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Generation of single optical plasmons in metallic
nanowires coupled to quantum dots
A. V. Akimov1,4*, A. Mukherjee1*, C. L. Yu2*, D. E. Chang1, A. S. Zibrov1,4, P. R. Hemmer3, H. Park1,2 & M. D. Lukin1

Control over the interaction between single photons and individual
optical emitters is an outstanding problem in quantum science
and engineering. It is of interest for ultimate control over light
quanta1, as well as for potential applications such as efficient
photon collection2, single-photon switching3 and transistors4, and
long-range optical coupling of quantum bits5,6. Recently, substantial advances have been made towards these goals, based on
modifying photon fields around an emitter using high-finesse
optical cavities2,3,5–8. Here we demonstrate a cavity-free, broadband
approach for engineering photon–emitter interactions4,9 via subwavelength confinement of optical fields near metallic nanostructures10–13. When a single CdSe quantum dot is optically
excited in close proximity to a silver nanowire, emission from the
quantum dot couples directly to guided surface plasmons in the
a

nanowire, causing the wire’s ends to light up. Non-classical photon
correlations between the emission from the quantum dot and the
ends of the nanowire demonstrate that the latter stems from the
generation of single, quantized plasmons. Results from a large
number of devices show that efficient coupling is accompanied
by more than 2.5-fold enhancement of the quantum dot spontaneous emission, in good agreement with theoretical predictions.
Surface plasmons, or surface plasmon polaritons, are propagating
excitations of charge-density waves and their associated electromagnetic fields on the surface of a conductor10. Much like the optical
modes of a conventional dielectric fibre, a broad continuum of surface plasmon modes can be confined on a cylindrical metallic wire
and guided along the wire axis12,13 (Fig. 1a). However, as opposed to
dielectric waveguides14,31, the thin wires can maintain propagation of
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Figure 1 | Radiative coupling of quantum dots to conducting nanowires. a, A
coupled quantum dot can either spontaneously emit into free space or into the
guided surface plasmons of the nanowire with respective rates Crad, Cpl.
b, Theoretical dependence of the enhancement factor P (solid line) and
efficiency of emission into surface plasmons (dashed line) on distance of the
emitter from the nanowire edge. The red (blue) curve corresponds to a wire
diameter of 100 nm (50 nm). c, Simulations of the electric field amplitude
(arbitrary units) emitted by a dipole (blue filled circle) positioned 25 nm from
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one end of a conducting nanowire (whose surface is outlined) 3 mm in length
and 50 nm in diameter. The vertical scale (r) is enlarged compared to the
horizontal (z) to clearly show the near field of the surface plasmons. Upon
hitting the far end of the nanowire, some of the surface plasmon energy is clearly
scattered into the far-field, while the remaining is either lost to dissipation or to
back-reflection. h, Emission angle. d, Amplitude of the Poynting vector of the
light scattered from the far end of the nanowire, as a function of h (see c), for
wires of diameter 100 nm (red curve), 50 nm (blue) and 25 nm (green).
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surface plasmon modes localized transversely to dimensions comparable to the wire diameter d, even when it is much smaller than the
optical wavelength l. This subwavelength localization is accompanied by a dramatic concentration of optical fields10,11. In addition, the
surface plasmon modes propagate with greatly reduced velocities
because they involve the motion of charge-density waves9,15,16.
The emission properties of a nanoscale optical emitter can be
significantly modified by the proximity of a nanowire that supports
surface plasmons. In principle, three distinct decay channels exist.
First, direct optical emission into free-space modes is possible, with a
rate modified from that of an isolated quantum dot owing to the
proximity of the metallic surface17. Second, the optical emitter can be
damped non-radiatively owing to ohmic losses in the conductor17.
