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We explore the spectral dependence of fluorescence enhancement and the associated lifetime
modification of fluorescent molecules coupled to single metal nanoparticles. Fluorescence lifetime
imaging microscopy and single-particle dark-field spectroscopy are combined to correlate the
dependence of fluorescence lifetime reduction on the spectral overlap between the fluorescence
emission and the localised surface plasmon (LSP) spectra of individual gold nanoparticles. A maximum
lifetime reduction is observed when the fluorescence and LSP resonances coincide, with good
agreement provided by numerical simulations. The explicit comparison between experiment and
simulation, that we obtain, offers an insight into the spectral engineering of LSP mediated fluorescence
and may lead to optimized application in sensing and biomedicine.

The pioneering work of Purcell! identified that the intensity and lifetime of spontaneous emission are determined
not only by the intrinsic characteristics of the emitter, but also by the material environment in which the emitter
is located, or in other words the local electromagnetic density of states. In particular, when emitters are placed
near a metallic nanostructure, the emission intensity can be drastically enhanced, accompanied by a reduction
of emission lifetime?°. This phenomenon, referred to as metal-enhanced fluorescence (MEF), is attributed to the
excitation of plasmonic modes within the nanostructure. This allows a metallic nanoparticle to act as a resonant
nano-antenna, modifying emission by enhancing light absorption by nearby emitters (excitation enhancement)
accompanied by a change in their effective quantum yield by altering their radiative and non-radiative decay rates
(emission enhancement and quenching).

There has been significant interest recently in improving the performance of existing fluorophores through
incorporation with metallic nanostructures, motivated by potential applications ranging from plasmon-enhanced
bioassays’~1° to novel optoelectronic devices!!*. To enable more efficient localized surface plasmon resonance
(LSPR) related application, a variety of nanostructures have been studied, such as nanorods'®, nanoshells®, silver
island films'” and silver nanoprisms'®'® to derive a more complete picture of the role of the relative spectral over-
lap of excitation, LSPR and emission wavelengths on fluorescence intensity enhancement and lifetime reduction,
as well as emitter non-radiative line broadening®.

The MEF process can be characterised both by the enhancement of fluorescence emission intensity, and by
the modification of the fluorescence lifetime. The measurement of lifetime, in particular, is usually insensitive to
variations in the number of fluorophores probed, excitation intensity, collection efficiency and photo-bleaching,
all of which can affect intensity-based measurements. However, measurement of fluorescence lifetime for large
ensembles of plasmonic nanoparticles results in inhomogeneous broadening of the LSPR. To derive a correlation
between the emission spectra of fluorophores and the LSPR spectrum requires, instead, the use of single-particle
spectroscopy applied to a population of plasmonic nanoparticles in the vicinity of fluorophores!®!*. Here we
demonstrate, at the single nanoparticle level, the dependence of MEF lifetime reduction on the spectral overlap
between dye molecule fluorescence emission and the LSPR of spherical single gold nanoparticles (GNPs), sur-
rounded by a large number of fluorescent molecules, averaging over all orientations and separations. The inherent
nanoparticle inhomogeneity provides access to a range of LSP wavelengths, allowing the detailed study of spectral
dependence of MEE In contrast to previous single-particle lifetime studies of silver nanoprisms', in which a wide
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Figure 1. Sample layout and experimentally measured dark-field and fluorescence maps. (a) Sketch of the
sample cross-section. (b) Dark-field light scattering image of GNPs embedded in a Nile Red-doped PMMA film
and (c) the respective fluorescence intensity distribution; scale bars are 2 pm. (d) Fluorescence intensity and

(e) LSPR modified lifetime of Nile Red in the vicinity of a single GNP; scale bars are 100 nm.

range of LSPR resonance was achieved through the variation of nanoparticle shape, the more controlled restric-
tion of nanoparticle geometry in the present work to spherical nanoparticles provides the opportunity to perform
a direct comparison between experimental measurements and numerical simulation, to provide an in-depth
understanding of the effect of spectral overlap on fluorescence modification.

