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ABSTRACT: Strong interaction between light and a single
quantum emitter is essential to a great number of applications,
including single photon sources. Microcavities and plasmonic
antennas have been used frequently to enhance these interactions
through the Purcell effect. Both can provide large emission
enhancements: the cavity typically through long photon lifetimes
(high Q), and the antenna mostly through strong field
enhancement (low mode volume V). In this work, we
demonstrate that a hybrid system, which combines a cavity and
a dipolar antenna, can achieve stronger emission enhancements
than the cavity or antenna alone. We show that these systems can
in fact break the fundamental limit on single antenna enhance-
ment. Additionally, hybrid systems can be used as a versatile platform to tune the bandwidth of enhancement to any desired value
between that of the cavity and the antenna, while simultaneously boosting emission enhancement. Our fully self-consistent
analytical model allows to identify the underlying mechanisms of boosted emission enhancement in hybrid systems, which
include radiation damping and constructive interference between multiple-scattering paths. Moreover, we find excellent
agreement between strongly boosted enhancement spectra from our analytical model and from finite-element simulations on a
realistic cavity−antenna system. Finally, we demonstrate that hybrid systems can simultaneously boost emission enhancement
and maintain a near-unity outcoupling efficiency into a single cavity decay channel, such as a waveguide.
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For many nanophotonic applications, such as single photon
sources operated at high frequency,1−3 nanoscale lasers,4

quantum logical gates for photons,5,6 and highly sensitive, low
detection volume sensing devices,7−9 strong interactions
between a single quantum emitter and light are vital. This
interaction can be enhanced by coupling emitters to nano-
photonic structures that enhance their emission rates using the
Purcell effect.10 Tradionally, this is done by placing emitters in
dielectric microcavities. The relative emission enhancement of
an emitter at resonance with a cavity mode, that is, the Purcell
factor (FP), then relates to the quality factor (Q) and the mode
volume (V) as

π λ=F n Q V(3/(4 ))( / ) ( / )P
2 3

(1)

with n the index of the medium around the emitter. Microcavity
modes typically reach large enhancements because of their long
photon lifetimes and consequently high quality factors.11

Additionally, most light is then emitted into a single cavity
mode, facilitating efficient collection through, for example, a
waveguide, which is a major advantage for applications such as
single photon sources.3,12 Plasmonic nanoantennas are a
popular alternative solution.13,14 Rather than storing photons
for a very long time, antennas are able to concentrate their

energy in volumes far below the diffraction limit,15,16 thus,
achieving unparalleled emission enhancements over large
bandwidths.17

Both microcavities and antennas also suffer from important
drawbacks. Microcavities are limited in their mode volume by
the diffraction limit, thus requiring high quality factors to
compensate. Unfortunately, high-Q cavities are often extremely
sensitive to minor fabrication errors and changes in temper-
ature or environment, making it difficult to scale to multiple
connected devices in, for example, a quantum photonic
network.5,6 Moreover, such narrow resonances typically do
not match with the broad emission spectra of room
temperature single-photon emitters. Antennas, on the other
hand, suffer from strong radiative and dissipative losses, which
limit Q to ∼10−50. This limits their application in quantum
information processing, which requires emitter-antenna strong
coupling, that is, coupling rates higher than the antenna loss
rate.18,19 Also, their nondirectional emission patterns tend to
make efficient collection of the emission difficult. Ideally, one
would be free to choose any desired Q, independent of the

Received: June 30, 2016
Published: August 29, 2016

Article

pubs.acs.org/journal/apchd5

© 2016 American Chemical Society 1943 DOI: 10.1021/acsphotonics.6b00453
ACS Photonics 2016, 3, 1943−1951

pubs.acs.org/journal/apchd5
http://dx.doi.org/10.1021/acsphotonics.6b00453


Purcell factor. An attractive candidate for such tunability is a
hybrid cavity−antenna system. Recently, such systems were
proposed for a selection of applications including emission
enhancement,20,21 molecule or nanoparticle detection,22−26

nanoscale lasers,27,28 and strong concentration near an antenna
of light from free space or a waveguide.29−32 Also, 2D Fabry-
Per̀ot etalons coupled to antennas have been used to study
antenna-cavity coupling mechanisms.33−35 Recent theoretical
work has suggested that an emitter coupled to a high-Q cavity
could gain in emission enhancement through the inclusion of a
small nanoparticle.36 Another study, however, found a strong
suppression of emission enhancement for a larger, strongly
scattering antenna coupled to a cavity.37

