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Cavity–emitter coupling can enable a host of potential appli-
cations in quantum optics, from low-threshold lasers to brighter
single-photon sources for quantum cryptography1. Although
some of the first demonstrations of spontaneous emission
modification occurred in metallic structures2,3, it was only
after the recent demonstration of cavity quantum electrody-
namics effects in dielectric optical cavities4 that metal-based
optical cavities were considered for quantum optics appli-
cations5–13. Advantages of metal–optical cavities include their
compatibility with a large variety of emitters and their broad-
band cavity spectra, which enable enhancement of spectrally
broad emitters. Here, we demonstrate radiative emission rate
enhancements approaching 1,000 for emitters coupled to the
nanoscale gap between a silver nanowire and a silver substrate.
A quantitative comparison of our results with analytical theory
shows that the enhanced emission rate of gap-mode plasmons
in our structures can yield high internal quantum efficiency
despite the close proximity of metal surfaces.

In dielectric optical cavities, the signature of emission enhance-
ment is unambiguous—changes in the radiative emission rate nR
are correlated with proportional changes in the emission intensity.
However, metal structures are inherently lossy and can suffer
from high rates of non-radiative recombination (nNR). In addition,
metallic structures can act as antennas to alter the efficiency of
excitation and collection14–16. An ambiguous situation can therefore
arise in which antenna effects increase the emission intensity while
loss increases the total decay rate nT¼ nRþ nNR.

The experiments described here are designed to demonstrate
unambiguously the large spontaneous emission enhancement capa-
bilities of gap-mode plasmonic nanostructures. The enhancement we
observe is significantly larger than that seen in dielectric cavities17,
but is comparable to the field enhancements in surface-enhanced
Raman scattering from structures similar to the one reported
here18. Our cavity design (Fig. 1) was based on surface plasmon
coupling between a silver substrate and a silver nanowire lying
parallel to the substrate19. This cavity geometry was chosen to
enable a high degree of control over the spacing dG between the
nanowire and substrate, which was established by coating the
substrate in thin uniform layers of Al2O3 and the fluorescent
organic dye tris-(8-hydroxyquinoline) aluminium (Alq3). This
design ensures that the dye will be located at the high-field regions
of the cavity modes (Fig. 1, inset). We fabricated six cavity structures
with different gap spacings dG ranging from �5 to �25 nm. These
samples contained identical layers of Alq3 (thickness, �2.5 nm)
but different thicknesses of Al2O3 spacer layer.

Fluorescence spectra from individual cavities show a strong
modification from the uncoupled Alq3 spectrum (Fig. 2a). The
wavelengths of the peaks in the cavity spectra have been shown to
correspond with the cavity resonances19, establishing that cavity–
emitter coupling can modify the spectral properties of the emission.

The dynamics of the fluorescence are also greatly modified by
coupling to a cavity, with an enhancement of both decay rate and
emission intensity (Fig. 2b). Fits indicate that the fluorescence
decay is governed by a distribution of decay rates, which we interpret
as different degrees of coupling to the cavity (Supplementary Fig. S1
and Section S1). Our analysis will focus on the fastest fitted decay
rate (termed the total decay rate, nT) and its dependence on the
thickness of the Al2O3 spacer layer. This ultimately yields a quanti-
tative characterization of the emission enhancement characteristics
of our structures.

Ideally, the incorporated dye absorbs energy from an incident
laser pulse and then relaxes back to its ground state by coupling
to the states of the cavity (referred to as ‘gap modes’), leading to
an enhanced radiative emission rate nR. However, there will also
be coupling to the metal layers, which provides a non-radiative
(lossy) pathway characterized by a non-radiative decay rate nNR1.
Finally, intrinsic defects in the Alq3 film itself lead to non-radiative
decay with a characteristic rate nNR2 (Supplementary Section S3).
Both nNR1 and nNR2 contribute to nNR¼ nNR1þ nNR2, but in
our case nNR1 ≫ nNR2 (Fig. 3), and we can therefore use the approxi-
mation nNR ≈ nNR1 in our analysis. The important outcome of our
experiment is that the relative influence of nR and nNR changes
substantially with gap thickness. Analytical calculations indicate
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Figure 1 | Gap plasmon nanocavity containing coupled emitters. The cavity

is composed of a silver nanowire and a silver substrate separated by a gap

of thickness dG set by a dielectric bilayer of Al2O3 and the fluorescent dye

Alq3. Inset: cross-section of a cavity showing strong confinement of the

electric field within the gap. Plotted to the left and bottom are line cuts

taken along the vertical and horizontal broken lines, respectively.
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that for an electric dipole kept 2 nm from the top silver layer, the
emission rate into the gap mode states nR is predicted to surpass
the non-radiative decay rate nNR at a gap spacing of �7 nm, result-
ing in an internal quantum efficiency greater than 0.5 (Fig. 3).