Results and Discussion
We have used fluorescence lifetime imaging microscopy (FLIM) to provide high-resolution spatial and temporal
lifetime imaging of fluorescent molecules in the vicinity of GNPs, and correlated these measurements with the
LSPR of the GNPs characterized by dark field spectroscopy. Isolated single 100 nm diameter GNPs embedded in a
thin PMMA film doped with Nile Red molecules have been investigated (Fig. 1(a)). Wide-field dark field micros-
copy was used to identify the locations of single GNPs, while fluorescence microscopy identifies that Nile Red
emission is enhanced in the vicinity of each GNP, with a one-to-one correspondence (Fig. 1(b,c)). For each GNP
identified, dark field spectroscopy has been used to characterise the LSPR spectrum, while FLIM of 1 jum? areas
around each GNP was employed to determine the modification of the Nile Red fluorescence intensity and life-
time, averaged over the diffraction-limited spot of the measurement (Fig. 1(d,e)). It is immediately evident from
the correlation of the fluorescence intensity distribution and nanoparticle position that the presence of the GNPs
leads both to an enhancement in fluorescence emission from Nile Red molecules and a reduction in its lifetime.
Fluorescence intensity and lifetime is expected to display a strong dependence on both distance and orien-
tation for dye molecules within the order of 100 nm from a nanoparticle**, and so these images, which average
over a large number of dye molecules within the diffraction-limited spot of the measurement, provide a simple
signature of the MEF process. Theoretically, the fluorescence signal time-dependence at the location of the GNP
is given by

S(t) =>4, (x, Vs 2y L pumps d)eit/T"(x’y’Z’d), )
n

wheret is the time after the excitation?!. The summation is performed over all the molecules within the detection
region, with the coefficient A, characterising the contribution to the far-field radiation of each molecule, with the
time dependence given by its fluorescence lifetime 7,. Both A, and 7, depend on the molecule’s position and
dipole moment d, while additionally, A, depends on the local excitation intensity I ,,,,,,. Within the concept of the
average MEF lifetime, Eq. 1 can be represented as

S(t) = Age™ /"0 + A, et/ (2)

where 7, is the position- and orientation- averaged lifetime of fluorescence from molecules in close proximity to
the GNP, experiencing strong modified emission, while 7 is the Nile Red lifetime for molecules whose fluores-
cence decay is unmodified (far away from the nanoparticle). In this way 7, provides a simple parameterisation of
the modification induced by the GNP of fluorescence lifetime, enabling straightforward comparison between
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Figure 2. Experimental spectral and time dependencies. (a) Dark field scattering spectra from three

single GNPs (solid lines) and fluorescence spectrum of the Nile Red-doped PMMA film (dashed line).

(b) Fluorescence decays of Nile Red at the locations of the GNPs in (a); the decay for a reference sample is

also plotted for comparison (black line). The strong red-shift identified in LSPR spectrum 1, and its associated
longer fluorescence decay, represent a rare outlier measurement, which might result from a small nanoparticle
aggregate or a rare non-spherical nanoparticle.

different nanoparticles and with theory. 7 is determined to be 3.8 ns from single exponential lifetime fits from
nearby sample regions containing no GNPs. This expression was found to provide a good fit to the experimental
data (see Methods section for more details).

To explore the effect of spectral overlap on the fluorescence lifetime reduction, we have acquired lifetime
data and corresponding LSP spectra from 45 single GNPs with varying LSPR frequencies, measured from dif-
ferent regions across the dye-doped film. Figure 2 shows three representative LSPR dark-field scattering spectra
of single GNPs and the corresponding fluorescence decay curves determined at the respective GNP locations. A
variation of nanoparticle size from the nominal 100 nm diameter, possible asymmetry of the nominally spherical
nanoparticles, and also possible changes in the surrounding PMMA films, lead to variations in LSPR wavelength.
Fluorescence decays measured in the vicinity of GNPs all exhibit a shorter lifetime, in contrast to a reference
sample without GNPs. In particular, improved spectral overlap between the Nile Red emission and the LSPR
leads to a faster fluorescence decay; the greatest lifetime reduction is observed when the nanoparticle LSP and
fluorescence emission spectra coincide (Fig. 3(a)).