Last, and most importantly, the tight field confinement and reduced
velocity of surface plasmons can cause the nanowire to capture the
majority of spontaneous radiation into the guided surface plasmon
modes9, much like a lens with extraordinarily high numerical aperture. For an optical emitter placed within the evanescent surface
plasmon mode tail, the spontaneous emission rate into the surface
plasmons9 is proportional to (l/d)3. In contrast, the free-space
emission rate can be enhanced by at most a factor of four, whereas
non-radiative damping becomes significant only for very small wire–
emitter separation9. Thus, for an optimally placed emitter, the spontaneous emission rate Cpl into surface plasmons can far exceed the
radiative and non-radiative rates (Crad and Cnrd, respectively), which
results in highly efficient coupling to surface plasmons and enhancement of the total decay rate (Ctotal) compared to that of an uncoupled
emitter (C0). This enhancement can be characterized by a Purcell
factor, P 5 Ctotal/C0, which for thin wires is predicted to be large9.
We emphasize that this strong coupling is caused by the geometrical
effect of tight confinement of the surface plasmons, and occurs far
away from the plasmon resonance frequency of nanowires18. It does
not involve an optical cavity2,3,5–8, and can be achieved simultaneously over a broad continuum of optical frequencies.
Chemically synthesized CdSe quantum dots19 placed proximally to
silver nanowires comprise a simple experimental system to investigate the emitter–surface plasmon coupling. As illustrated in Fig. 1a,
the spontaneous emission of a quantum dot is split between photon

emission into free space, which can be detected by an optical microscope, and the excitation of surface plasmons (Cnrd is negligible for
our chosen parameters, as described below). During propagation
along the smooth nanowire, surface plasmons do not couple to the
observable far-field modes of the surrounding dielectric. However,
much like a conventional antenna, an abrupt end of the wire can
scatter surface plasmons radiatively into far-field modes, thus facilitating their detection using an optical microscope. A simulation of
this effect is shown in Fig. 1c, where a quantum dot is placed 25 nm
away from one wire end: whereas the surface plasmons decay evanescently away from the nanowire edge, substantial emission into free
space results from surface plasmon scattering at the far end of the
wire. Silver nanowires were prepared using a solution-phase polyol
method with modifications for surface passivation20 (Supplementary
Information). The samples were created by spinning quantum dots
onto a glass substrate, covering them with an ,30-nm layer of poly
(methylmethacrylate) (PMMA; see Supplementary Information for
detailed analysis of the PMMA layer), and then depositing dry wires
on top. Finally, the sample was overcoated with a thick layer of
PMMA. Scanning electron microscopy images revealed that the diameters of the silver nanowires were 102 6 24 nm (Supplementary
Information). The closest allowed distance between the quantum
dots and nanowires is determined by the thickness of the PMMA
layer and the quantum dot shell radius (,5 nm), and is ,35 nm
(Methods and Supplementary Information). The experimental setup for studying the quantum dot–nanowire system (Fig. 2a) is based
on a modified confocal microscope with three scanning channels.
One channel (I) was used for imaging nanowires, and the second
channel (II) was used for imaging quantum dots. The third channel
(III), which can independently image any diffraction-limited spot
within the field of view of the objective lens, was used to detect the
scattered surface plasmons from the nanowire ends.
In general, the coupling between an optical emitter and single
surface plasmons should be stronger for thinner wires9 (Fig. 1b).
However, for thinner wires, the out-coupling efficiency of surface
plasmons to the far-field at the wire end decreases owing to a large
wavevector mismatch. In this case, significant surface plasmon
reflection at the nanowire ends causes standing surface plasmon wave
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Figure 2 | Experimental set-up. a, Three-channel confocal microscope with
532 nm laser excitation source. b, Layout of sample containing quantum
dots and nanowires. c, Left, channel I: nanowire image. Middle, channel II:
image of quantum dots. The red circle denotes the position of the coupled
quantum dot, and the same point is also denoted in the leftmost image.

Right, channel III: the excitation laser was focused on the quantum dot (red
circle). The largest bright spot corresponds to the quantum dot fluorescence,
while two smaller spots correspond to surface plasmons scattered from the
nanowire ends. The blue circle indicates the farthest end of the nanowire,
used for photon cross-correlation measurements.
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formation within the nanowire12 (Fig. 1c) and eventual energy loss
due to heating (ohmic losses). The effect of nanowire diameter on
out-coupling efficiency is illustrated in Fig. 1d, where the intensity of
the scattered radiation from the wire end is plotted for different wire
diameters. For a 25-nm nanowire, hardly any scattering is seen from
the end despite the stronger coupling between the emitter and surface
plasmons, but the scattering is significant for a 100-nm wire (this
was verified experimentally by exciting surface plasmons directly
with a laser focused at one wire end; Supplementary Information).
