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Abstract

The use of plasmonic nanostructures for the removal of unwanted long-lived states is
investigated. We show that the total decay rate of such a state can be increased by up to
four orders of magnitude, as compared to its intrinsic radiative decay rate, while leaving
other neighboring optical transitions unaffected. For the specific case of molecular triplet
excited states, we show that the use of a “plasmonic sink™ has the potential to reduce
photobleaching and ground state depletion by at least two orders of magnitude. We
consider, in addition, the impact of such structures on the performance of organic
semiconductor lasers and show that, under realistic device conditions, plasmonic sinks
have the capacity to increase the achievable laser repetition rate by a factor equal to the

triplet decay rate enhancement. We conclude by studying the effect of exciton diffusion

on the triplet density in the presence of metallic nanoparticles.
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Plasmonic nanoparticles and antennas have demonstrated significant potential for
enhancing the luminescence of adjacent emitters.'® The mechanisms for enhancement,
however, can be varied and the origin of the increased brightness difficult to unravel. For
example, the nanostructure can serve to increase the local electric field at the excitation
wavelength resulting in an increased excitation rate,”” or equivalently, absorption
efficiency of the emitter. In addition, the scattering cross-section of the particle or
radiation pattern of the antenna can lead to a higher collection or out-coupling efficiency

2, 10

for the emitted light. Finally, and most importantly for this work, the increased

photonic density of states at the emission wavelength can result, via the Purcell effect, in

1-2, 8-10 . :
’ This effect, however, is

an increased radiative decay rate, 'z, for the emitter.
typically concomitant with an unwanted and stronger increase in the non-radiative decay
rate, I'xz, due to Joule heating of the metal.” ' In the usual case where Tyg >> T,

increases in quantum yield, ¢r, are only possible for emitters with very low intrinsic

yields ¢ <T, /T ! In this work, we show that instead of being detrimental, the high

non-radiative decay rate typical of emitters in close proximity to plasmonic structures can
be exploited to selectively remove unwanted excited states in a number of physical
systems.

In molecular systems, for example, the build-up of large triplet state populations
prevents the efficient excitation of organic molecules with high repetition rates or

23 and can be a significant source of photobleaching.'*"” Indeed,

continuous sources,
Hale et al first proposed and demonstrated the possibility of using plasmonic

nanoparticles to increase the photostability of organic thin films.'® In a later section we

show that in that case, the effect fits into the “diffusive regime”, which has several



advantages, but where resonant effects play a secondary role. In inorganic
semiconductors, plasmonic “sinks” could be used to selectively reduce the lifetime of
recombination centers'’ and defect-bound excitons™ or to quench the long-lived surface
states that are the source of unwanted “blinking” in colloidal quantum dots.”' We will
show that if the unwanted state possesses a non-zero transition dipole moment to a lower-
lying state, its decay rate can be selectively increased by up to four orders of magnitude.
This is a significant departure from previous work on plasmonic fluorescence
enhancement where the radiative decay rate from a useful transition is enhanced. Here we
focus on resonantly enhancing the total decay rate of an umwanted transition, while
leaving the useful transition unaffected. This allows us to use the high I'yz typical of
plasmonic structures, often considered a detriment, to our advantage.

The emphasis of this study will be on the selective removal of triplet excitons
from fluorescent molecules under high excitation rates, although the same principles hold
equally for other systems. In particular, we will show that a modest enhancement of the
total decay rate, I'r = I'r + I'ag, at the triplet energy, can increase the dye photostability
by more than two orders of magnitude due to reduced ground state depletion and
photobleaching. We consider both the case where stimulated emission is absent,
mimicking the conditions observed in confocal scanning microscopy,'® fluorescence

13, 22
> ““ as well as the case

lifetime imaging and organic light-emitting diodes (OLEDs),
where it is present such as in dye lasers® or optically pumped organic semiconductor

lasers (OSL).***’ In the latter, we find that although the short-time dynamics are left

mostly unaffected, the achievable OSL repetition rate is increased by a factor I'r.