These observations can be explained by considering that the lifetime modification (the Purcell effect) is
defined by the change in the local electromagnetic density of states p (w, n;) available for spontaneous emission,
compared to that in free space, so that for inhomogeneously broadened fluorescence the emission enhancement
is determined by the spectral overlap between the emission spectral lineshape and the density of states*>?*:

/7 (w, d) ~ [d(w)fp(w, ny), 3)

where n is a unit vector defining the orientation of the dipole momentd.

This spectral dependence of the MEF lifetime modification was explored theoretically using finite element
numerical simulations employing a simple illustrative model, in which a core-shell (CS-GNP) structure is
adopted to mimic the experimental configuration, with the core diameter and the plasma frequency of gold varied
to provide the range of experimentally observed LSPR wavelengths (see Methods for more details). All the decay
channels were taken into account in the simulations: radiation into photons, coupling to LSPRs, non-radiative
quenching and internal non-radiative decays. Non-radiative quenching plays a dominant role for distances
between the emitter and the particle surface smaller than ~10 nm, while at larger distances the resonant coupling
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Figure 3. Lifetime modification in the presence of resonant GNPs. (a) The fluorescence lifetime reduction
Tl To as a function of LSPR peak position; the Nile Red fluorescence spectrum from a thin film is also shown
(red line). LSPR peak positions are binned together by 6 nm intervals, with the average value of the modified
lifetime plotted for each bin (error bars show the standard deviation for each bin). (b) The calculated modified
lifetime shows a strong dependence on the spectral overlap between LSPR and Nile Red emission (dashed line
denotes the emission wavelength of the radiating dipole used in the simulations).

of the fluorophore emission to the LSPRs is well pronounced. The ratio between the radiative and non-radiative
decay channels (both dependent on dipole position and orientation) also defines the local quantum efficiency of
the emitter, or in other words its relative contribution to the signal measured in the far field, which was taken into
account (see Methods for more details). Averaging the decay rates over all dipole positions and orientations in the
PMMA shell, we show in Fig. 3(b) the reduction in lifetime calculated for a radiating dipole with a frequency
corresponding to the peak of Nile Red fluorescence (A = 590 nm). It can be seen that when the LSPR and Nile
Red emission coincide, the lifetime shows the maximum reduction, providing good agreement with the experi-
ment. In addition to the limitation of our model through the treatment of the fluorescent molecules as simple
mono-energetic radiating dipoles, it is expected that a more accurate quantitative description of the observed
lifetime modification can be achieved by further reducing the discrepancies between the experiment and the
theoretical model, such as the role of the substrate as a reflective mirror, as well as the introduction of more com-
plex profile of the PMMA coating, which are believed to considerably affect the fluorescence lifetime.

Conclusion

Through a single nanoparticle investigation we have demonstrated that the reduction in fluorescence lifetime for
fluorophores in close proximity to metal nanoparticles is strongly dependent on the spectral overlap between the
fluorescence emission spectrum and the nanoparticle LSPR. A minimum fluorescence lifetime is observed when
the peak for the dark-field LSPR scattering spectrum matches the maximum fluorescence emission wavelength,
resulting from a significant modification of local photonic mode density and hence increase in the radiative decay
rate. We note that this is in agreement with the results of ref. 18 and generally confirms the theoretical predictions
of ref. 24. We find that tuning the LSPR to the emission maximises the coupling of the fluorophore excited state to
the LSPR and therefore minimises the decay lifetime, with a commensurate enhancement in fluorescence signal
also observed. In particular, our experimental observations have shown a good agreement with finite element
numerical simulations, enabled through the simple geometry of the system under investigation. The principle of
spectral-overlap dependent fluorescence modifications may allow control not only over the emission rates but
also relative enhancement of the emission at a pre-selected wavelength, within the emission profile, by tuning the
LSPRs, which maybe especially advantageous when the fluorescence linewidth is comparable or greater than the
LSPR spectral width. These results pave the way for the design and engineering of the metal enhanced fluores-
cence decay process, particularly for the development of novel nanoscale sensors and biomedical devices.
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Figure 4. Samples and the experimental setup. (a) SEM image of single GNP on a glass coverslip.
(b) Absorption and emission spectra of a Nile Red-doped PMMA film. (c) Schematic of FLIM and dark-field
experimental setup. (The schematic was drawn by J.L.).

