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Owing to the size mismatch between light and nanoscale
objects such as single molecules, it is important to be able to
control light–molecule interactions1–4. Plasmonic nanoantennas
create highly enhanced local fields when pumped resonantly,
leading to increased Raman scattering5, but whether fluores-
cence enhancement occurs depends upon a variety of factors.
Although sharp metal tips6 and colloids7,8 can enhance fluores-
cence, the highly enhanced optical fields of lithographically
fabricated bowtie nanoantennas9 provide a structure that is
more controllable and amenable to integration. Using gold
bowties, we observe enhancements of a single molecule’s
fluorescence up to a factor of 1,340, ten times higher than
reported previously7,8,10–22. Electromagnetic simulations reveal
that this is a result of greatly enhanced absorption and an
increased radiative emission rate, leading to enhancement of
the intrinsic quantum efficiency by an estimated factor of
nine, despite additional non-radiative ohmic effects. Bowtie
nanoantennas thus show great potential for high-contrast
selection of single nanoemitters.

A single fluorescent molecule (SM) with transition dipole m acts
as a nanoscale optical sensor of the local field E near a bowtie
nanoantenna because its transition rate is proportional to jm � Ej2,
and its emission can either couple to the far field via the nano-
antenna or quench through ohmic losses23,24. Low-quantum-efficiency
emitters have been noted to have much higher potential fluores-
cence brightness enhancements ( fF) than high-quantum-efficiency
emitters, because their intrinsic quantum efficiency has a greater
potential to be improved by the presence of the antenna25,26.

Experimental measurements of fF for a SM were performed by
coating electron-beam-fabricated gold bowtie nanoantennas with
a relatively low fluorescence quantum efficiency of h0� 2.5% but
solubilized near-infrared (NIR) dye N,N 0-bis(2,6-diisopropyl-
phenyl)-1,6,11,16-tetra-[4-(1,1,3,3-tetramethylbutyl)phenoxy]quater-
rylene-3,4:13,14-bis(dicarboximide) (TPQDI) doped in a thin
poly(methyl methacrylate) (PMMA) layer (Fig. 1a). In addition to
its low quantum efficiency, TPQDI (Fig. 1b) was chosen for the
overlap of its absorption and emission spectra with the measured
bowtie plasmon resonance (Fig. 1e).

A 780-nm diode laser was used to excite fluorescence from the
TPQDI in a confocal microscope. Appropriate excitation and emis-
sion filters ensured that only TPQDI fluorescence reached the ava-
lanche photodiode (APD) photon-counting silicon detector.
Figure 2a shows a confocal fluorescence scan from a low TPQDI
concentration in PMMA without bowtie nanoantennas.
Essentially all fluorescent molecules irreversibly photobleach after
a certain number of excitation cycles due to photodegradation
(for example, photo-oxidation), so each spot in the image was
observed until single-step digital photobleaching occurred
(Fig. 2c) to ensure it corresponded to a single unenhanced
TPQDI molecule. Each molecule’s dipole moment is randomly

oriented with respect to the linear excitation field polarization, so
each spot has a different brightness, with the brightest spots
arising from molecules with dipole moments aligned along the exci-
tation polarization. To measure the brightness of an unenhanced
molecule for which the dipole moment is oriented along the exci-
tation field, Sun,max, 201 single molecules were measured and the
intensities of the brightest five averaged (Supplementary Fig. S1),
yielding 2.3 detected photons per 10 ms per mW excitation power.

Figure 2b shows a confocal scan from an array of 16 bowties
coated with a high concentration of TPQDI in PMMA (�1,000
molecules/diffraction-limited spot or �3 molecules/(10 nm)2). To
detect a SM among the many surrounding the bowtie, the fluo-
rescence as a function of time is shown in Fig. 2d. Discrete blinking
and eventual photobleaching of 50% of the total signal can be attrib-
uted to a single molecule’s dynamics, revealing that half of the fluo-
rescence from this particular bowtie is due to a single molecule! In
other words, the digital (step-like) sudden drop near 293 s is an
unambiguous signature that a single molecule photobleached, and
the step size shows its contribution to the total signal, Sbowtie.
Although the exact position and orientation of this molecule is
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Figure 1 | Experimental set-up. a, Schematic of bowtie nanoantenna (gold)

coated with TPQDI molecules (black arrows) in PMMA (light blue) on a

transparent substrate. b, Molecular structure of TPQDI. c, Scanning electron

microscopy (SEM) image of a gold bowtie nanoantenna. Scale bar, 100 nm.

d, Finite-difference time-domain calculation of local intensity enhancement.

