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Quantum emitters located in proximity to a metal nanostructure individually transfer their
energy via near-field excitation of surface plasmons. The energy transfer process increases
the spontaneous emission (SE) rate due to plasmon-enhanced local field. Here, we
demonstrate significant acceleration of quantum emitter SE rate in a plasmonic nano-
cavity due to cooperative energy transfer (CET) from plasmon-correlated emitters. Using
an integrated plasmonic nano-cavity, we realize up to six-fold enhancement in the emission
rate of emitters coupled to the same nano-cavity on top of the plasmonic enhancement of
the local density of states. The radiated power spectrum retains the plasmon resonance
central frequency and line-shape, with the peak amplitude proportional to the number of
excited emitters indicating that the observed cooperative SE is distinct from super-

radiance. Plasmon-assisted CET offers unprecedented control over the SE rate and allows
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to dynamically control the spontaneous emission rate at room temperature which can

enable SE rate based optical modulators.

Ordinary fluorescence arises from the decay of excited quantum emitters (QEs) to lower energy
states by SE where QEs interact independently with the radiation field. This interaction can be
controlled by modifying the emitter’s electromagnetic environment. The SE rate is directly
proportional to the electromagnetic local density of states (LDOS) [1-3], i.e., the number of
electromagnetic modes available for the emitter to radiate into per unit volume and frequency
interval. LDOS can be modified by, e.g., placing an emitter inside a cavity. Cavity enhanced SE
rate is proportional to the ratio of cavity quality factor Q to modal volume V, known as the
Purcell effect [3] . The emitters’ SE rate has been significantly enhanced using plasmonic
nanocavities (PNCs) supporting localized surface plasmon (LSP) modes [2-5]. The LDOS
enhancement in a PNC results from strong field confinement within small plasmon mode
volume, so a QE transfers its energy to a resonant plasmon mode with an energy transfer rate
T'ET faster than the free-space SE rate (Fig. 1a). Subsequently, a PNC acts as an optical antenna
radiating transferred energy with a significantly faster rate due to its large size and dipole
moment [2,6]. Accordingly, following the excitation of a QE, the emission rate is proportional to

T'ET. However, the SE rate of an individual QE is restricted by ultimate limits on plasmonic field

enhancement [7,8].

When an ensemble of QEs is coupled to a plasmonic structure, SE can be greatly accelerated by
cooperative effects arising from plasmon-assisted correlations between QEs. For example,
interactions of QE with common radiation field enhanced by resonant Mie scattering are
predicted to lead to plasmon-enhanced super-radiance characterized by SE rate proportional to

the full ensemble size including both excited and ground-state QEs[9-13]. However, the
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plasmonic enhancement of radiation coupling is offset by relatively strong absorption, compared
to scattering, in small metal structures [10] , which inhibits coherence buildup that precedes
super-radiance burst from incoherently excited emitters [14,15]. An observation of plasmon-

enhanced super-radiance, accordingly, remains challenging [16].

Conversely, strong plasmon absorption may lead to another cooperative effect in a system of N
excited QEs coupled to a plasmonic resonator that does not require coherence buildup between
excited QEs [17,18]. If plasmon frequency is tuned to resonance with QEs emission frequency,
the indirect plasmonic coupling between QEs gives rise to collective states that transfer their
energy to a plasmon cooperatively at a rate TET = YN TET where TET is the energy transfer rate
of individual QEs (Fig. 1b). Note that the Forster resonance energy transfer rate from QEs to a
plasmon is determined by the spectral overlap between the donor (QE) emission band and the
acceptor (plasmon) absorption band [19]. Since the plasmon spectral band is broader than that of
QEs, the cooperative energy transfer (CET) rate is relatively insensitive, in contrast to super-
radiance [20,21], to natural variations of QEs emission frequencies, e.g., due to direct dipole
coupling. Following CET to a plasmon mode, the possible energy flow pathways include (i)
energy transfer from PNC to QEs, (ii) energy dissipation within PNC through Ohmic losses, and
(ii1)) PNC antenna radiation. If the antenna’s radiation efficiency is high, while the overlap
between QEs’ emission and absorption bands is relatively weak, the energy is mainly radiated
away at approximately rate TZT. Note that the values of individual rates TF” are determined by
the plasmon LDOS at the QEs’ positions and can vary significantly depending on the system
geometry [18,19]. However, if the LDOS does not change significantly in the region where QEs

are distributed, TT are all comparable and the cooperative rate TET scales linearly with the
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number of excited emitters (N), hence the excitation power. Accordingly, the ensemble SE

mediated by CET to plasmonic antenna can be controlled directly by the excitation power.