Methods

Sample preparation. In order to immobilize single GNPs homogeneously on the substrate and to deposit
GNPs, 0.2 mm glass coverslips (Agar Scientific, Stansted, UK) were pre-treated with a standard hydrophilic pro-
cedure?®. The coverslips were sonicated in Decon 90 (Decon Laboratories, East Sussex, UK) for 3 hours, rinsed
thoroughly in deionized water, and then immersed in an acid piranha solution for an hour. Slides for GNPs were
also then immersed in base piranha solution for a further hour.

A distribution of single 100 nm diameter GNPs (BBI Gold Colloid, 8% maximum coefficient of variation
in nanoparticle size) was realised by spin-coating the aqueous GNP solution on the hydrophilic glass covers-
lip. Scanning electron microscopy (SEM) of samples, coated with an additional 5nm layer of gold by thermal
evaporation, confirmed the presence of isolated nanoparticles (rather than aggregates), as shown in Fig. 4(a).
Ten individual nanoparticles were imaged, all of which were identified by SEM as being single nanoparticles. A
fluorophore-doped polymer solution was prepared by mixing Nile Red (~20 uM) and PMMA chloroform solu-
tions together. A Nile Red-doped PMMA film was then spin-coated on the substrate with the single GNPs. The
thickness of the PMMA film was measured to be 30 nm by AFM of a scratch in the film. The absorption and
fluorescence emission spectra from the Nile Red-doped PMMA are shown in Fig. 4(b).

Fluorescence and dark-field imaging and spectroscopy. Measurements were performed with an
inverted microscope and 100 X air objective lens (0.9 NA) (Nikon Corporation, Japan) and sample scanning with
a piezo-flexure stage, shown in Fig. 4(c). A supercontinuum laser (SC-450-2; Fianium, UK) with a repetition rate
of 20 MHz and pulse duration of 400 fs was used as the light source, both for fluorescence excitation and dark field
light scattering microscopy and spectroscopy.

Dark field measurements were performed by obliquely illuminating the sample surface from above with a
very large incident angle. This allowed the collection of the scattered light from single GNPs while eliminating
the direct illumination light from the laser source. Wide-field imaging of the scattered light with a CCD camera
enabled the precise location of singe GNPs. For dark-field spectroscopy the scattered light was imaged onto the
core of a 365 pm optical fibre, corresponding to a detection area on the sample of approximately 3 pm diameter.
Light scattering spectra were then obtained using a fibre-coupled spectrometer (AvaSpec-2048, Avantes, The
Netherlands).

For FLIM the supercontinuum output was passed through a prism monochromator and 514 nm laser
line filter to determine the excitation wavelength. The full-width at half maximum of the diffraction limited
focussed spot on the sample was ~300 nm. Excitation and emission collection was with a dichroic mirror and
a long-pass 538 nm emission filter. Photon detection was with an avalanche photodiode (Id-100; Id Quantique,
Switzerland) and a synchronous time-correlated single photon counting (TCSPC) module (SPC-150; Becker &
Hickl, Germany). High resolution FLIM of 1 um? areas, each containing an individual GNP, were performed with
14 nm steps.

Fluorescence lifetime analysis. Decay transients were fitted using iterative reconvolution software
(TRI2)%, after correcting for background fluorescence and an instrument response time (between 120 and 180 ps).
A centroiding algorithm was applied to the high resolution images of enhanced fluorescence in the vicinity of
single GNPs, to determine the location of each GNP. A representative fluorescence decay was then determined
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Figure 5. Fluorescence lifetime analysis. Top: Typical fluorescence decay fitted with a bi-exponential curve
(A0=0916, 7y=3.8ns, A,,= 1186 and 7,, = 0.98 ns in the notations of Eq. 2). Bottom: residuals from the fitting.

for each GNP by binning a 7-pixel diameter circle (corresponding to a diameter of ~100 nm) centred on the GNP
location, ensuring that the diffraction-limited spot of the measurement encompassed the nanoparticle for all data
points. This was found to give consistent datasets of lifetime from different ensembles of nanoparticles. Decays
were fitted with a bi-exponential decay, Eq. 2 (Fig. 5).