Nanowires with d < 100 nm exhibit both reasonable emitter–surface
plasmon couplings and surface plasmon to far-field scattering, and
thus were chosen for the experiments. The large bandwidth of the
surface plasmon–emitter coupling enables us to perform the experiments at room temperature, where a single quantum dot spectral
width exceeds 15 nm (Supplementary Information).
Figure 2c presents an experimental demonstration of directed
emission of a quantum dot into surface plasmons. The leftmost
panel shows a confocal reflection image of a silver nanowire recorded
with channel I. The middle panel corresponds to a fluorescence image
of quantum dots detected at 655 nm with channel II. These two
images were used to determine the positions of the nanowire and
quantum dot relative to each other. Owing to the resolution limit of
our optical system, the actual distance between a quantum dot
and the nanowire could not be determined, and only quantum
dots that appear directly on top of a nanowire were chosen for
experiment. The rightmost panel shows a coupled wire–dot system
imaged with channel III. When the proximal quantum dot (circled
in red) was excited by the laser, the nanowire ends literally lit up.
The large spot around the red circle corresponds to emission from
the quantum dot itself, whereas the two other points coincide with
the wire ends. Significantly, a high degree of correlation was seen
between the time traces of the fluorescence counts from the quantum
dot and the end of the coupled wire (Fig. 3a). These observations
indicate that the source of the fluorescence from the wire end is the
quantum dot.
Photon coincidence measurements1 of the quantum dots (Fig. 3b)
demonstrate that these quantum dots can only emit a single photon
at a time. In these measurements, the free-space fluorescence from
the quantum dot was equally split into two channels using a beam
splitter and detected by avalanche photo-diodes. The coincidences
between two channels were recorded as a function of time delay t. If
the quantum dot emits only one photon at a time it can only be
recorded at one of the channels, and therefore zero coincidences
are expected between the two channels at t 5 0, as seen in Fig. 3b.
The slight offset from zero can be attributed to stray light, dark
a

counts of the detectors and the resolution limit of the electronics
(Supplementary Information).
The light emission at the nanowire end is a result of single, quantized surface plasmons scattering off the ends of the nanowire. This is
demonstrated in Fig. 3c by the dip at t 5 0 in the photon coincidence
measurements between the free-space fluorescence of the quantum
dot and emission from the wire end. This near-zero coincidence is a
consequence of the fact that the single photon emitted from a
quantum dot can either radiate into free space or the surface plasmon
modes, but never both simultaneously.
Data presented in Fig. 3, along with measured count rates, can be
used to quantify the coupling strength of the quantum dot to the
surface plasmons. As this coupling creates a new decay channel for
the quantum dot, its decay rate is expected to increase. To study
this enhancement, observed coincidence data were fitted to a simple
two-level model of quantum dot emission21 (Fig. 3b; see also
Supplementary Information). The model incorporates an incoherent
pumping rate R from the ground to an excited state of a quantum
dot and a decay rate Ctotal back to the ground state. In this model,
the temporal
pﬃﬃﬃ width of the anti-bunching dip is given by
Dt~ ln 2 ðRzC total Þ, where the excitation rate R is proportional
to the incident power. Therefore, by extracting Dt from coincidence
measurements as a function of incident laser power and extrapolating
to R 5 0, Ctotal can be obtained (Fig. 4a).
