,43 In order to
determine the collection efficiency of our setup, the angular
intensity distribution of the emission from the reference QD,
coupled QD, and wire end scattering was monitored on the

Figure 2. Angular distributions of emission from the QDs and the NW end scattering. (a) Fourier image of a single reference QD on glass substrate.
The outer yellow dashed circle and inner red circle outline the maximum collection angle of the objective with NA = 1.49 and 1.4, respectively. The
excitation polarization is in the direction of φ = 90°. (b) PL image showing the coupling of a single QD to a Ag NW coated with Al2O3 film of 10 nm
thickness. The larger emission spot is the result of direct far-field emission from the QD near the NW, while two smaller spots correspond to the
scattered SPs at the NW ends generated by the coupled QD. The inset is bright-field optical image of the NW. The scale bar is 2 μm. (c, d) Fourier
images obtained from the areas marked by the green and white dashed squares in (b), corresponding to the radiation from the coupled QD (c) and
the NW end scattering (d), respectively. The green dashed lines indicate the direction of the NW. (e, f) Emission intensity distribution versus θ
along the green dashed lines in (c) and (d). The vertical lines correspond to the maximum radial collection angle of the objective with NA = 1.4.
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Fourier plane of an oil immersion objective with NA = 1.49.
Here we moved a small aperture installed in the image plane of
the microscope to ensure that only the photons from the
interested area were detected. Figure 2a shows the obtained
Fourier image of the radiation from a reference QD. The radial
coordinate θ on the Fourier image scales as the numerical
aperture NA = n sin θ, where n = 1.5 is the refractive index of
the glass substrate. The outer yellow dashed circle and the inner
red circle outline the maximum collection angle of the
objectives with NA = 1.49 and 1.4, respectively. Because
individual QD can be considered as a complex emitter with
three orthogonal emission dipoles,44,45 the radiation pattern of
the reference QD is nearly isotropic in the azimuthal angle φ,
which means that the emission of single QD can be expressed
as a superposition of three orthogonal linear dipole emitters
with similar emission intensity (see Section 7 of Supporting
Information). Clearly, most of the emission light from reference
QD radiated into glass substrate has been collected by the
objective with NA = 1.4. The Fourier images of the radiation
from a coupled QD (green dashed square in Figure 2b) and of
the emitted light from the NW end (white dashed square in
Figure 2b) are shown in Figure 2c,d, respectively. The direct
far-field emission of the coupled QD shows a nearly symmetric
pattern with respect to the NW axis (indicated by the green
dashed line) with two bright lobes at the rims of the pattern
(Figure 2c), which can be understood in terms of the
interaction of the QD emission dipole with their induced
image dipole in the Ag NW.35 For the Fourier plane image of
the scattering at the NW end (Figure 2d), the intensity
distribution is in an arc shape with larger intensity along the
NW direction, which means that the NW end emission is
highly unidirectional.46 The high directionality of the emission
shown in Figure 2c,d indicates that the QD-NW coupled
system can serve as a directional single photon source with high
light extraction efficiency. The radial intensity distributions of
Figure 2c,d along the green dashed lines are shown in Figure
2e,f, respectively. The red vertical lines mark the maximum
radial collection angle of the objective with NA = 1.4, which
indicates that most of the emission into the glass substrate was
collected by the objective we used.
We also calculated the percentage of emission light going to

the glass side for the reference QD, coupled QD, and NW end
scattering. The result is 0.83 for the reference QD, 0.84 for the
coupled QD, and 0.85 for the NW end scattering (see Section 8
of Supporting Information). Based on the numerical simu-
lations and the measured angular emission distributions, we
determine that the collection efficiencies of our objective for
the reference QD emission, coupled QD emission, and NW
end scattering are C0 = 83%, Cm = 84% and Cend = 85%,
respectively. It is reasonable to use the same value for these
efficiencies as we do in this paper. Based on measured intensity
ratio Im/I0 = 0.86 ± 0.06, lifetime τm = 11.6 ns, and quantum
yield of reference QDs ηrad,0 = 25% (measured using a
calibrated integrating sphere method),47 the free space radiative
decay rate of the QD A can be obtained as 0.0186 ± 0.0013
ns−1 according to eq 3.
Based on the recorded PL time traces, we can also get the

ratio of exciton decay rate of channels II and I, i.e. kSP/krad,m.
25

This value can be expressed as follows:

δ
=

+β β− −k
k

I I e
I

e L L
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rad,m

B C
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A B A C

(4)

where IB(C) is the measured intensity of the scattered light at
the NW terminal B (C), IA is the measured PL intensity of QD
A, 1/β is the propagation length of SPs, LA−B(C) is the distance
between the emission spots A and B (C), δ is the transmittance
of the NW ends, which is experimentally obtained as 0.68.25

Given the probability of the energy from the QD going to the
two directions along the NW is equal, we can relate the
propagation length with the emission intensity of the NW ends
as follows:
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−− −
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The accurate positions of the QD A and the two NW ends
are obtained by using a maximum likelihood single molecule
localization method,48,49 and they are labeled with red dots in
Figure 1c. The position accuracy of this method is about 10 nm
for our experimental setup (see Supporting Information Figure
S8). The distances between the emission spots are as follows:
LA−B = 1899 nm, LA−C = 3270 nm.
From the time traces shown in Figure 1d, the value of IB/IC is

centered at about 1.32 within the measured time scale (see
Supporting Information Figure S9a). A propagation length of
about 4938 nm is obtained by solving eq 5. The relationship of
emission counts at B and A is as follows:

δ
= β −

I
I

k
k2e L

B

A

SP

rad,m
A B (6)

We use the time trace at A to fit that at B and obtain the
decay rate ratio of kSP/krad,m = 0.790 ± 0.003 (see Supporting
Information Figure S9b). With both kSP/krad,m and krad,m
obtained, we get the decay rate of the SP generation channel
kSP = 0.0147 ± 0.0010 ns−1.
By subtracting the radiative decay rate and the SP generation

rate from the total decay rate obtained through the lifetime
measurement (ktot,m = 1/τm), we extract that the exciton decay
rate to nonradiative damping channel is 0.0529 ± 0.0023 ns−1.
The quantum yield of single SP generation for this QD-NW
system is ηSP = 17.1 ± 1.2%, which means that about 17% of
the QD energy is transformed into single SP on the NW.
The distance between the QD and the NW is a critical

parameter influencing the decay of excitons. Here we control
the QD-NW separation by changing the thickness of the Al2O3
film. Figure 3a−c shows the measured PL lifetime, PL intensity
enhancement factor, and decay rate ratio kSP/krad,m for different
QD-NW separation distances, respectively. In order to
minimize the errors caused by the uncertainty of the QD-
NW separation and QD orientation, we measured 20 QD-NW
coupled systems for each Al2O3 thickness. As the separation
distances between the QDs and the NW ends in our
experiments are usually larger than half of the coherence
length of the SP generated by the excited QD, the SP-
interference-induced spatial variation of the PL intensity and
lifetime could be ignored (see Section 11 of Supporting
Information). The change of the lifetime indicates that the
excited QD decays faster with decreasing the QD-NW
separation. The PL intensity enhancement factor decreases
from around 1 at 35 nm to 0.38 at 3 nm. The ratio of exciton
decay rate of channel II to that of channel I shows an
exponential decrease as the Al2O3 film thickness increases from
3 to 35 nm, which means that the interaction between exciton
and plasmon is stronger for smaller separations.
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Based on the obtained parameters above, we extracted the
exciton decay rates of all the three recombination channels as
shown in Figure 3d. As the spacer thickness decreases from 35
to 3 nm, the decay rates of all the three channels increase, but
the increasing rates are obviously different. The radiative decay
rate shows the most moderate increase. When the Al2O3 film
thickness is 35 nm, the decay rate for SP generation is nearly
zero. However, the SP generation rate has a higher increasing
rate, and it exceeds the radiative decay rate for Al2O3 film
thickness smaller than 10 nm. The exciton decay rate of
nonradiative damping channel remains almost constant for
spacer thickness larger than 15 nm (mainly from the
contribution of intrinsic nonradiative decay of the QD).
When the thickness is <10 nm, the decay rate of nonradiative
damping channel increases quickly and dominates the exciton
recombination process.
From the decay rates shown in Figure 3d, we can get the SP

quantum yield for different Al2O3 thickness as shown in Figure
4a. As the spacer thickness decreases from 35 to 10 nm, the SP
quantum yield keeps increasing. Decreasing the spacer
thickness from 10 to 3 nm leads to the decrease of SP

quantum yield, which is caused by the dramatically increased
decay rate of the nonradiative damping channel. The optimum
QD-NW distance for efficient exciton−plasmon conversion is
about 10 nm, corresponding to a maximum SP quantum yield
of 21%. This trend is consistent with the theoretical predictions
(see Section 12 of Supporting Information).50