Here we propose hybrid systems as a versatile platform for
emission enhancements that are not only significantly larger
than those of cavities and antennas, but can also be tuned to
work over any desired intermediate bandwidth. Using a simple
but self-consistent coupled harmonic oscillator model, we show
that enhancements in these systems result from a trade-off
between additional losses and confinement, and we elucidate
under what conditions one can profit maximally from these
effects. We demonstrate for the first time that hybrid systems
allow to tune the bandwidth of emission, often up to several
orders of magnitude increase, while maintaining comparable or
even higher emission enhancement than the bare cavity. Since
our model is applicable to any cavity or antenna geometry, this
provides a general guideline for designing devices that can
match any desired emitter spectrum. Moreover, we propose a
realistic design for a hybrid system that can be fabricated
lithographically and find excellent agreement between Purcell
enhancements from our model and from finite-element
simulations on this design. Finally, we demonstrate that hybrid
systems can boost emission enhancements while retaining a
high power outcoupling efficiency into a single cavity decay
channel (e.g., a waveguide), making them excellent candidates
for single photon sources.

■ MODELING HYBRID EMISSION ENHANCEMENTS
The emission enhancement experienced by a quantum emitter
due to its environment can be found by modeling the emitter as
a classical oscillating dipole with constant current amplitude.
The power emitted by such a drive dipole is equal to the work
done by its own field on itself, that is

ω= *P p E
2

Im{ }dr dr tot (2)

where pdr is its dipole moment, ω is its angular oscillation
frequency, and Etot is the total field at its position (Note that all
quantities are scalars, as we have projected the fields on the axis
of the antenna dipole moment and assumed the drive dipole
orientation to be aligned with this axis). Dividing Pdr by the
power that the drive dipole emits in a homogeneous medium,
as given by Larmor’s formula, yields the emission enhancement
η, also known as the “local density of optical states” (LDOS)
relative to the medium.38 In the context of cavities, η evaluated
at the cavity resonance is the Purcell factor.
Here we consider an emitter coupled to a cavity−antenna

system. A possible configuration is depicted in Figure 1.
However, no assumptions on either cavity or antenna geometry
are made, other than that the antenna is dipolar. To obtain Etot,
we model cavity and antenna as harmonic oscillators and set up
their coupled equations of motion (EOM).39 We obtain (see
Supporting Information)

ω ω ωγ β β− − − =i p E E( )0
2 2

c p,drive (3)

ω ω ω ωκ ω−
ϵ ϵ

+ − − =
V

p i E E( )
2

0 eff
c
2 2

c
2

c,drive
(4)

where the free variables p and Ec are the antenna induced
dipole moment and cavity mode field amplitude at the position
of the antenna, respectively. It is easy to see that eq 3 exactly
maps on a point dipole model for a polarizable plasmon
antenna, driven by an external driving field Ep,drive and the cavity
field.40 Likewise, in eq 4 one recognizes the typical description
of the response of a single cavity mode, driven by an external
field Ec,drive and the antenna. Antenna and cavity resonance
frequencies are denoted by ω0 and ωc, respectively, and their
respective damping rates by γ and κ. Importantly, γ contains an
intrinsic damping rate γi due to ohmic damping, and a
frequency-dependent radiative damping rate γr, through

γ ω γ γ ω= +( ) ( )i r (5)

Inclusion of γr, which represents antenna radiation into all
modes except the cavity mode under consideration, ensures
that our model is valid for both strongly and weakly scattering
particles. Expressed in scattering terms, with radiation damping
eq 3 represents the t-matrix of a scatterer with a consistent
optical theorem for scattering, absorption, and extinction.41