Numerical simulations. Numerical studies were performed using COMSOL Multiphysics software. As a
first step, in order to identify the parameters of the core-shell nanoparticles (CS-GNPs) corresponding to the
observed LSPRs, spectral dependence of scattering of plane electromagnetic waves on the core-shell systems was
investigated. The range of LSPR wavelengths observed in experiment results from a number of factors including
both size and shape of the GNPs and small changes in their dielectric environment. Rather than attempting to
simulate these effects, account was made of the full range of LSPR wavelengths observed by simply varying the
radius of the metallic core of CS-GNP and the gold bulk plasma frequency. A Drude model with the addition of
two Lorenz contributions, fitting Johnson and Christy experimental data?”, was employed; the fitting coefficients
were taken from ref. 28. The PMMA layer thickness was taken to be 30 nm for all core-shell systems and its die-
lectric constant was set to be 2.25; for simplicity CS-GNPs was were considered to be in the air. The position of a
scattering cross-section peak, relevant to the dark-field spectroscopy measurements employed in the experiment,
was monitored. The core radius/plasma frequency combination of 40 nm/8.6 eV resulted in 571 nm resonance,
50nm/8.4eV in 591 nm and 60nm/8.2eV in 615nm resonances.

As the second step, the fluorescence signal from the above CS-GNP systems was determined by the integration
of the time decay inputs from all the Nile Red molecules in the shell, weighted by the impact they make in the
radiation into the far-field:

2T JR—
f f f a(r. P exp(—P(r)vamryat)r? sin 0dfdipdr, )

where r_ is the radius of the metal core, r is the outer radius of the shell and the averaging is performed over all
dipole moment orientations?!. The weighting coeflicients depend both on the pumping electric field at the mole-
cule’s position and the efficiency of molecule radiation into the far field, both locally modified by the presence of
the core-shell nanostructures:

alr, B — Q) 2AEL" ()Y + 4ES (0 + 4(EX0))

>

+Q(NBE™ @) + Ef" @) + (EL"w) .
where
,yphot y hot
QH,L(T) _ ”vttt I, L
Y ML+ Verima (6)
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are the quantum yields of a dipole moments oriented parallel (||) and perpendicular (L) to the surface of the metal-
lic core. 'yEM is the molecular decay rate into external electromagnetic modes which, in the core-shell case, includes
photonic states (described by v”) and all CS-GNP resonances (the dipole resonance being predominant due to
the spectral overlap with the emitter)*. 4,2, . is the decay rate via internal non-radiative channels for the mole-
cules in the PMMA environment. Using the expression for the quantum yield Qp, 5,4 of Nile Red in PMMA:

phot phot
_ JpmmA _ YpMma
PMMA = Tfot = " phot it
VeMma  Vhiba + Vehma 7)
the latter can be expressed as
it 1 — Qpyya phot _ 1 — Qpyiygaem
TPMMA = T~ PMMA T T IPMMA-

Qpamma Qpmma (8)

Here, it is assumed that relaxation into photons is the only external decay channel for Nile Red in bulk PMMA

A fhot — ~EM . Finally, Eq. 8 allows us to rewrite Eq. 6 and obtain the following expression for the quantum

yields in the CS-GNP system:

ot /. EM
Q. ()= e/
LA = :
’Y”ﬁat/ et + (1 = Qeasaaa) / Qeasna 9)

The decay times in these expressions are proportional to the powers W emitted by a classical radiating dipole
(with a given orientation (|| or L) placed at the given position ) into corresponding decay channels?>?*, which

leads to
phot EM
Q) = Wi /M .
Y Wﬁot/ WIIET + (1 — Qpanra) / Qeasaia (10)

