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ABSTRACT: Surface plasmons, the collective oscillations of electrons
at metal surface, provide the ability to enhance the weak interaction
between individual quantum emitters and photons for quantum
information applications. The generation of single plasmons by coupling
silver nanowire with single quantum emitters opens the prospects of
using quantum optical techniques to control single surface plasmons and
designing novel quantum plasmonic devices. However, the real
applications will deal with multiple plasmons generated from multiple
quantum emitters. Here we report the ﬁrst experimental demonstration
of resolving single plasmons generated by a pair of quantum dots (QDs) on a silver nanowire waveguide. The accurate positions
of the two QDs with separation ranging from micrometers to 200 nm within the diﬀraction limit are determined by using superresolution imaging method. The eﬃciency of plasmon generation due to the exciton−plasmon coupling is obtained for each QD.
Our research takes a crucial step toward the experimental study of coupled systems of multiple quantum emitters and plasmonic
waveguides and would shed new light on the study of light-matter interactions for potential quantum optics and quantum
information applications.
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tionally, owing to their nanometer size, QDs can act as sensitive
probes for studying the interaction between individual quantum
emitters and plasmonic nanostructures with high spatial
accuracy. Inspired by the experimental demonstration of
generating single surface plasmons in metal NWs coupled to
QDs,27 a novel scheme that can generate quantum entangled
states in a system of two quantum emitters positioned near a
plasmonic waveguide is proposed and investigated theoretically.35−39 When the single optical plasmons pass through the
QD pair-NW system,38 the interference behaviors in transmission and reﬂection spectra are obtained and the degree of
two-qubit entanglement can vary from unity to zero when the
Fano-type transmission spectrum occurs.37 Considering the
potential application of the QD pair-NW structure in the ﬁeld
of quantum information, it is of great importance to study the
single surface plasmons generated by a pair of quantum
emitters coupled to a plasmonic nanowire. Here, we report the
ﬁrst experimental demonstration of a pair of QDs coupling with
a silver NW. The separation between the two QDs we studied
is ranging from micrometers to 200 nm within the diﬀraction
limit. The SP-generation eﬃciency of each QD is derived. Our
work demonstrates the realization of resolving single surface
plasmons generated by multiple quantum emitters and takes a

he coupling between individual quantum emitters and
photons is a crucial issue for realizing quantum
information processing tasks. The cavity quantum electrodynamics has been proposed to address this issue.1−4
Meanwhile, nanostructures supporting surface plasmons (SPs)
can be used to enhance the light-matter interactions.5−8 Surface
plasmon waveguiding devices have gained great interest in
recent years because of their ability to manipulate light at
nanoscale overcoming the diﬀraction limit of light.9−11 A
number of experiments have demonstrated relatively long
distance SP transmission in several kinds of proposed
waveguides, such as noble metal nanowires (NWs),12−16 Vgroove and Λ-wedge,17−20 hybrid plasmonic waveguide,21,22
and so on. In 2006, Chang et al. proposed a method that
enables strong, coherent coupling between individual optical
emitters and electromagnetic excitations in conducting metal
NW as well as nanotip.23 In such metal NW-emitter coupling
systems, studies about exciton−plasmon-photon conversion,24−26 single plasmon generation,27−30 and single photon
transistor31 have been reported. Realization of eﬃcient and
controllable coupling between quantum emitters and plasmonic
waveguides would open the door to many potential
applications in quantum information and communication
technologies.
Quantum dots (QDs) are bright room-temperature single
photon sources with tunable emission spectra, which make
them important candidates for quantum devices.32−34 Addi© 2014 American Chemical Society
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crucial step toward the experimental study of multiple quantum
bits in NW-emitters coupled systems.
The schematic illustration of the sample is shown in Figure
1a. Chemically synthesized Ag NWs of diameter about 80 nm