RESULTS AND DISCUSSION
Plasmonic sink model

As a model plasmonic sink, we consider spherical silica core/Au shell
nanoparticles with, for simplicity, a fluorescent dye positioned a distance d away from
the nanoparticle surface. Such positioning can be achieved either through chemical means
or via a dielectric spacer layer.” Specific experimental realizations and the consequences
of spatial averaging will be considered in the last section. While far from exhaustive, the
choice of core/shell particles as a plasmonic sink is based on the well-established
synthesis of nanoshells, the narrow plasmonic resonance of these particles and the ease
with which the resonance spectral position can be tuned within the visible and near

. 18, 31-33
infrared. ™

Moreover, the large local density of states on resonance can lead to
enhancements of the radiative and non-radiative decay rates of nearby emitters by more
than 3 and 4 orders of magnitude, respectively.

In the weak coupling regime, the total decay rate enhancement, I'r, of an emitter

placed in an inhomogeneous environment can be related to the rate of energy dissipation,

Pr, experienced by a classical electric point dipole:** I, = B, /P, , where Py is the power

radiated by the dipole in a homogeneous environment. The electromagnetic fields due to
a dipole radiating a distance d from a metallic core/shell particle with inner radius 7, and
outer radius r,, with a dielectric core of refractive index nc, embedded in a dielectric
environment with refractive index ny,, are obtained by imposing appropriate boundary
conditions at the surfaces of the particle (see Methods). This formalism enables us to
calculate the enhancement of the rate at which energy leaves a dipole antenna system

through radiative (I'r = Pg/Py), where Pgr = Pr - Pyg, and through non-radiative (I'ng =



Pnr/Py) pathways. To demonstrate the tunability of core/shell particles, the spectral
dependence of I'z and I'yz is shown in Fig. 1a, for a horizontal dipole located d = 15 nm
from a Au nanoshell® of outer radius 7, = 11 nm (. = 1.5 and npg = 1.7).

For the particles to be well suited as excitation sinks, they must not quench the
useful emission. From Fig. 1a, we see that for this to be the case, the emission needs to be
shifted from the resonance position by at least 50 nm. It is also clear from the figure that,
on resonance, the decay-rate enhancement is mostly non-radiative in nature. Figure 1b
shows the spectral dependence of I'r as a function of distance between the dipole and
outer nanoshell surface. We find that for dipoles located within 5 nm, the decay rate is
enhanced by more than 10" but that the nanoshell is also effective in enhancing the decay
rate of dipoles located as much as d = 50 nm away. The inset shows the quantum
efficiency in proximity to the nanoshell of an emitter with unity internal quantum

efficiency (¢ = 100%), namely T, / (FR +T, ) We find that the off-resonance efficiency

can be left relatively unaffected for distances d > 20 nm, while simultaneously

maintaining a large decay rate enhancement for the unwanted transition (on resonance).

Organic molecules in the absence of stimulated emission

As an example application, we consider the effect that nanoshells can have on the
triplet states that exist in organic molecules. In the lowest order approximation, radiative
transitions from the triplet-state (total spin S = 1) to the singlet (S = 0) ground state are
forbidden.’®>” As a result, the “dark” triplet state is the source of blinking in single-

23-26

molecule fluorescence,”® annihilation mechanisms in lasers and a significant source

of photobleaching.'” '*'> Spin-orbit coupling, however, mixes the singlet and triplet



states imparting the transition with a finite transition dipole moment. In the absence of
extraneous quenching mechanisms, such as are provided by impurities or energy transfer