The calculations used to generate the results in Fig. 3 approximate
the nanowire as a planar silver film (Supplementary Section S2).
Owing to the close proximity of the nanowire to the Alq3 layer,
these calculations indicate that the non-radiative decay pathway
nNR is �250 times larger than the unperturbed spontaneous
emission rate nR

0 of Alq3 (that is, the radiative emission rate in a
bulk dielectric film in the absence of metallic structures; Fig. 3a).
Thus, at large spacer thicknesses where the gap plasmon emission
rate nR is comparatively low, non-radiative decay dominates for these
structures, resulting in quenching of the emission. As the spacer
thickness is reduced, the increased confinement and emitter–mode
overlap lead to enhanced emission into the gap-mode states. The

rate of non-radiative recombination resulting from metal losses is
not reduced (in fact, nNR increases as loss to the substrate becomes
significant), yet the efficiency of gap plasmon emission increases
dramatically as nR approaches and even exceeds nNR.

We can directly compare the results of the calculations for the
total decay rate nT with the experimental data (with no fitting
parameters) using only the experimentally determined radiative
rate of Alq3 in a bulk dielectric film, nR

0 ≈ 1/46 ns21 (Fig. 4a,
Supplementary Section S3). The planar model captures both the
absolute scale of nT and its dependence on spacer thickness.

We may also indirectly probe the emission rate into the
gap-mode states by correlating the peak intensity of the emission,
a0, with the total decay rate, nT. We note that for a decay f(t)¼ a0
exp(–tnT) characterized by the rate constant nT, the total number
of photons emitted N¼

�
0
1f(t)dt¼ a0/nT. N is also equal to the

number of excited Alq3 molecules N0 times the collection
efficiency h times the quantum efficiency q¼ nR/nT. We therefore
find N¼ qN0h¼N0hnR/nT¼ a0/nT, which simplifies to N0hnR¼ a0.
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Figure 2 | Spectral and temporal characteristics of cavity-coupled Alq3

fluorescence. a, Fluorescence spectra of Alq3 on Al2O3/Ag with (on cavity)

and without (off cavity) a silver nanowire. Wavelengths shorter than

�540 nm are blocked by a filter. Inset: SEM image of a cavity (scale bar,

500 nm) illustrating the location of the incident laser spot for on-cavity and

off-cavity measurements. b, Time-resolved fluorescence measurements from

the same samples as in a. Inset: detail of short time region on a linear

intensity scale.
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Figure 3 | Theoretical emission rate and efficiency versus spacer thickness

for a silver gap structure. a, Decay rate via different available pathways

versus Al2O3 spacer thickness for an electric dipole oscillating at 500 THz,

2 nm below the top metal layer, within a 2.6-nm-thick layer of Alq3. Rates

are normalized to the unperturbed decay rate of Alq3 (nR
0). An isotropic

distribution of dipole orientations is assumed, and the non-local dielectric

response of the metal is included (Supplementary Section S2). The shaded

band represents the 95% confidence interval of measured intrinsic non-

radiative decay rates (Supplementary Section S3). b, Probability of decay via

the different channels. Inset: schematic diagram of the planar structure used

in the calculations.
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For constant collection and excitation efficiency, changes in the peak
intensity a0 can therefore be directly attributed to changes in nR. In
fact, numerical simulations suggest that there are minor differences
in excitation efficiency between samples, but that they are largely
offset by changes in collection efficiency (Supplementary Section
S4). To verify that the observed changes in nT are due primarily
to changes in nR, we plot a0 versus nT (Fig. 4b). We find that the
peak intensity increases dramatically with total emission rate, con-
firming the presence of spontaneous emission enhancement into
the gap modes. This dependence is in good agreement with that pre-
dicted by the calculation from Fig. 3, enabling a quantitative

estimation of the magnitude of the emission enhancement (solid
black line in Fig. 4b). The analytical calculation determines nR,
which must be multiplied by a scaling factor (representing hN0)
for comparison with the peak intensity a0. The value used to give
the agreement shown in Fig. 4b is of the same order of magnitude
as that determined from analysis of off-cavity measurements, as pre-
dicted by simulations of the expected absorption (Supplementary
Sections S3, S4). These data indicate that the emission enhancements
achieved in our cavities approach 1,000 relative to the spontaneous
emission rate of Alq3 in a bulk dielectric film. As can be seen in
Fig. 4b, the total decay rate of the brightest, fastest-decaying cavities
is �2,000 times larger than nR

0 , but approximately half of that recom-
bination is due to metal losses.

It should be noted that the analysis presented in Fig. 3 is for a
planar metal–insulator–metal structure and therefore does not
include the lateral confinement resulting from the finite length
and width of the nanowire. Only recently have codes been developed
that can calculate the electromagnetic response of arbitrary metallic
shapes within a non-local treatment20, and an accurate three-
dimensional calculation is not currently possible. Nevertheless, we
expect our analysis to capture the overall behaviour of our cavities
because (i) the confinement in the direction perpendicular to the
substrate is 10–100 times larger than the confinement in the
lateral directions, and (ii) the spectral width of Alq3 is much
larger than the free spectral range of a cavity (Fig. 2a). The large
spectral width of Alq3 averages out the enhancement and suppres-
sion caused by the spectral confinement of the cavity, but it
allows each emitter to couple to a multitude of cavity modes, ensur-
ing spatial overlap with a subset of them. This interpretation is
supported by the observed lack of dependence on nanowire length
or diameter (Supplementary Fig. S4). These considerations suggest
that even larger spontaneous emission enhancements can be
achieved in the same structure for emitters that are spectrally and
spatially matched with only one cavity mode.