Figure 2. Ag NW coupling with simultaneously excited a pair of QDs.
(a) PL image shows the coupling of two QDs with the Ag NW. The
bright spots A and B correspond to the QD ﬂuorescence, while the
two smaller spots C and D correspond to scattering of SPs at the NW
ends. The measured positions of QDs A and B, NW terminals C and
D are labeled with red stars. The inset shows the enlarged view of the
measured positions of QD A. (b) SEM image of the NW. The
diameter of the NW is 113 nm (including the Al2O3 layer). The
measured positions of QDs and NW ends are overlaid. (c) Time traces
of ﬂuorescence counts of QDs A and B and scattered light at the NW
ends C and D. The pink area and the cyan area are used to separate
the two bright states. The intensity unit kcts means 1000 counts. The
light pink squares in (a) show the regions where the counts of each
pixel are integrated to generate the emission counts.

Figure 1. Sample and experimental setup. (a) Sketch of the Ag NWQD pair system formed by self-assembly. The QDs excited by green
laser light generate propagating SPs that couple out as photons at the
two ends of the NW. (b) Schematic illustration of the optical setup. BS
is a beam splitter. SPAD1 and SPAD2 are two single photon avalanche
diodes. TCSPC means a time-correlated single photon counting
module.

are deposited on clean cover glass. A spacer layer of 10 nm
thickness Al2O3 deposited by atomic layer deposition (ALD)
method is used to control the separation between the NW and
subsequently deposited CdSe/ZnS core/shell QDs. The two
QDs located nearby the NW are illuminated by laser light of
532 nm wavelength through an oil immersion objective. Figure
1b shows the sketch of the experimental setup to investigate the
QD pair-Ag NW coupling. The emitted ﬂuorescence can be
guided to an electron multiplying charge-coupled device
(EMCCD) for imaging or to single photon avalanche diodes
(SPAD) for measurements of lifetime and second-order
photon−photon correlation function (see Supporting Information for more details).
Figure 2 presents the experimental demonstration of a pair of
QDs coupling with a Ag NW, where the separation between the
two QDs is about 2 μm. Figure 2a shows the photoluminescence (PL) image of the QD pair-NW system taken
by EMCCD. When the two QDs A and B were excited
simultaneously by the expanded beam of a 532 nm continuous
wave (CW) laser, part of the QD energy radiates into free space
in the form of photons that are detected as the two large bright
spots marked as A and B. Energy from the QDs can also excite
the SPs on the NW. During the propagation along the smooth
NW, SPs do not couple to observable far ﬁeld radiations.
However, the plasmons on NW can ﬁnally scatter out as
photons at the ends of the wire as shown by the two smaller
bright spots marked as C and D (spectra shown in Supporting
Information Figure S3).26−29
The coupling of QDs with the NW is also corroborated by
the decreased excited state lifetime of these QDs. For an
uncoupled QD on substrate, we measured the decay time of its
excited state and a single exponential ﬁt yields an excited state
lifetime of about 24.2 ns. As a consequence of coupling with the