The powers in this case were determined by numerical simulations of the CS-GNP-dipole system, with the
dipole oscillation frequency corresponding to the peak in Nile Red fluorescence (A = 590 nm), while the dipole
position r in the shell was varied. The power W{’ﬁ"t ultimately radiated to the far-field was determined via integra-
tion of the energy flow over the exterior boundary of the simulation domain. The power coupled to all electro-
magnetic modes of the system W”E"f, which also include the CS-GNP surface plasmon resonances, can be
calculated via integration over a small sphere encircling the dipole, but located fully inside the shell domain.
Alternatively, it can be found via the energy dissipation rate of the dipole?*-2*:

EM 1 "
ML= _ERe{E ) (11)
where E is the electric field produced by the dipole at the point of its location and J is the dipole current. Both
these methods were implemented, the results showing excellent agreement. The remaining parameter in Eq. 10,
Qppiaia Was taken to be 0.51 (Ref. 29).

The spatial distribution of the pump fields, defining the second multiplication term in the expression for the
weighting coefficient (Eq. 5), was determined in a separate set of numerical simulations, in which each of the
core-shell nanoparticle systems was illuminated by a plane wave with the wavelength of 514 nm.

Now we consider the Purcell factor P (r) for molecules located at various positions in the shell defin the mod-
ification of their lifetime and, therefore, the time-dependent multiplication term of the integrand in Eq. 4.

Averaged over all dipole orientations, P (r) presents a linear combination of the Purcell factors corresponding to
emitters with a dipole moment parallel to the metallic surface and that perpendicular to it*:

W = ;PH(T) + %PL(r)' (12)

Following a derivation analogous to that for Q; , (r), the Purcell factors may be written as

tot EM int EM
YL Vil + VehMma Wit
PHﬁl(r) = Tt _EM e a1 Qeyma
Temma  Vpmma T VpMMA PMMA (13)

and, hence, determined from the powers WlEIf calculated above.

)

The last unknown term in Eq. 4 y50,,4 may be related to the experimentally measured reference lifetime 7, of
fluorophores in a PMMA film (in regions of the sample containing no GNPs):

o Vim 1
PMMA — - T
Pi(r)  ToP fi (1) (14)
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where P film (r) was averaged over dipole orientations (following the procedure established by Eqs 12-13), and
over various positions of the dipole across the film. The required integral power flows were determined in a sep-
arate set of numerical simulations of dipole radiation at various positions in a 30 nm thick PMMA film on a SiO,
substrate.

Finally, the integral in Eq. 4 was determined numerically and, to ensure consistency with the experimental
procedure, for each CS-GNP configuration the obtained signal S (¢) was fitted with a single exponential, corre-
sponding to the second term in Eq. 2, returning a characteristic modified decay time 7,, shown in Fig. 3(b).