The natural lifetimes of individual dots (20–30 ns) vary owing to
the heterogeneity in their structures. However, a comparison of the
lifetime distributions of 30 coupled and 100 uncoupled quantum
dots (Fig. 4b) clearly demonstrates that statistically the lifetime
(decay rate) of the exciton in coupled quantum dots is shortened
(enhanced). The average lifetime of the coupled (uncoupled)
quantum dots was found to be 13 6 4 ns (22 6 5 ns). At the same
time, the distribution for coupled quantum dots has a larger
weight towards shorter lifetimes. Specifically, certain coupled and
uncoupled quantum dots exhibited lifetimes as short as 6 ns and
15 ns, respectively, indicating that P . 2.5 is achieved for some
coupled quantum dot–nanowire systems. The apparent efficiency
of emission into the surface plasmons can be estimated by comparing
the ratio of photon counts (n) obtained directly from the dot and
from the wire ends, gm < nends/(ndot 1 nends), and is found to be
,27% for the best coupled quantum dot–nanowire system (Fig. 4c
and Supplementary Information). This value does not account for
the surface plasmons that are dissipated before they reach the wire
ends. Correcting for the measured average absorption lengths in our
nanowires allows us to deduce that the actual efficiency approaches
g < 60 6 10% (Supplementary Information), directly demonstrating
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Figure 3 | Demonstration of single surface plasmon generation. a, Time
trace of fluorescence counts (red curve) from a coupled quantum dot and
scattered light (blue) from the end of the coupled nanowire. Fluctuations are
due to quantum dot blinking19. b, Second-order correlation function G(2)(t)
of quantum dot fluorescence. The number of coincidences at t 5 0 goes
almost to zero, confirming that the quantum dot is a single-photon source.
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The width of the dip depends on Ctotal and the pumping rate R as shown.
c, Second-order cross-correlation function between fluorescence of the
quantum dot and scattering from the nanowire end, obtained by
coincidences between channel II (quantum dot) and channel III (wire end).
The black and red traces in b, c indicate experimental data and best fits,
respectively.
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rate, a well-known phenomenon for dipoles oriented perpendicularly
to a metallic surface17. For 100 nm wires and 35 nm nanowire–
quantum dot distances, the surface plasmon generation efficiency g
is theoretically estimated to be ,50%, which is consistent with our
observations.
Further comparison with theoretical predictions is obtained by
repeating our observations with thicker PMMA layers (Fig. 4c, d).
These measurements demonstrate that both enhancement and
estimated coupling efficiency rapidly decrease as the minimum
quantum dot–nanowire spacing increases, and become very small
for PMMA thicknesses above 100 nm. These observations are also
in good agreement with the above theoretical predictions. The large
variances in the Purcell factors obtained for different devices are due
primarily to variations in the distance between quantum dots and
nanowires beyond the minimum allowed distance set by the PMMA
layer thickness.
The unique properties of nanoscale surface plasmons have recently
been explored in a variety of fascinating systems, from transmission
through subwavelength structures11 to biomedical devices10 and
proposals for realizing ‘perfect’ lenses and invisibility cloaks10.
Enhancement of fluorescence23,24, polarization-dependent coupling25,26 and normal mode splitting27,28 near subwavelength structures
have also recently been observed. The present work extends these
developments in two principal directions. First, we have shown
experimentally and theoretically that the present approach results
simultaneously in significant enhancement of surface plasmon emission and efficient collection into guided modes propagating along a
well-defined direction. Second, it establishes direct coupling between
individual emitters and individual, quantized surface plasmons. It
thus bridges the fields of nanoscale plasmonics and quantum optics,
and opens up the possibility of using quantum optical techniques to
achieve new levels of control over the interaction of single surface
plasmons and to realize novel quantum plasmonic devices.
In the current set-up, the benefits of using smaller wires must be
balanced against poor out-coupling to free-space modes. However,
this trade-off can be circumvented by using optimized geometries
and evanescent out-coupling to mode-matched optical fibres9,16,23.
The excellent coupling expected from these integrated systems can be
used, for example, for efficient single-photon sources, high resolution microscopy29,30 and sensing20, or long-range quantum bit coupling5. Furthermore, in such systems an individual emitter can be
made optically opaque to single incident surface plasmons, which
can be used to produce large optical nonlinearities for realization of
single-photon transistors4. Beyond these specific applications, the
ability to create and control individual quanta of current oscillating
at optical frequencies and accompanied by guided radiation with
subwavelength localization opens up intriguing new possibilities at
the interface of optics and electronics.
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very efficient coupling to surface plasmons. We note that this coupling efficiency significantly exceeds that recently observed between
atoms and dielectric nanofibres14,31.