NW, the QD feels a changed environment and gets additional
recombination channels due to the presence of metal NW,23
resulting in a reduced excited state lifetime (see Supporting
Information Figure S5). For the QDs A and B in Figure 2, the
lifetime is 5.6 and 7.7 ns, respectively.
Time traces of ﬂuorescence counts (integrated over the
pixels in the light pink squares in Figure 2a) from the QDs A
and B are shown in Figure 2c. Clearly, the time trace curves of
both QD A and B show a binary blinking behavior, that is, this
emitter is randomly switched between ON (bright) and OFF
(dark) states under continuous excitation, which is a character
of single quantum dot.40−43 By using a maximum likelihood
single molecule localization method,44−47 the accurate positions
of the QDs and the NW terminals are obtained and they are
labeled with red stars in Figure 2a. The inset of Figure 2a is the
enlarged plot of the measured positions of QD A. The spread
range of the measured position is less than 20 nm, consistent
with the spatial accuracy of this method which is limited by
system noise, ﬂuorescence intensity, magniﬁcation, and so
on.45,46 Figure 2b shows the scanning electron microscopy
(SEM) image of the NW with the measured positions of QDs
and NW terminals labeled with red stars. The accurate
distances among the emission spots are as follows: LA−C =
2064 nm, LA−B = 2338 nm, LB−D = 2204 nm. The blinking
curves of the scattered photons at C and D show two-level
“ON” states, indicating that both QD A and B are eﬃciently
coupled with the NW and they both contribute to the
generation of propagating SPs (detailed analysis is given in a
later part of this paper).
By using focused laser beam, either of the QDs can be
selectively excited. Figure 3 shows the results for selectively
exciting each QD. When the QD A was excited by the focused
3359
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Figure 3. Ag NW coupling with single QD. (a,d) PL images showing the coupling of single QD with the Ag NW. The largest bright spot A (B)
corresponds to the QD ﬂuorescence, while the two smaller spots C and D correspond to SPs scattered at the NW ends. The accurate positions of
QD A (B), NW terminals C and D are labeled with red stars. (b,e) Time traces of ﬂuorescence counts of QD A (B) and scattered light at the NW
ends C and D. The light pink squares in (a,d) show the regions where the counts of each pixel are integrated to generate the emission counts. (c,f)
Second-order correlation function g(2)(t) of the QD-NW system. The dots in (c) correspond to the measurements with SPAD1 aligned to emission
spot A and SPAD2 to emission spot A (black) or spot C (red) in the PL image shown in (a). The dots in (f) correspond to the measurements with
SPAD1 aligned to emission spot B and SPAD2 to emission spot B (black) or spot D (red) in the PL image shown in (d). The cyan (blue) solid lines
are exponential ﬁtting of the black (red) dots. The dashed horizontal lines mark the position where g(2)(t) = 0.5.

to 1/e of the original intensity, and δ is the transmittance of the
NW ends. Here δ is 0.68, which is experimentally obtained (see
Section 4 of Supporting Information).12 On the basis of the
assumption that the probability of the energy from the QD
going to the two directions is equal, we can relate the
propagation length with the intensity of the two wire ends as
follows

laser, the NW ends lit up (Figure 3a). The large spot
corresponds to emission from the QD itself, whereas the two
other spots coincide with the wire ends. Signiﬁcantly, a high
degree of correlation was seen between the time traces of the
ﬂuorescence counts from the QD and from the ends of the NW
(Figure 3b). These observations indicate that the source of the
ﬂuorescence from the wire ends is the QD. The single photon
and single plasmon excitation are corroborated by measuring
the second-order correlation function (antibunching curve) of
the emitted light (Figure 3c). The black dots in Figure 3c are
for the ﬂuorescence at position A. The low value of g(2)(0) =
0.29 conﬁrms the single photon emission from the QD coupled
with the NW.48−50 We also measured the second-order
correlation function of the QD ﬂuorescence and NW end
emission for which SPAD1 was aligned to emission spot A and
SPAD2 to emission spot C (A and C, red dots in Figure 3c).
The value of g(2)(0) = 0.40 veriﬁes that the light emission at the
NW ends is a result of QD-generated single quantized
plasmons scattering oﬀ the end of the NW.27−29
To quantitatively characterize the coupling strength between
QD and Ag NW, we deﬁne the SP-generation eﬃciency as the
ratio of the QD energy converted to guided SPs and the total
energy including both the part converted to SPs and the part
radiated to free space (here we do not consider the QD energy
damped nonradiatively). This eﬃciency can be expressed as
follows (we assume that the collection eﬃciency of our
detection system for the wire end emission and QD emission is
the same)
η=

⎛I ⎞
1
1
ln⎜ C ⎟
=
(LA − D − LA − C) ⎝ ID ⎠
β

The ratio of the counts from both ends IC/ID is centered at
about 1.77 (see Supporting Information Figure S6). By using
the above equation, a propagation length of 4362 nm is
obtained. This value is quite close to the propagation length
obtained by the transmission spectra of NWs with diﬀerent
lengths (see Supporting Information Figure S4), which veriﬁes
that the assumption of equal probability for the QD energy
going to the two directions is reasonable. The relationship of
emission counts at C and A is as follows
IC =