Figure 4b shows the radiation quantum yield (ηrad = krad,m/
ktot,m) and the total quantum yield (ηtot = (kSP + krad,m)/ktot,m)
for different Al2O3 thickness. As can be seen, for Al2O3
thickness larger than 15 nm, the radiation quantum yield is
little changed and is close to the quantum yield of the reference
QDs (25%). As the Al2O3 thickness decreases from 15 to 3 nm,
the radiation quantum yield decreases fast, which accounts for
the change of PL intensity in Figure 3b. For the NW-coupled
QD, besides the nonradiative damping, the exciton is
recombined by emitting photons and generating SPs on the
NW. Thus, the total quantum yield considering both of these
two decay channels is the real quantum yield reflecting the
energy release of the exciton in the QD.23,51 For all the Al2O3
thicknesses considered here, the total quantum yield is larger
than that of the reference QDs (25%). The maximum total
quantum yield of 41% is obtained for Al2O3 thickness of 10 nm.
These results can be generalized to the coupling systems

composed of QEs and other metal nanostructures, where the
directly emitted photons from the QEs and the emission of the
exciton-generated SPs are difficult to distinguish. For plasmon-
enhanced fluorescence in nanoparticle-emitter systems, both
the direct radiation and SP-mediated radiation contribute to the
intensity of the detected fluorescence. The intensity of the SP-
mediated emission is dependent on SP quantum yield and SP
scattering efficiency.23 With the decrease of their separation
distance, the direct radiation quantum yield is decreased, and
more energy is transferred to the SP-mediated radiation.
However, because of the quickly increased nonradiative
damping rate, there exists an optimum separation distance for
the most efficient generation of SPs.
As an efficient optical nanoantenna, the metal nanostructure

can be used to modify the angular emission direction of a single
QE, which is usually realized through efficient energy transfer
from the emitter to the resonant SP mode of the optical
antenna with specific emission angle distribution.23 The direct
far-field emission of the QEs usually does not have preferential
direction and thus decreases the directivity of the antenna.
Besides, for the nanoamplifiers and nanolasers/spasers based on
SPs, the amplification process requires the stimulated emission
of SPs generated from the exciton in the gain material.16 The
direct far-field emission does not contribute to the
amplification, but enlarges the losses and increases the
threshold for the nanodevices. Both of these two examples
reveal the different contributions of SP generation channel and
the free space radiation channel. Usually, it is necessary to
increase the decay rate ratio kSP/krad,m, corresponding to the
decrease of separation between the QEs and nanostructures.
However, the dramatically increased nonradiative damping rate
at smaller separation distances will decrease the SP quantum
yield and induce the excessive generation of heat, which needs
to be avoided in applications. Thus, we need to balance the
three decay channels to optimize the performance of plasmonic
devices.
In conclusion, we have experimentally studied the exciton−

plasmon coupling process in a system composed of a single QD
and a Ag NW. The quantum yield of single SP generation is
determined in experiment by quantitatively obtaining the decay

Figure 3. Distance-dependent optical properties of the QD-NW
coupling system. PL lifetime (a), PL intensity enhancement factor (b),
decay rate ratio kSP/krad,m (c), and exciton decay rates of the three
channels (d) as a function of Al2O3 film thickness. The legends “Rad”,
“SP”, and “Nrad” in (d) correspond to the free space radiation
channel, SP generation channel, and nonradiative damping channel,
respectively. The error bars represent the standard error of the
measured data.

Figure 4. Distance-dependent quantum yields. Experimentally
extracted SP quantum yield (a), and radiation and total quantum
yield (b) as a function of Al2O3 thickness.
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rates of all the exciton recombination channels. With the
decrease of QD-NW separation, the decay rates of all the three
channels increase but with different increasing rates, which
leads to an optimum emitter-NW coupling distance of about 10
nm for the highest SP quantum yield and total quantum yield.
This work reports the first experimental measurement of SP
quantum yield for single QE coupled with plasmonic
nanostructure. The results are crucial for optimizing
interactions between single emitters and SPs and are important
for the design and construction of plasmonic light emitting
devices and on-chip quantum plasmonic devices for potential
nanophotonic and quantum information applications.
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