We have therefore provided clear evidence that metal–optical
nanocavities are capable of achieving a nearly 1,000-fold enhancement
of spontaneous emission relative to the same emitter in a bulk dielec-
tric film. The precise control afforded by our cavity design has enabled
us to quantitatively characterize both the total decay rate and the
emission intensity, ultimately yielding a detailed understanding of
the relative contributions of emission enhancement and loss within
our structure. Because gap structures such as the one described here
are applicable to a wide variety of emitters, our results not only demon-
strate large cavity quantum electrodynamics effects in a metal–optical
structure, but also suggest a route to extend such effects to emitters that
are incompatible either spectrally or structurally with conventional
dielectric microcavity designs, including diamond nanocrystals,
colloidal quantum dots and organic dyes.

Methods
Sample fabrication. Six samples were fabricated with different gap spacings dG
ranging from �5 to �25 nm. A silver substrate of subnanometre root-mean-square
(r.m.s.) roughness (typically 0.5–0.8 nm r.m.s. over a 2 × 2 mm2 area) was prepared
by template-stripping from an atomically flat silicon wafer21. The thickness of the
silver layer was �300 nm, and it was anchored to a silicon ‘handle’ using epoxy
(EPO-TEK 377, Epoxy Technologies), which was cured by baking the sample at
150 8C for �3 h. Removal from the template was accomplished by sliding the blade
of a razor under the corner of the silicon handle.

The freshly exposed, flat silver surface was immediately covered in Al2O3 using
atomic layer deposition from precursors of trimethylaluminium and deionized
water in a commercial reactor (Savannah, Cambridge Nanotech). The Al2O3
thickness was varied between samples to yield the desired dG with fixed
Alq3 thickness.

The film of Alq3 was thermally evaporated onto all samples simultaneously at a
pressure of �4 × 1027 torr and rate of �4.8 nm min21 to a total thickness of
�2.6 nm, as measured with an in situ quartz crystal microbalance. After evaporation
of Alq3, the samples were stored in the dark in a vacuum dessicator when not
being measured. Under these conditions, both the spectral and time-resolved
fluorescence were found to be stable for at least several days.
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Figure 4 | Cavity enhancement characteristics. a, Total decay rate versus

Al2O3 spacer thickness. Symbols and error bars represent means and

standard deviations of measurements from all cavities on the sample,

respectively. The solid line is predicted dependence (with no free

parameters) from the calculation in Fig. 3 using the measured value of the

bulk emission rate of Alq3 (nR
0 ≈ 1/46 ns21, Supplementary Sections S2 and

S3). The shaded band represents the 95% confidence interval of the

measurement of nR
0. The broken line includes a small change in emitter–

nanowire spacing, as suggested by numerical simulations (Supplementary

Sections S2, S4). b, Peak intensity (a0) versus total decay rate (nT) for all

measured cavities. Points are experimental data and lines represent the

same calculations as in a. Vertical scaling between lines and points is

done with one fitting parameter, a proportionality constant (aC ≈
2,500 counts/s/pulse) relating the two vertical axes. The shaded band

represents 95% confidence interval of the measurement of nR
0.
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Silver nanowires (Blue Nano) of diameter �100 nm and length �1–30 mm were
deposited onto a piece of silicon in a droplet of ethanol that was allowed to dry.
A piece of polydimethylsiloxane was pressed onto the surface of the silicon,
removing some of the nanowires, some of which were then transferred to the
Alq3/Al2O3/Ag structure via stamping.

Measurement procedure. Light from the pulsed, frequency-doubled beam
(l≈ 460 nm) of a Ti:sapphire laser was cleaned and approximately depolarized by
coupling through a single-mode optical fibre, and then directed through a ×100,
0.9 NA microscope objective onto the sample in the direction normal to the
substrate (along the z-axis). Fluorescence from the sample was collected through
the same microscope objective, spectrally filtered to remove the laser signal, and
spatially filtered to collect light only from the excitation region (that is, in a
confocal microscopy arrangement) by coupling into a 10-mm-core multimode
optical fibre. The signal was analysed using either a grating spectrometer with a
liquid-nitrogen-cooled charge-coupled device camera (Princeton Instruments)
or a fast avalanche photodiode with an impulse response with a full-width at
half-maximum of �50 ps (Micro Photon Devices). Spectra were typically
acquired by integrating for 30 s, whereas time-resolved measurements were
spectrally integrated and acquired for 2–5 min using time-correlated single
photon counting.

All measurements were performed in a sample chamber continuously purged
with nitrogen gas to reduce degradation of the Alq3

22. Measurements were
performed at a laser power of �40 nW, and multiple subsequent measurements of
fluorescence lifetime yielded the same results.
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