3739 triplet lifetimes are typically on the

to the triplet ground state of molecular oxygen,
order of 101 .7

The molecular energy level structure that we are considering is depicted in Fig. 2.
Upon non-resonant optical excitation, high energy electronically excited states, S,, are
generated within the singlet manifold. These excitations rapidly relax via internal
conversion (I.C.) and vibronic relaxation to the bottom of §;, the first excited singlet
state, with typical rates k;c~10"'-10" s'. Here, we ignore this fast initial relaxation and
treat both the singlet and triplet states as effective two-level systems. To simplify the
discussion, we also ignore non-radiative internal conversion from S; to Sy and intersystem
crossing from 7; to Sy. As a result, singlet excitations are only lost via radiation and
intersystem crossing to the triplet state (Ermolaev’s rule’’) and triplets are only lost via

radiation. These assumptions are clearly molecule and environment-dependent,* but they

allow us to directly express the singlet and triplet lifetimes as 7y/I", (ES) and
7, / r, (ET), where 75, Tr are the bare singlet and triplet lifetimes and the decay rate is

evaluated at their respective energies, Es and E7. In proximity to the plasmonic sink,
however, the importance of these assumptions is reduced since transition-dipole induced
transitions can be made to dominate over other radiationless pathways.

Following Xu et al., we neglect fluorescence decay within the duration of the
excitation pulse and define an excitation probability per molecule, a, which is related to

the absorption cross-section, o,, and the incident irradiance 1(7):"”

a=1- exp(—(fa f](t)dt) 1)



where the irradiance is integrated over a single pulse. In this picture, the number of
photons emitted via fluorescence after a single pulse is given by: N, = a¢rNy, where Ny
is the total number of molecules and ¢ is the quantum efficiency.

We first consider the effect of reducing the triplet lifetime by examining the
change in fluorescence intensity as a function of the pulse number. The emitter
intersystem crossing yield, ¢sc, is defined such that after each pulse agscNg(n) of the
excitations are funneled to the triplet state, where N,(n) is the ground state population
immediately before the n-th exciting pulse. In the absence of annihilation mechanisms,
the ground state population can be calculated by assuming that all singlets from the

previous pulse have decayed.!” We find:

1- e—At/rT + a¢[SC (1 _ a¢ISC )” e—(n+l)At/rT

1-e™7 (1-agy.) )

N,(n) =N,

where At = 1/f, is the spacing between pulses, fis the repetition rate and 77 is the triplet
lifetime.

The resulting fluorescence intensity is shown using dashed lines in Fig. 3a for the
case ¢rsc = 0.01, f= 80 MHz, 7 = 100 us. We find that for large excitation probabilities,
a, the fluorescence intensity decreases rapidly after >10° pulses due to a depletion of the
ground-state. The molecules are “trapped” in the dark triplet state. It is clear from the
results shown in Fig. 3a that significant ground-state depletion occurs only for a~1.
These, however, are precisely the conditions that are often used in single or few-molecule
spectroscopy where a high irradiance is needed to obtain an observable fluorescence
signal. The solid-lines in Fig. 3a show the fluorescence intensity in the presence of

nanoshells designed to increase the decay rate at a triplet wavelength, Az = 750 nm,



chosen to correspond to the results shown in from Fig. 1b. We use a decay rate
enhancement I'r = 100, which is achieved at a distance d = 20 nm, resulting in an
effective lifetime 77/I'r = 1 us and a quantum efficiency reduction of less than 50% for

fluorescence wavelengths As < 550 nm. We find that even for a = 1, the steady-state
value, which can be shown to be Ng(n)=(1+a¢1sc T, /Az‘)_1 for At/tr<<l, remains

greater than 50% at 80 MHz. It can also be shown that steady-state is reached after fewer
pulses, n~tr/TrAt, for the reduced triplet lifetime.'”’

In addition to reducing the ground state depletion, the increased triplet decay rate
can significantly improve the dye photostability. Indeed, triplets are well-known to be a
significant pathway for photobleaching. For example, excitations in the 7;, manifold can
be photoionized, resulting in the formation of free radicals, they can react with ionic
species, or lead to irreversible photoproducts due to the formation of singlet oxygen.'*"
’7 Indeed, excitations into high-lying triplet states have been identified as the main
pathway for bleaching in two-step photolysis."” The reasons for this are two-fold: the
triplet-triplet absorption cross-section is often larger and spectrally broader than that for
singlet-singlet absorption and, at the repetition rates used under typical experimental
conditions for imaging, most excited singlets have relaxed to the ground state prior to the
arrival of the next pulse, while in contrast most triplets are still in the excited state. Note
that Enderlein has previously considered potential increases in photostability due to
enhancements of the molecular fluorescence rate in the proximity of metallic
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structures. For the triplet sinks discussed in the previous section, the fluorescence rate

enhancement is negligible and we ignore this effect.