References
1. Purcell, E. M. Spontaneous emission probabilities at radio frequencles. Phys. Rev. 69, 681 (1946).
2. Kiihn, S., Hikanson, U., Rogobete, L. & Sandoghdar, V. Enhancement of single-molecule fluorescence using a gold nanoparticle as
an optical nanoantenna. Phys. Rev. Lett. 97, 017402 (2006).
3. Ritman-Meer, T., Cade, N. I. & Richards, D. Spatial imaging of modifications to fluorescence lifetime and intensity by individual Ag
nanoparticles. Appl. Phys. Lett. 91, 123122 (2007).
4. Anger, P, Bharadwaj, P. & Novotny, L. Enhancement and quenching of single-molecule fluorescence. Phys. Rev. Lett. 96, 113002
(2006).
5. Kinkhabwala, et al. Large single-molecule fluorescence enhancements produced by a bowtie nanoantenna. Nature Photon. 3,
654-657 (2009).
6. Teixeira, R., Paulo, P. M. R,, Viana, A. S. & Costa, S. M. B. Plasmon-enhanced emission of a phthalocyanine in polyelectrolyte films
induced by gold nanoparticles. J. Phys. Chem. C 115, 24674-24680 (2011).
7. Loo, C. et al. Nanoshell-enabled photonics-based imaging and therapy of cancer. Technol. Cancer Res. Treat. 3, 33-40 (2004).
8. Aslan, K., Lakowicz, J. R., Szmacinski, H. & Geddes, C. D. Enhanced ratiometric pH sensing using SNAFL-2 on silver island films:
Metal-enhanced fluorescence sensing. J. Fluoresc. 15, 37-40 (2005).
9. Tang, F, He, E, Cheng, H. C. & Li, L. D. Self-sssembly of conjugated polymer-Ag@SiO, hybrid fluorescent nanoparticles for
application to cellular imaging. Langmuir 26, 11774-11778 (2010).
10. Cade, N. I, Fruhwirth, G., Archibald, S. J., Ng, T. & Richards, D. A cellular screening assay using analysis of metal-modified
fluorescence lifetime. Biophys. J. 98, 2752-2757 (2010).
11. Hobson, P. A, Wedge, S., Wasey, J. A. E., Sage, I. & Barnes, W. L. Surface plasmon mediated emission from organic light-emitting
diodes. Adv. Mater. 14, 1393-1396 (2002).
12. Li, J. & Ong, H. C. Temperature dependence of surface plasmon mediated emission from metal-capped ZnO films. Appl. Phys. Lett.
92, 121107 (2008).
13. Hagglund, C., Zich, M. & Kasemo, B. Enhanced charge carrier generation in dye sensitized solar cells by nanoparticle plasmons.
Appl. Phys. Lett. 92, 013113 (2008).
14. Li, ], Xu, J. B. & Ong, H. C. Hole size dependence of forward emission from organic dyes coated with two- dimensional metallic
arrays. Appl. Phys. Lett. 94, 241114 (2009).
15. Ming, T. et al. Strong polarization dependence of plasmon-enhanced fluorescence of single gold nanorods. Nano Lett. 9, 3896-3903
(2009).
16. Tam, E, Goodrich, G. P, Johnson, B. R. & Halas, N. J. Plasmonic enhancement of molecular fluorescence . Nano Lett. 7, 496-501
(2007).
17. Ray, K., Badugu, R. & Lakowicz J. R. Sulforhodamine adsorbed Langmuir-Blodgett layers on silver island films: Effect of probe
distance on the metal-enhanced fluorescence .J. Phys. Chem. C 111, 7091-7097 (2007).
18. Chen, Y., Munechika, K. & Ginger, D. S. Dependence of fluorescence intensity on the spectral overlap between fluorophores and
plasmon resonant single silver nanoparticles. Nano Lett. 7, 690-696 (2007).
19. Munechika, K. et al. Spectral control of plasmonic emission enhancement from quantum dots near single silver nanoprisms. Nano
Lett. 10, 2598-2603 (2010).
20. Ginzburg, P, Krasavin, A. V., Richards, D. & Zayats, A. V. Impact of nonradiative line broadening on emission in photonic and
plasmonic cavities. Phys. Rev. A 90, 043836 (2014).
21. Derom, S. et al. Metal enhanced fluorescence in rare earth doped plasmonic core-shell nanoparticles. Nanotechnology 24, 495704
(2013).
22. Novotny, L. & Hecht, B. In Principles of nano-optics, 273 (Cambridge University Press, 2013).
23. Fussell, D. P, McPhedran, R. C. & Martijn de Sterke, C. Three-dimensional Green’s tensor, local density of states, and spontaneous
emission in finite two-dimensional photonic crystals composed of cylinders. Phys. Rev. E 69, 066608 (2004).
24. Ford, G. W. & Weber, W. H. Electromagnetic interactions of molecules with metal surfaces. Phys. Rep. 113, 195-287 (1984).
25. Krasselt, C., Schuster, J. & von Borczyskowski, C. Photoinduced hole trapping in single semiconductor quantum dots at specific sites
at silicon oxide interfaces. Phys. Chem. Chem. Phys. 13, 17084-17092 (2011).
26. Barber, P. R. et al. Multiphoton time-domain fluorescence lifetime imaging microscopy: practical application to protein—protein
interactions using global analysis. J. R. Soc. Interface 6, $93-S105 (2009).
27. Johnson, P. B. & Christy, R. W. Optical constants of the noble metals. Phys. Rev. B 6, 4370-4379 (1972).
28. Etchegoin, P. G., Le Ru, E. C. & Meyer, M. An analytic model for the optical properties of gold. J. Chem. Phys. 125, 164705 (2006).
Erratum. J. Chem. Phys. 127, 189901 (2007).
29. Cabanillas-Gonzalez, J., Fox, A. M., Hill, J. & Bradley, D. D. C. Model for energy transfer in polymer/dye blends based on boint-
surface dipole interaction. Chem. Mater. 16, 4705-4710 (2004).
30. De Leon, I. & Berini, P. Theory of surface plasmon-polariton amplification in planar structures incorporating dipolar gain media.
Phys. Rev. B78, 161401 (R) (2008).