Scale bar, 100 nm. e, Normalized absorption and emission spectra (red and

blue traces, respectively) of TPQDI in toluene and scattering spectrum from

the bowtie shown in c (green trace) measured as in ref. 30. The laser

excitation wavelength is indicated by the black line.
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not known, it is highly likely that the molecule is located near the
position of maximum field enhancement, that is, between the two
triangle tips, as discussed further below. The fluorescence
enhancement factor fF for this SM was determined with the
following formula:

fF ¼ ðSbowtiePunÞ=ðSun;maxPbowtieÞ

where Sbowtie and Pbowtie are the SM fluorescence signal and laser
excitation power used for Fig. 2b, and Sun,max and Pun apply to
Fig. 2a. At later times, a different single molecule could often be
observed to photobleach, enabling measurement of its fF factor,
and so on. In effect, the single molecules randomly sample the poss-
ible enhancements that can occur for various positions and orien-
tations near the bowtie.

As is well known, local field enhancement is highly dependent on
bowtie gap size. A variety of bowtie sizes were investigated in arrays
consisting of 49 bowties or single triangles with the same electron-
beam lithography pattern. Confocal scans were taken of each
antenna array and the five brightest spots in any array measured

as a function of time to look for highly enhanced molecules as
determined by significant single photobleaching steps. The gap
sizes were then measured by scanning electron microscopy (SEM).
Figure 2e is a plot of fF for 129 SMs measured as a function of
bowtie gap size. The bowties with smallest gaps yielded the
highest fF values, up to a factor of 1,340, consistent with bowties
with smaller gaps having higher local field strengths than larger-
gap bowties and single triangles. Of course, a broader distribution
of fF values occurs because not all molecules are optimally located.

We simulated the nanoantenna by solving Maxwell’s equations
using the three-dimensional finite-difference time-domain
(FDTD) method. The refractive indexes of gold and titanium were
modelled by a fit to tabulated experimental data27 using the
method of complex-conjugate pole–residue pairs28.

To simulate the excitation process, plane waves polarized in the
x-direction were incident from the SiO2 side. The optical intensity
enhancement factor driving the increased absorption rate fE was
then obtained by comparing the electric field intensities with and
without the metallic bowtie. Figure 3a shows the spectrum of fE at
the centre of the antenna gap region (10 nm above the indium tin
oxide (ITO) layer). At a wavelength of 780 nm, the enhancement
fE was 181 in the centre of the bowtie gap, and the maximum
field enhancement occurs at the two gold tips (Fig. 1d).

To simulate the emission process, we placed a point current
source in the gap region. In the presence of the bowtie antenna,
the radiated power Pr into the far field and the power dissipated
in the metal Pnr were calculated. The enhancement factors were
then obtained by normalization with respect to the radiated power
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Figure 2 | Measurement of fF for single fluorescent molecules (SMs) as a

function of bowtie gap size. a, Confocal fluorescence scan of a low

concentration (,1 molecule/diffraction-limited spot) sample of TPQDI in

PMMA without bowtie nanoantennas. Scale bar, 4 mm. Data collected at

79 kW cm22, then scaled for direct comparison with b. b, Confocal scan of

16 bowties coated with a high concentration (�1,000 molecules/diffraction-

limited spot) TPQDI in PMMA collected at 2.4 kW cm22. Scale bar, 4 mm.

c, Fluorescence time trace of a single unenhanced TPQDI molecule aligned

along the excitation polarization axis. d, Fluorescence time trace of the

TPQDI/PMMA-coated bowtie nanoantenna shown in Fig. 1c. Blinking

dynamics and eventual photobleaching are due to one molecule that has

been enhanced by a factor of 1,340. e, Scatter plot of 129 SM fluorescence

brightness enhancements, fF, as a function of bowtie gap size. See Methods

for an explanation of the error bars.
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Figure 3 | Electromagnetic simulations of single fluorescent molecule