If we assume that the probabilities for photodegradation from the singlet and
triplet state are Qs, and Qr, respectively, and ignore photobleaching reactions from
higher-lying states, we can derive a set of coupled difference equations for the triplet and

ground-state populations immediately before the n-th pulse:

N, (n) _ N [NT (n —1)+a¢ISC(1—QhT)Ng(n —1)] 3)

Ng (I’l) = [1_a(Qb +¢Isce_At/TT )] Ng (l’l —1)+NT (ﬂ —1)(1—6_A’/TT ) @

where we have defined O, = ¢iscOm + (I-¢1sc)Osp. These equations can easily be solved
analytically. To our knowledge, there have been no reported measurements of Qs, and
Orm. The overall photobleaching yield O,, however, has been measured for a number of

13 4344 The dashed lines in Fig. 3b show the relative fluorescence yield obtained

dyes.
from the solution of Eqgs. (3-4) by assuming a fluorescence lifetime ts=5 ns and equal
reactivities for bleaching ks = k7 = 100 s™', such that Qs = ksy7s and O, = k77, from the
singlet and triplet states, respectively. The “kink observed in the fluorescence marks the
transition between fluorescence loss dominated by ground state depletion and that
dominated by irreversible photobleaching. Photobleaching is clearly the dominant loss
mechanism for low excitation probabilities. The fluorescence intensity as a function of
pulse number, in the presence of the plasmonic sink, is shown as solid lines in Fig. 3b.
Again, assuming I'y= 100, it can be seen that the dye photostability can be increased, in

some cases, by >2 orders of magnitude. If the triplet lifetime is reduced further, however,

such that ¢sctr< Ts, photobleaching via the singlet state becomes the dominant pathway.

Organic molecules in the presence of stimulated emission



The presence of triplets is also well known to be a limiting factor for the
realization of continuous wave (CW) dye lasers. In many cases, triplet-triplet absorption
(TTA) due to the excitation of triplets, 7;, to higher-lying states 7, is responsible for
increasing the losses under CW operation. Dye jets and triplet quenchers such as oxygen
or cyclooctatetraene are commonly used to overcome TTA.'® * In optically pumped
organic semiconductor lasers (OSLs), the solid-state analog of dye lasers, triplets also
limit CW and quasi-CW operation.**” This can occur both through TTA and singlet-
triplet annihilation (STA). In the latter, energy is lost when a singlet transfers its
excitation to a neighboring triplet, thus exciting it to a higher energy level, 7,, which
subsequently relaxes. For example, under CW excitation, lasing in OSLs was shown to
persist for <150 ns even at pump powers twice that of threshold.”® In this section, we
model the effect of the plasmonic sink on an OSL (see Methods) using material
parameters, given in Table 1, that are typical of low molecular weight and polymer
lasers.>>>°

The transient output intensity of the laser , for excitation with a square pulse at a
pump rate R=1.5R;,p, where Ry is the laser threshold in the absence of triplets, is shown
as the dashed lines in Fig. 4 for the case of STA or TTA for two different values of ¢sc.
Relaxation oscillations are present at short times, but the most salient feature is the rapid
quenching of lasing action when either STA or TTA is present. The solid lines show the
transient behaviour in the presence of the plasmonic sinks. It can be seen from Fig. 4 that
in this case, the laser pulse duration is only slightly increased. Indeed, from Eq. (9) (see

Methods) it is clear that for At/tr << 1, the triplet density is simply the integral of

¢iscR(?). In fact, in the single pulse regime, lasing can always be achieved for pump rates



above Ry, provided that the excitation pulse is made short enough. The situation,
however, changes drastically in the multi-pulse regime.