Acknowledgements

This work was supported by the Engineering and Physical Sciences Research Council (EP/G029806/1 and EP/
H000917/2). A.Z. acknowledges support from the Royal Society and the Wolfson Foundation. We are grateful to
J. Levitt, B. Littleton and K. Suhling for discussions and advice.

Author Contributions

J.L. and L.W. set up and carried out the experiments and A.V.K. and P.S. designed and performed the numerical
simulations; together, these authors were involved in the data analysis. J.L., A.V.K., A.V.Z. and D.R. prepared
the figures and wrote the main manuscript text. Additionally A.V.Z. and D.R. guided the work and analysis. All
authors discussed the results and reviewed the manuscript.

SCIENTIFICREPORTS | 6:21349 | DOI: 10.1038/srep21349 8



www.nature.com/scientificreports/

Additional Information
Competing financial interests: The authors declare no competing financial interests.

How to cite this article: Li, ]. et al. Spectral variation of fluorescence lifetime near single metal nanoparticles.
Sci. Rep. 6,21349; doi: 10.1038/srep21349 (2016).

This work is licensed under a Creative Commons Attribution 4.0 International License. The images

o o1 other third party material in this article are included in the article’s Creative Commons license,
unless indicated otherwise in the credit line; if the material is not included under the Creative Commons license,
users will need to obtain permission from the license holder to reproduce the material. To view a copy of this
license, visit http://creativecommons.org/licenses/by/4.0/

SCIENTIFIC REPORTS | 6:21349 | DOI: 10.1038/srep21349 9


http://creativecommons.org/licenses/by/4.0/

	Spectral variation of fluorescence lifetime near single metal nanoparticles

	Results and Discussion

	Conclusion

	Methods

	Sample preparation. 
	Fluorescence and dark-field imaging and spectroscopy. 
	Fluorescence lifetime analysis. 
	Numerical simulations. 

	Acknowledgements
	Author Contributions
	﻿Figure 1﻿﻿.﻿﻿ ﻿ Sample layout and experimentally measured dark-field and fluorescence maps.
	﻿Figure 2﻿﻿.﻿﻿ ﻿ Experimental spectral and time dependencies.
	﻿Figure 3﻿﻿.﻿﻿ ﻿ Lifetime modification in the presence of resonant GNPs.
	﻿Figure 4﻿﻿.﻿﻿ ﻿ Samples and the experimental setup.
	﻿Figure 5﻿﻿.﻿﻿ ﻿ Fluorescence lifetime analysis.



 
    
       
          application/pdf
          
             
                Spectral variation of fluorescence lifetime near single metal nanoparticles
            
         
          
             
                srep ,  (2016). doi:10.1038/srep21349
            
         
          
             
                Jia Li
                Alexey V. Krasavin
                Linden Webster
                Paulina Segovia
                Anatoly V. Zayats
                David Richards
            
         
          doi:10.1038/srep21349
          
             
                Nature Publishing Group
            
         
          
             
                © 2016 Nature Publishing Group
            
         
      
       
          
      
       
          © 2016 Macmillan Publishers Limited
          10.1038/srep21349
          2045-2322
          
          Nature Publishing Group
          
             
                permissions@nature.com
            
         
          
             
                http://dx.doi.org/10.1038/srep21349
            
         
      
       
          
          
          
             
                doi:10.1038/srep21349
            
         
          
             
                srep ,  (2016). doi:10.1038/srep21349
            
         
          
          
      
       
       
          True
      
   