Here, we report the experimental observation of a cooperative SE from an ensemble of N excited
QEs resonantly coupled to a PNC acting as a plasmonic antenna. We observe up to six-fold
increase of the ensemble SE rate relative to the plasmonic LDOS enhancement which is linear in
the excitation power. Simultaneously, the measured photoluminescence spectrum retains the
plasmon resonance lineshape while the overall emission intensity increases linearly with the
excitation power. These observations imply that the radiation is emitted by the plasmonic
antenna following CET from excited QEs[17]. The linear dependence of the ensemble SE rate on
the number of excited QEs (as opposed to total number of emitters [21-23]) has not been
observed previously. Such dependence as well as the incoherent nature of CET
mechanism[17,18] that does not require coherence buildup [14,15] , in contrast to super-
radiance, provides a unique possibility for dynamically controlling the SE rate in the same
electromagnetic environment by varying excitation power (Supplementary Note 2.1) . We
experimentally exploit CET to dynamically control SE rate by modulating the excitation power,
resulting in reversible increase and decrease of the SE rate at room temperature, which was only
possible in previous works using complex photonic devices at cryogenic temperatures [24,25].
The cooperative enhancement of the ensemble SE rate takes place on top of the plasmon LDOS
enhancement for individual emitter’s SE rate paving the way towards SE rate control beyond
field enhancement limits [7,8]. This is important for short-distance optical communication, to

increase the modulation rate [6], and for optical data storage [26].
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Figure 1| (a) An excited QE coupled to plasmonic resonator non-radiatively transfers its energy, at a rate to the
plasmon mode, which radiates it away. (b) An ensemble of QEs coupled to a resonant plasmon mode transfer their
energy to it cooperatively at a rate that is the sum of individual rates[18].

To demonstrate the effect, we fabricated three dimensional hollow PNC [27,28] (Supplementary
methods [29]). Fig. 2a and Fig. 2b show SEM image of PNC array, and single PNC cross-
section, respectively. The PNCs are composed of a cylindrical polymeric scaffold, 20 nm thick
and 450 nm height, on which a 20nm gold layer was conformally deposited. The geometry of
the PNCs was chosen to ensure strong radiation directionality (Supplementary information, Fig.
S2). The radiation pattern from our PNC is highly directional and the large size of the PNC
increases the antenna radiative efficiency [4,6,30] to ensure that the major energy pathway
following energy transfer process is antenna radiation and that the collected photons are from
antenna radiation. CdSe/ZnS quantum dots (QDs) were spin-coated on the polymeric scaffold
onto which the plasmonic shell is formed (Fig. 2¢ and 2d). We chose QDs as our QEs over, e.g.,
fluorophores, as they have larger dipole moments which increases non-radiative energy transfer
efficiency [5], and exhibit relatively weak absorption in the photoluminescence frequency range
to reduce reabsorption which is important to demonstrate CET (Supplementary information, Fig.
S3). The integrated PNC is designed such that QEs are at approximately the same distance away
from the plasmonic shell to excite LSPs with the same energy transfer rate, i.c.,

(Fig. 2d). This relation is robust even for large fluctuations in QEs positions since the LSP
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electric field inside PNC is nearly uniform. The PNC measured (Fig. 2¢) and calculated (Fig. 2f)
LSP resonance are in close agreement. To control for frivolous QD-metal interactions, we
prepared a reference sample where the QDs were spin-coated on an Au film. Fig. 2g compares
the QDs photoluminescence collected from a single PNC and from the reference sample with
excitation wavelength and intensity 18.5 W/cm®. The photoluminescence maximum is
blue shifted from 638 nm (reference) to 631nm (PNC) towards the LSP resonance peak
(~628nm) [31]. The blue-shift in the photoluminescence maximum and the high directionality
and radiative efficiency of our PNC ensure that collected photoluminescence is mainly from the