Following our previous analysis and again assuming that the singlet population
has decayed prior to the arrival of each pulse, but neglecting ground-state depletion, we

can solve for the steady-state triplet density:

Ke—At/TT

1_ e—AZ/TT

N, =
)

with x =g, R(t)e”’fdt, where the integral is defined over one pulse duration. The

steady-state triplet density is shown in Fig. 5a as a function of repetition rate for different
pump rates assuming 20 ns-long square pulses. Also shown in the figure is the
corresponding triplet density in the presence of the plasmonic sink. Concomitant with the
decrease in lifetime of two orders of magnitude, we find an increase of two orders of
magnitude in the achievable repetition rate for a given triplet density. If At/tr<<I, the
repetition rate needed to achieve a given triplet density can be shown to be proportional
to I'z, the reduction in the triplet lifetime.

This finding also allows us to determine the maximum achievable repetition rate

when either STA or TTA is present. Figure 5b shows the ratio R;ITA(TTA)/RMO, where

Rim(m) is the excitation rate threshold in the presence of STA (TTA), for varying

excitation rates R. The endpoints to each curve show the maximum repetition rate that
can be achieved for the specified pump power. We find that the reduced triplet density at
higher repetition rate for reduced triplet lifetimes directly correlates to an increase in the

achievable OSL frequency.



Design considerations and the diffusive regime

Until now, we have considered the decay rate enhancement resulting from a
dipole with a horizontal orientation located at a fixed distance from the nanoshell. The
distance was chosen to achieve a reasonable compromise between the reduction in
quantum efficiency and that in triplet lifetime. In practice, the optimal approach depends
on the situation at hand. For imaging in solution,*® where molecules are subject to
diffusion, directly attaching the dye molecule to the outside (or even inside) of the
nanoshell is a viable approach.’” ** This approach is also suitable for the case of
immobile molecules such as those in a lightly doped matrix. Loading the matrix with
nanoparticles is also possible and at densities with a surface to surface spacing > 60 nm,
near-field coupling effects are negligible. The density, however, must be high enough to
effectively quench the triplet state, but not so high as to cause extraneous quenching of
the useful emission.

The most advantageous situation is found for the case of neat organic films such
as those used in OSLs and OLEDs. In those cases, the excited states are mobile singlet
and triplet excitons, which can hop between adjacent molecules.’® Due to their long
lifetimes, triplet excitons possess diffusion lengths much larger than those of their singlet
counterparts. For example, reported triplet diffusion lengths are in the 10°-10* nm
range*™* as compared to singlet diffusion lengths that rarely exceed 30 nm.”® The initial
demonstration of reduced photobleaching in polymer films by Hale ef al. fits into this
category.'® If the triplet diffusion length is much larger than the effective capture radius
of the plasmonic sink, resonant effects play a secondary role and both the singlet and

triplet densities can be assumed to vanish at the metal surface.



To illustrate this effect, we consider a 1D lattice of metal nanoparticles, with
spacing L. The steady-state singlet, Ns, and triplet, N7, densities are governed by the

diffusion equation:

2
dNS,T NS,T G.. =0

S, T d2 - + ST~

X TS,T

(6)
where the Dgr is the diffusivity, g7 is the lifetime and Ggr is the generation rate of
singlets and triplets, as indicated by the subscript. Regardless of their shape, the
nanoparticles will result in vanishing surface exciton densities. The solution, for a

constant generation rate, is given by:

Nom= S 2 G sin[ 22
8T Z nir D L) +7; L
n=13%5.. Xe (”n/ ) Tl

The resulting densities, normalized by the densities in the absence of quenching, Nsy v,

(7

are shown in Fig. 6a for varying lattice spacings. The result, which depends only on the
singlet and triplet diffusion lengths, L, ¢ =,/Ds7 and L, =,/D,7, is shown for Lps

= 20 nm and Lpr = 250 nm. It is clear, both conceptually and from the figure, that an
optimum spacing exists which reduces the triplet density, while least affecting singlets.
This optimum spacing, L., can be found my maximizing the objective function