η
1
IAδ exp( −βLA − C)
2
(1 − η)

(3)

We use the time trace at A to ﬁt that at C (see Supporting
Information Figure S6) and obtain the SP-generation eﬃciency
of QD A ηA = 0.40. Using the similar method, we demonstrated
the single photon emission of the QD B and the single surface
plasmon generation in the NW (Figure 3d−f). The SPgeneration eﬃciency of QD B is about ηB = 0.32 (see
Supporting Information Figure S7). The diﬀerence of SPgeneration eﬃciency between QD A and QD B might be from
the slight diﬀerence in the QD-NW separation or QD
orientation.
The SP-generation eﬃciency of these two QDs can also be
obtained when both of them are simultaneously excited as

ICe βLA−C + IDe βLA−D
IAδ + ICe βLA−C + IDe βLA−D

(2)

(1)

Here η is the SP-generation eﬃciency, IC(D) is the intensity of
the scattered light at the NW terminal C (D), IA is the
ﬂuorescence intensity of QD A, 1/β is the propagation length
of SPs deﬁned as the length for the plasmon intensity decreased
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light pink squares shown in Figure 4a) from the QD pair and
scattered photons at the ends of the NW are shown in Figure
4c. As can be seen, there are two ﬂuorescence “ON” levels,
corresponding to one QD (lower level) and both QDs (upper
level) being in the “ON” state, indicating two QDs with similar
emission intensity being present. This judgment is also
supported by our autocorrelation measurement of the
ﬂuorescence from the QD pair ((A and B) and (A and B),
black dots in Figure 4d). The number of QDs in the detection
area can be estimated by using the normalized correlation
function51,52

shown in Figure 2. The scattering counts at C and D can be
expressed as
ηA
1
1
IC = IAδ exp( −βLA − C)
+ IBδ
2
(1 − ηA )
2
ηB
exp( −βL B − C)
(1 − ηB)
ID =

ηA
1
1
IAδ exp( −βLA − D)
+ IBδ
2
(1 − ηA )
2
ηB
exp( −βL B − D)
(1 − ηB)

(4)

(2)
gnormal
(t ) = 1 −

The weights of contributions from the two QDs are dependent
on both the QD positions and their SP-generation eﬃciency.
On the basis of the time traces of ﬂuorescence counts at A and
B, we used three free parameters ηA, ηB, and β to ﬁt the time
trace recorded at terminal C. The ﬁtting result is ηA = 0.39, ηB =
0.31 and 1/β = 4634 nm (see Supporting Information Figure
S8). The values of SP-generation eﬃciency are nearly the same
as that ﬁtted from selectively excited QD, which indicates the
emission counts at the NW ends result from independent
contributions from QDs A and B.
Further, we studied two QDs with reduced separation
distance of about 200 nm. Figure 4a shows the PL image of a

1
1 + p(N − 1) + 2ρ +

1 2
ρ
Np

e−|t | / τ
(5)