fluorescence near a gold bowtie nanoantenna. a, Spectrum of calculated

electric field intensity enhancement versus wavelength in the centre of a

bowtie with a 14-nm gap. Inset: the simulated structure (side view) consists

of a SiO2 (refractive index n¼ 1.47) substrate, a 50-nm layer of indium tin

oxide (ITO) (n¼ 2), and a 30-nm layer of PMMA (n¼ 1.49). The gold

bowtie structure is 20 nm thick on a 4-nm layer of titanium. b, Radiative

(red) and non-radiative (green) enhancement factors along the centre of the

gap at a wavelength of 820 nm; z is a measure of the distance above the

ITO/PMMA interface. The black dashed line represents the local optical

intensity enhancement at 780 nm. The blue curve shows the fluorescence

enhancement factor for molecules with a quantum efficiency of 2.5% and

the grey dashed line that for molecules with a quantum efficiency of 100%.

c–e, Illustration of the simulated structure (side view, section through the

two triangle tips) showing regions of fluorescence (c, blue), radiative (d, red)

and non-radiative (e, green) enhancement factors for a molecule emitting at

a wavelength of 820 nm.
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P0 of the same point current source in the absence of the antenna.
As a result, for a point current source polarized in the x-direction
at the centre of the gap emitting at 820 nm, the radiative factor
was fr ; Pr/P0¼ 187 and the non-radiative factor fnr ; Pnr/P0¼
577 (Fig. 3d,e). In the vicinity of the antenna, the non-radiative
process due to metal loss thus dominates the radiative process,
resulting in a quantum efficiency Pr/(Prþ Pnr) of �25%.

Based on the simulations above it is possible to estimate the
fluorescence enhancement factor. The unenhanced molecule has a
low intrinsic fluorescence quantum efficiency of h0¼ [krad,0/(krad,0þ
knonrad,0)]¼ 2.5%, because its intrinsic non-radiative decay rate
knonrad,0 dominates over its intrinsic radiative decay rate krad,0. The
presence of the antenna should enhance the quantum efficiency
by a factor fh¼ fr/[(1 2 h0)þ h0( frþ fnr)]¼ 9.32, which, when
multiplied by the field enhancement factor to account for the
improved excitation ( fE¼ 181) as calculated above, yields a total
fluorescence enhancement ratio fF¼ fE fh¼ 1,690. This number is
in good agreement with the maximum experimentally measured
enhancement factor of 1,340, particularly if one takes into account
the experimental uncertainty in determining the exact location
and orientation of the molecule. Figure 3b–e shows the enhance-
ment factors at different positions. In the vertical direction (z-direc-
tion), the functions are relatively constant in the gap region and fall
off quickly above the metal surface (Fig. 3b). In the gap region, the
maximum fluorescence enhancement occurs at the centre (Fig. 3c),
and falls closer to the metal tip because of lower quantum efficien-
cies arising from increased ohmic losses (Fig. 3d, radiative; Fig. 3e,
non-radiative). The same analysis indicates that a molecule with a
high intrinsic quantum efficiency (for example, h . 25%) in fact
would not have any quantum efficiency enhancement by the same
antenna and thus would have a much lower fF (blue versus
grey dashed lines in Fig. 3b; for further discussion see the
Supplementary Information).

The discussions above suggest that the enhancement of quantum
efficiency should also produce a change in SM total decay lifetime,
tF. Lifetime changes for ensembles of molecules coupled to plasmo-
nic structures have been reported previously16. To investigate this
for our SMs, a mode-locked Ti:Sapphire laser tuned to 780 nm
was used in conjunction with a fast time resolution APD (Micro
Photon Devices (MPD) PDM series) and a time-correlated single-
photon counting analyser (Picoharp 300) to measure total decay
lifetime. The tF value for TPQDI in PMMA in the absence of the
antenna is 275 ps (Fig. 4a). To measure tF for a SM on a bowtie
despite the presence of background fluorescence from other mol-
ecules, all fluorescence photons from the molecule-coated bowtie

were time-tagged. Time delay histograms could then be formed
for the fluorescence photons before and after a SM photobleaching
step. The difference in shape of these two time delay histograms is
the SM’s time delay histogram. Deconvolution of the measured
instrument response function (IRF) allowed measurement of life-
times down to 10 ps. Figure 4a shows a time delay histogram
from many molecules away from the bowtie nanoantenna
(magenta) as well as from SMs on the bowtie nanoantenna (green
and red). SM TPQDI lifetimes shorter than 10 ps were measured
on enhanced bowties, a factor of .28 decrease in tF.