The broadband nature of the strong coupling is demonstrated by
comparing the optical spectra associated with emission from the
quantum dot and from the wire end. For individual dots randomly
drawn from an inhomogeneous ensemble with l 5 655 6 15 nm, we
find that both the quantum dot and wire-end emission exhibit identical ,15-nm-wide spectra. This is consistent with the ability of
metallic wires to guide a broad range of optical frequencies22 and
with theoretical predictions (Supplementary Information) that
strong coupling can be obtained for a broad continuum of frequencies away from the peak of the observed plasmon resonances18.
Further insight into the quantum dot–surface plasmon coupling
can be obtained by comparing our experimental observations with
detailed electrodynamic calculations9. Our model of quantum dot
emission near a silver nanowire embedded in a dielectric medium
includes losses as well as multiple surface plasmon modes. Figure 1b
shows the total spontaneous emission rates and the efficiency
g 5 Cpl/Ctotal for single surface plasmon generation as a function of
quantum dot distance from the wire (d 5 50 and 100 nm). Here the
polarization of the quantum dot transition was selected to be radially
oriented, because this direction is expected to yield the dominant
contribution to enhancement. For quantum dots positioned 35 nm
from the wire and for a 100 nm wire, the calculation yields a Purcell
factor P < 3.7. The lower enhancement observed experimentally
can be attributed to the contributions from other polarizations and
the random positioning of the quantum dots away from the wire. For
this distance of separation, the non-radiative decay rate (Cnrd ,
0.05C0) is predicted to be negligible (Supplementary Fig. 10). In
addition to enhanced emission into surface plasmon modes, our
theory also predicts a moderate increase in the radiative emission
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Figure 4 | Characterization of quantum dot–nanowire coupling. a, The
linear dependence of G(2) width on laser power (black filled circles) is
extrapolated to zero power (red filled circle), yielding Ctotal of a quantum
dot. The laser power is proportional to the incoherent pumping rate R of the
dot. b, Normalized histograms of quantum dot lifetimes. The black (grey)
bars denote the distribution of uncoupled (coupled) quantum dots.
Overlapping parts of the histograms are indicated by outlined and vertically
stacked bars. c, Average Purcell enhancement, P, versus PMMA thickness.
Red line, average value of P. Height and width of grey bars indicate the
standard deviations of P and PMMA thickness, respectively. d, Measured
maximum and average efficiencies of emission into the surface plasmons
versus PMMA thickness. Black (red) filled triangles, average (maximum)
apparent coupling efficiencies gm, without compensating for surface
plasmon losses. Red filled diamonds, maximum actual efficiency g, after
compensating for dissipation. Error bars in a, c, d indicate 61 s.d.

Samples were prepared by spin-coating a solution of chemically synthesized
CdSe quantum dots (mixed with Na2B4O7 and cysteine) onto a plasma-cleaned
glass slide at 3,000 r.p.m. for 60 s under a nitrogen atmosphere. Three minutes
later, PMMA (1, 2 and 3 wt% in toluene for 30, 60 and 90 nm films) was spun on
top at 6,000 r.p.m. for 60 s. The quantum dots used do not dissolve in toluene
and are unperturbed during the spin-coating process (experimentally, we find
that the arrangement of quantum dots on the surface remains unchanged). A
stamp with the modified silver nanowires was placed on top of the slide and
pressed for a few seconds. The stamp was left there for 20 min and then gently
peeled off, leaving nanowires on the PMMA. Finally, PMMA (2.2 wt%) was spun
on top at 1,000 r.p.m. for 60 s (Fig. 2b).
Our confocal microscope uses a c.w. 532 nm laser as the excitation source. It is
focused onto the sample using a Nikon CFI Plan Fluor 1003 oil immersion
objective NA 1.3, while a mirror mounted on a galvanometer is used to scan the
incoming beam. Channel II acts as a confocal microscope and is used to image
single quantum dots, via fluorescence at 655 nm. Channel I is combined with
channel II using a 90:10 beam splitter that directs part of the reflected laser light
towards a detector and can be used to image the silver nanowires. Channel III is
combined with the main set-up using a 50:50 beam splitter and is an independent
405
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imaging system. It also includes a galvanometer which allows us to image any
diffraction limited spot within the field of view to detect fluorescence at 655 nm.
Additional details of our experimental set-up are provided in Supplementary
Information.
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