where p is the probability to ﬁnd the QDs in the “ON” state, ρ
is the ratio of background intensity to signal intensity for a
single QD, N is the number of QDs, τ = kAkE/(kA + kE) (kA and
kE are the absorption and emission rates, respectively).
Estimating p = 0.8 from the measured time traces of single
QDs and the background to signal ratio ρ = 0.1 in our
experiments, we ﬁt the experimental correlation result by eq 5
with the ﬁtting result shown by the cyan curve in Figure 4d.
The ﬁtted number of QDs is 2.25, consistent with our
judgment of two QDs based on the time traces of ﬂuorescence
counts.
The time traces of counts at C and D are similar to that of
the QD pair (Figure 4c), which means that both of the two
QDs are coupled eﬃciently with the Ag NW. In order to obtain
the SP-generation eﬃciency of each QD, we selected the PL
images that clearly show only QD A or QD B (pink dots or
green dots in Figure 4c) is in the bright state. By using the
maximum likelihood single molecule localization method, the
accurate positions of the two QDs and the NW terminals are
obtained and they are labeled with red stars in Figure 4a,b. The
two spots of ﬁtted QD positions with narrow spread ranges also
conﬁrm that there are two QDs. The measured separation
distance between the two QDs is 217 nm (see Supporting
Information Figure S9). The distances among the emission
spots are as follows: LA−D = 5564 nm, LB−C = 2024 nm. Using
the same method as above, we obtain the propagation length of
about 4805 nm through the counts ratio between C and D (see
Supporting Information Figure S10). The SP-generation
eﬃciencies for the two QDs are deduced from the time traces
of emission counts with only QD A in the bright state or only
QD B in the bright state. The result is ηA = 0.33, ηB = 0.28.
The second-order correlation function between ﬂuorescence
of the QD pair and scattering from the NW end C is shown in
Figure 4d ((A and B) and C, red dots). Using eq 5, we obtained
a QD number of 2.39, (here we used an increased ratio of
background to signal of 0.2 that is mainly caused by the
increased ﬂuorescence counts from the Al2O3-coated NW and
substrate under higher excitation power used to compensate for
the low counts from the NW end). This result suggests that the
QD-NW coupling process of the two nearby QDs is standalone and this conclusion is also supported by the totally
unrelated blinking behavior of QD A and QD B.
In conclusion, we report the careful analysis of exciton−
plasmon coupling between a pair of semiconductor QDs and a
chemically grown silver NW. Parameters including the SP
propagation length and the wire terminal reﬂectivity are both
experimentally determined and taken into account. By using a
super-resolution imaging method, the precise positions of the

Figure 4. Ag NW coupling with two QDs located in diﬀraction-limited
area. (a) PL image showing the coupling of QDs with the Ag NW. The
largest bright spot corresponds to the ﬂuorescence from the two
nearby QDs, while the two smaller spots C and D correspond to SPs
scattered at the NW ends. (b) SEM image of the NW. The accurate
positions of QDs A and B, and NW terminals C and D are labeled with
red stars. (c) Time traces of ﬂuorescence counts of QD pair and
scattered light at the NW ends. The pink and green dots correspond to
the PL images with only QD A or QD B in the bright state. The pink,
gray, and cyan areas are used to separate the three bright states. The
light pink squares in (a) show the regions where the counts of each
pixel are integrated to generate the emission counts. (d) Second-order
correlation function g(2)(t) of ﬂuorescence signal for (A and B) and (A
and B) (black dots), and (A and B) and C (red dots). The cyan and
blue solid lines are ﬁtting results using eq 5 for the black and red dots,
respectively.

pair of QDs (separated within the diﬀraction limit) coupled
with a Ag NW when the QDs were excited by focused laser
beam. The large bright spot corresponds to the direct far ﬁeld
emission from the QD pair (A and B). The two small light
spots (C and D) result from scattered SPs at the ends of the
NW. Time traces of ﬂuorescence counts (integrated over the
3361
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QDs along the NW are obtained, and the separation between
two QDs in diﬀraction-limited area is determined. Our analysis
method provides an eﬃcient way to analyze and resolve the
coupling of multiple quantum emitters with plasmonic
waveguides. For the QD pair-NW system in our study, the
two QDs are found independently couple with the NW, and
the SP-generation eﬃciency of the exciton−plasmon coupling
is determined for each QD. In another example of a pair of
QDs distributed in diﬀraction-limited area in the proximity of a
Ag NW, we show that only one QD is coupled with the NW
and generates propagating surface plasmons (see Supporting
Information Figure S11), further demonstrating the eﬀectiveness of our analysis method combining super-resolution
imaging and time trace correlation. The coupled system of
multiquantum-emitters and plasmonic waveguide provides a
platform to study quantum optics phenomena and to construct
devices of diﬀerent functions. To explore the entanglement
states in this coupled system, the distance between quantum
emitters need be precisely controlled because the correlation
between two qubits coupled by plasmonic waveguide is
dependent on the qubit separation.35,36
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