Compared to measurements of fF, changes in tF only monitor
changes in non-radiative and radiative processes and not changes
in absorption. Figure 4b presents a scatter plot of SM decay lifetime
versus fF for 73 molecules. At low fF, both slow and fast tF were
observed in the data. This result is expected because tF depends
only upon the radiative and non-radiative rates, but fF depends
also on local intensity, and many combinations are possible for
different molecule positions and orientations. To achieve high
values of fF, the molecule’s absorption and quantum efficiency
must be significantly improved, and this occurs only in the gap
where both the radiative and non-radiative rates are larger.
Therefore, only short lifetimes are to be expected for high-fF mol-
ecules, as is observed in Fig. 4b.

Because the absorption and emission enhancements are
decoupled, the polarization of the excitation light should affect
the brightness enhancement but not the SM decay lifetime. An
electro-optic polarization rotator was used to cycle the excitation
light’s linear polarization every 1.5 s, aligning it along either the
long or short axis of the bowtie. The fluorescence lifetime as well
as fF for these two polarizations can then be measured for one
SM. In Fig. 4a, the red and blue curves represent the SM time
delay histograms for long and short axis excitation polarization,
respectively, yielding fF values of 854 and 68, both curves fitting
to lifetimes shorter than the IRF. Figure 4c shows the same measure-
ment for 20 more single molecules. The red symbols represent long
axis excitation polarization, blue indicating short axis excitation
polarization. fF was measured to change by up to a factor of 16
with different excitation polarization directions, but the lifetime
did not change, verifying our general interpretation.

In this work, single molecules of TPQDI were used as probes of fF
near gold bowtie nanoantennas. Using the dominant emission that
arises from the most highly enhanced molecule, fluorescence bright-
ness enhancements of up to 1,340 were observed, in agreement with
electromagnetic calculations of radiative, non-radiative and electro-
magnetic intensity enhancements. SM lifetimes show additional
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Figure 4 | Fluorescence decay lifetime measurements of single fluorescent molecules (SMs) enhanced by bowtie nanoantennas. a, Time delay histograms.

Magenta, bulk TPQDI in PMMA without bowtie nanoantenna; green, SM on bowtie nanoantenna, fF¼ 271, lifetime 78 ps; red/blue, SM on bowtie

nanoantenna, excitation polarization parallel/perpendicular to the long axis; black, instrument response function. b, Scatter plot (black points) of decay

lifetime versus brightness enhancement for 73 SMs of TPQDI on bowtie nanoantennas. The magenta point indicates bulk TPQDI lifetime without bowtie

nanoantenna. c, SM TPQDI excited with light polarized parallel/perpendicular (red/blue) to the long axis of the bowtie. The black dashed lines connect

measurements from the same molecule. See Methods for an explanation of the error bars.
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information about the decay processes for each molecule, indepen-
dent of the local optical intensity enhancement. The bowtie nano-
antenna provides a useful balance between enhancement and
losses for SM emission applications. In particular, emission decay
times as short as 10 ps were observed, which means that a high-
emission-rate, room-temperature, single-photon source29 can be
fabricated using a SM in a bowtie gap.

Methods
Bowtie nanoantennas were fabricated using electron-beam lithography (Raith 150)
onto 50-nm-thick ITO-coated quartz coverslips. The NIR fluorescent dye TPQDI
(for synthesis date see the Supplementary Information) was doped into 1% wt/vol of
75,000 MW PMMA (Polysciences) in distilled toluene and spun onto the bowtie
sample at 2,500 rpm to achieve a final thickness of 30 nm. The sample was imaged
using an inverted confocal microscope9 and the signal collected using a silicon
photon-counting APD (Perkin Elmer and MPD). Continuous-wave measurements
of fluorescence brightness enhancement were performed with a 780-nm diode laser,
and pulsed measurements of fluorescence lifetime used a mode-locked
Ti:Sapphire laser (coherent).

Error bars on the bowtie gap size in Fig. 2e were taken to be 1 pixel in the SEM
image, where 1 pixel¼ 1.6 nm. Error bars on fF (1 s.d.) in Fig. 4b were dominated by
the error in determining the brightness of an unenhanced molecule. The standard
deviation of the brightness of five unenhanced molecules was found to be 5% and
this number was used for error bars in the figure. Finally, error bars (1 s.d.) for
the lifetime (Fig. 4c) were found by bootstrapping the fitting parameter.
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