nano-antenna due to excitation of LSPs[30,31] (Supplementary information Fig. S4).
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Figure 2| (a) SEM image of plasmonic nanocavity (PNC) array (scale bar= 5 um). (b) SEM image of a cross-section
of a single PNC that was cut using focused ion beam FIB (scale bar = 100 nm). (¢) Schematic of the nano-pillar
PNC. The quantum dots (QDs) are spin-coated on a polymeric scaffold, then an Au layer is deposited. (d) Schematic
of a cross-section of a single nanopillar. Incident light excites QDs that, subsequently, transfer their energy to excite
localized surface plasmons (LSPs) which decay into a photon. (e¢) Measured scattering for PNC array; the resonance
maximum was determined by fitting the data with a Lorentzian function. The measured resonance closely agrees
with the calculated absorption and scattering presented in (f). (g) Shows the photoluminescence of QDs spin coated
on an Au film vs. QDs incorporated in a single PNC.
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Figure 3a shows the time-resolved photoluminescence from a single PNC and the reference Au
film for different pump intensities (3.7 W/cm’- 74 W/cm?) and 490 nm excitation wavelength
(Supplementary Methods). The reference sample measured lifetime shows no changes upon
increasing the excitation intensity. Conversely, the PNC photoluminescence lifetime strongly
depends on the excitation intensity. We fitted the photoluminescence decay curves with bi-
exponential functions obtaining two characteristic decay times: a fast (slow) SE rate due to a
short (long) living state, as shown in Fig. 3b. It is known that CdSe/ZnS quantum dots have fast
and slow SE rate components (Supplementary Note 2.5, and Fig. S5)[32]. By increasing the
pump intensity, the SE rates increased linearly up to six-fold for the PNCs, while no changes
were measured for the Au film, as shown in Fig. 3b. This linear dependence of the SE rate on the
excitation intensity, accompanied by linear increase of the photoluminescence, is a clear
signature of a plasmon-mediated CET. It is important to note that the QDs in both the PNC and
the reference samples are subjected to comparable excitation conditions (Supplementary

information, Fig. S6 and S7)

The demonstrated dynamic control of QEs’ SE rate in real time and at room temperature presents
a significant challenge as it requires modifying the LDOS at a rate faster than the QEs SE rate (~
1GHz). The ability to do so would enables multiplexing in optical communication and
modulation of lasers. Recent works dynamically controlled the fluorescence lifetime of QEs at
cryogenic temperatures by controlling the radiation field in real time [24] or by modifying the
exciton-cavity coupling strength [25]. Instead, CET mechanism provides real-time, room
temperature, control over the SE rate through varying the number of QEs participating in CET.
Figure 3¢ shows reversible dynamic control over the SE rate by varying the excitation intensity.

Regions with white background represent data taken when the excitation intensity decreased
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from 37 to 4.4 W. cm™, whereas light-blue regions represent data taken by increasing the
excitation intensity from 4.4 to 37 W. cm™. This reversible response offers a complete control on
the SE rate and establish the basis for a novel class of optical modulators. Note that in the fourth
region, the SE rates are slightly lower for all intensities. This is due to QDs bleaching over long

exposure times which decreases N, hence, the CET rate.
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Figure 3| (a) Measured time-resolved photoluminescence for five different excitation intensities for the PNC (Top)
and the reference Au film (Bottom). The SE lifetime is intensity dependent only for the PNC. (b) The fitted SE rate
fast component (black spheres) and slow component (red spheres) for the PNC (Top) and for the reference Au film
(Bottom). (c) Reversible, dynamic control over SE rate. The fast and slow SE rate components vary by modifying
N. The SE rate is linearly proportional to the excitation intensity.