N /Ny, - N, /N,, and is given in Fig. 6b. As expected, L, is on the order of the triplet

diffusion length, but decreases for shorter Lps. As a result, for mobile excitons, the
spacing between nanoparticles can be several hundred nanometers and still result in a
large quenching efficiency for triplets, while having a negligible impact on the singlet
concentration. For higher dimensionality, the capture radius is more important due to the

availability of new escape paths, but the results are qualitatively similar. Figures 6¢ and



6d show the singlet and triplet densities obtained using identical parameters and the 2D
optimum spacing L, = 150 nm. The extremely low nanoparticle concentration required
means that optical losses, which scale as the metal filling fraction, can be kept negligible

justifying our neglect of additional cavity losses in the analysis of OSL dynamics.

CONCLUSION

We have investigated the use of metallic nanoparticles as plasmonic sinks for
unwanted excitations. We take advantage of the large non-radiative decay rate and
spectral selection that can be achieved using localized plasmonic resonances to quench
the unwanted states, while leaving other states unaffected. This approach is viable if the

unwanted state possesses a non-zero transition dipole moment and it results in a reduced
lifetime for that state: T, [FT¢T +(1- ¢T)]_1 where 1y is its bare lifetime, and ¢y its intrinsic

quantum efficiency. We have shown that for the particular case of triplet excitations, a
modest reduction in the triplet lifetime I'7 = 100 can result in a photostability increase of
more than two orders of magnitude and an increase of the achievable repetition rate for
OSLs concomitant with the reduction in lifetime. Due to the long diffusion lengths
typical of triplet excitons, this scheme is particularly advantageous for the case of organic
films, as demonstrated by Hale et al., where the quenching achievable by a single

nanoparticle can be made extremely long-range, while leaving singlets unaffected.



METHODS

Dipole emission in the presence of nanoshells

To calculate the decay rate enhancements we follow the aproach by Ruppin,”' who
showed that for a solid metal sphere, the electromagnetic fields may be expanded in a
series of spherical vector functions, to express the total power Pr emitted by the dipole
and Py, the power lost non-radiatively due to Joule heating in the metal, in terms of the
Mie scattering coefficients. For a nanoshell, the solution is expressed in terms of the Mie
scattering coefficients of the nanoshell,”® but is otherwise unchanged.”” We have
established the validity of this formalism through finite difference time domain (FDTD)
calculations.

Organic semiconductor laser model

The rate equations determining the singlet, triplet and photon densities, S, in the presence

. . 23,26
of stimulated emission are:”

dNS = (1 - ¢[SC )R(t) - & - kSTNSNT - CNSOGS
dt 7 "
dN. N
TT = ¢[SCR(t) -—L
t o )
as _ (Nyo,-a,, -0yN;)S+8, Ny
dt 7 (10)

where 0, is the stimulated emission cross-section, o, is the cavity loss, ksr is the STA
rate, orr is the TTA cross-section, f3, is the spontaneous emission factor and c is the

speed of light in the medium. The confinement factor is assumed to be unity so that the

TTA modal loss can be directly added to the cavity loss. Note that a key assumption



when discussing triplet behaviour in the presence of stimulated emission is whether
triplets are generated with a fixed yield ¢jsc or fixed rate constant k;sc. The high densities
of triplets observed under optical excitation in dye lasers, guest-host systems with rapid
Forster transfer rates and using ultrafast spectroscopy suggest that for excitation energies
above that of the singlet, the dynamics are better described using a fixed yield.® ** >*°

In contrast, the assumption of a fixed k;sc would lead to a nearly complete depletion of

the triplet state under stimulated emission.
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Table 1: Organic laser material parameters

Parameter Value
O 10" ecm?
orr 10" em?
kst 10" cm™s™
Ts 5ns
Tr 100 us
Qcay 15 cm™
B 10"

n 1.7




FIGURE CAPTIONS

Figure 1: a) Enhancement of the radiative (bottom) and non-radiative (top) decay rates
obtained for a horizontal dipole located at a distance d = 15 nm from a Au nanoshell
[n=1.5, ny=1.7] of outer radius r, = 11 nm, for varying values of r,, the inner core
radius. b) Contour map of the total decay rate enhancement for a nanoshell with », =9
nm, 7, = 11 nm shown as a function of the distance between the dipole and the outer
shell surface. The inset shows the resulting quantum efficiency assuming an emitter with

unity internal quantum efficiency.