To quantitatively demonstrate that the linear dependence of the measured SE rate is due to CET,
we first investigate the origin of the fast ( ) and slow ( ) SE rates. Figure 4a shows the
ratio ( / of QDs on the reference Au film as a function of intensity is ~ 3 suggesting
that the fast and slow rates correspond to emission of charged biexcitons and charged excitons,
respectively, according to the statistical scaling law at room temperature [32]. This is because a
charged biexciton (3 electrons and 2 holes) have six decay pathways via electron-hole

recombination, while a charged exciton (2 electrons and 1 hole) has only two decay pathways
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(Fig. 4a inset)- (Supplementary Note 2.7). The SE rate of a QD coupled to a large nano-antenna
is ~TET. Accordingly, the same statistical scaling applies to energy transfer rates, i.c.,
I‘;Ta st /Tgkew ~ 3. Below the saturation intensity, the number of excited QDs participating in
CET scales linearly with the excitation intensity I with a scaling factor @, i.e., N = a I (since
excited QDs’ number is an integer, N here is understood as its average over a small intensity
range). The experimentally measured SE rate I'E*P (1) below saturation for QDs participating in

CET is given by
rExP(I) = T*T + a TFT I (1)

where the second term represents the cooperative energy transfer rate in the CET intensity range.

For weak excitation intensities, i.e., few emitters are excited, cooperative effects are weak and

the experimentally measured SE rate ['E*P should equal individual QD energy transfer rate I'ET.

Equation (1) holds for both fast and slow rates. Accordingly, the ratio of the experimentally

measured 725t and T'S% rates from the PNC is
DSOSt /T (1) = (T + e T2 1/ (TEY + agiow TEY 1) )

where afqq and @y, are the intensity scaling factors for fast and slow energy transfer rate,

respectively. The rates ratio 745t (1) /T'S'Y (1) for different intensities is ~3 (Fig. 4a), which can

only be true if afy5r = 50w = . Since we have two equations and one unknown, @, we can
quantitatively validate our analysis using the measured slow rate I'S'Y(I) = T5loW + a TSloW ],
to calculate a to reproduce the experimentally measured fast rate '35t = beTa Ty ta F{ﬁ st
Figure 4b shows the close agreement between calculated vs. measured I'/%5¢ | indicating that the

slope of SE rate intensity dependence is proportional Fgﬁ St as predicted by the CET mechanism.
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For relatively higher intensities, the rate ratio exceeds 3 likely because excitons
saturate at lower intensities compared to biexcitons [33]. The analysis presented in Fig. 4a and

Fig. 4b for a different PNC is shown in (Supplementary information, Fig. S8) to confirm our

observation reproducibility.

Figure 4c shows the photoluminescence from a PNC vs. excitation intensity. The
photoluminescence spectrum retains the plasmon resonance central frequency and overall line-
shape while its amplitude increases linearly with excitation power implying that radiation
emanates from the PNC following CET [17]. This is in contrast to super-radiance where
radiation emanates directly from QEs and changes in the decay rates affect the emission spectra

[21]. Furthermore, we exclude stimulated emission and photothermal effects as a cause of SE

rate intensity dependence (Supplementary information, Fig. S9).
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Figure 4| (a) The ratio of the measured fast
inside the PNC. The ratio

charged excitons. (b) The rate is calculated from experimental rate by assuming that the slope of the SE
rate vs. intensity curve is proportional to the energy transfer rate of individual QD, as predicted by equation (2). (c)
The photoluminescence as a function of excitation intensity show that the emission spectrum retains the plasmon
lineshape as the peak emission wavelength is ~ 631 nm.

and slow SE rates for QDs on the reference Au film and
is ~ 3. Inset: schematic of the decay process of charged biexcitons and

CET represent an additional degree of freedom to control SE beyond the plasmon-enhanced local
field [7]. We used a low Q antenna to ensure that the collected photoluminescence is from the

PNC. Future works can use high O and low /' nano-antennas [4], to enhance the SE rate beyond

10



208

209

210

211

212

213

214

215

216
217
218
219
220
221
222
223
224
225
226
227
228
229
230
231
232
233
234
235
236
237
238
239
240
241
242
243
244
245
246
247

stimulated emission rate ( > 100 GHz) which would enable high-speed short-distance optical
communication, and enhancing light sources efficiency [6,34,35] (Supplementary information
Fig. S10). Accelerating QDs SE rate can increase the QDs quantum yield by overcoming Auger
recombination[36,37]. The demonstrated SE rate-based optical modulator, after overcoming the
photobleaching problem, can be used as a multiplexing technique to encode information in the

emission rate (Supplementary Note 2.12).
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