Figure 2: Schematic diagram showing the energy levels that participate in the
photoemission process. Non-resonant excitation brings the molecule to a highly-excited
state. This state relaxes to the bottom of the excited singlet state (S;) by internal
conversion (I.C.) and vibronic relaxation. Some fraction of the excitations are funneled to
the long-lived triplet state (77) by intersystem crossing. Excited singlets and triplets relax
to the ground state with respective lifetimes 75 and 77. To simplify the discussion we
assume that both transitions are radiative in nature. As a result the reduction in triplet

lifetime resulting from the presence of the plasmonic sink is simply ©r/I'r.

Figure 3: a) Relative fluorescence efficiency given for different values of the excitation
probability, a, as a function of the number of exciting pulses, for /=80 MHz. It is seen
that for high excitation probabilities, the ground state becomes highly depleted. The solid

lines show the relative fluorescence efficiency for the reduced triplet lifetime resulting



from the presence of the plasmonic sink. b) Relative fluorescence efficiency accounting
for both ground state depletion and photobleaching with microscopic reactivities ks, = k7
=100 s™' from the singlet and triplet states. The solid lines show the strong increase in
photostability resulting from the reduced triplet lifetime. For a) and b), the number of
photons emitted per pulse is obtained by multiplying the relative fluorescence efficiency

by agrNy, where Ny is the number of molecules.

Figure 4: Output intensity from an OSL, using the parameters given in Table 1, excited
with a square pulse of tg = 35 ns rise time, at an excitation rate R = 1.5R. The transient
emission is shown for the case of triplet-triplet absorption (TTA) and singlet-triplet
annihilation (STA). In both cases, the laser emission is short-lived. Also shown is the
transient emission for a reduced triplet lifetime due to the presence of the plasmonic sink.
It is found that the reduced triplet lifetime does not significantly affect the short time

dynamics.

Figure 5: a) Steady-state triplet density for excitation with a square pulse of length 7,5 =
20 ns, shown as a function of repetition rate. The triplet density is also shown with the
presence of the plasmonic sink resulting in an increase in the achievable repetition rate
corresponding to the reduction in triplet lifetime. b) Relative increase in the laser
threshold R;/Ru9, due to either STA or TTA, shown for several values of the pumping
rate (R). The last point of each curve corresponds to the maximum achievable laser

repetition rate at the specified pump rate. It can be seen that the plasmonic limit



corresponds to an increase in the achievable repetition rate of two orders of magnitude

concomitant with the reduced triplet density.

Figure 6: a) Steady-state singlet and triplet densities calculated using Eq. (10), for
plasmonic sink lattice spacings L = 100 nm, 250 nm and 400 nm, normalized to their
densities in the absence of quenching. Triplet and singlet diffusion lengths Lp 7 = 250 nm
and Lps = 20 nm were assumed. Note that for smaller lattice spacings, the triplet density
is further reduced and the singlet density is left relatively unaffected until the lattice
spacing reaches approximately 100 nm. b) The optimal lattice spacing, L,,, calculated
with the objective of maximizing the relative change in triplet density and reducing the
relative change in singlet density, is shown as a function of triplet diffusion length for
Lps=10 nm, 20 nm, 30 nm and 40 nm. Note that for shorter singlet diffusion lengths, the
lattice spacing can be made smaller, thus leading to a stronger reduction in the total
number of triplets. ¢) The 2D steady-state singlet and triplet densities, normalized to their
densities in the absence of quenching obtained for a lattice spacing L = 150 nm and disks

ofradiusr=11 nm.
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