The antenna-cavity coupling is determined by the antenna
oscillator strength β and the bare cavity effective mode volume
Veff. While in a Drude model for a metal sphere of volume Vant
in vacuum, β simply reads 3Vantϵ0ω0

2, in general, it may be
found for any antenna by polarizability tensor retrieval from a
full wave simulation.42−44 The effective mode volume Veff of the
cavity equals the conventional mode volume V in eq 1 if the
antenna is placed exactly at the cavity mode maximum. Away
from the mode maximum, Veff increases, in inverse proportion
to the mode profile (see Supporting Information for an exact
definition).
We may now identify Ep,drive and Ec,drive with the field

generated by the drive dipole as Ep,drive = Gbg pdr and Ec,drive =
pdr/(ϵ0ϵVeff), with pdr the fixed dipole moment of the source.
The Green’s function of the background environment

ω= ̂· ⃡ · ̂G p G pr r( , , )bg bg dr 0 dr describes the field caused by the
source at the antenna position r0. The same effective mode
volume Veff as in eq 4 appears here if we assume the cavity field
at the drive dipole and antenna to be equal. This is true if the
distance between them is much smaller than the wavelength. If
this is not the case, our formalism remains applicable; however,
one should include a complex factor in Ec,drive.

Figure 1. Coupled cavity−antenna system, driven by a dipolar source.
The cavity is represented by a disk supporting a high quality factor
whispering gallery mode (WGM) shown in the cut-out.
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If we consider first the uncoupled EOMs, we can recognize
the bare antenna polarizability αhom and bare cavity response
χhom, defined through p = αhomEp,drive and Ec = χhom pdr,
respectively. These are αhom = β/(ω0

2 − ω2 − iωγ) and χhom =
(ω2/ϵ0ϵVeff)/(ωc

2 − ω2 − iωκ). When cavity and antenna are
coupled, their own scattered fields act as additional driving
terms, leading to the hybridized antenna polarizability αH and
cavity response function χH, given as (see Supporting
Information)

α α α χ= − −(1 )H hom hom hom
1

(6)

χ χ α χ= − −(1 )H hom hom hom
1

(7)

These expressions can be viewed as response functions
dressed by an infinite series of cavity−antenna interactions,
similar to a multiple-scattering series in a coupled point-
scatterer model.40,45 The hybridized polarizability αH resembles
the broad, Lorentzian line shape of αhom, yet with a sharp Fano-
type resonance close to ωc, similar to the polarizability
discussed by Frimmer et al.37 Increased radiation damping
experienced by the antenna due to the cavity mode, as
measured by Buchler et al. for a dipole near a mirror,46 is also
captured in αH. The hybridized cavity response χH, on the other
hand, shows a Lorentzian line shape with a resonance that is
shifted and broadened exactly as predicted by the familiar
Bethe-Schwinger cavity perturbation theory.47−49

We can now find the total field at the drive dipole position as
the sum of the cavity field, the antenna scattering and the
contribution of the background medium, that is, Etot = Ec +
Gbg p + Gbg(rdr, rdr, ω)pdr, where Ec and p are solved from the
EOMs. Using Etot in eq 2 and dividing by Larmor’s formula, we
obtain the emission enhancement (see Supporting
Information)

η
π
ω

α α χ χ= +
ϵ

+ +
c

n
G G1

6
Im{ 2 }tot

0
3

3 H bg
2

bg H hom H (8)

Note that each of the terms in ηtot corresponds to a multiple
scattering path that radiation can take, departing from and
returning to the source, which will be discussed later.

■ ENHANCEMENT IN HYBRIDS AND BARE
COMPONENTS

Using eq 8, we may now compare hybrid enhancements with
those in the bare cavity and antenna. For concreteness we focus
on a particular example cavity and antenna, for which Figure 2a
shows enhancement spectra. Expressions for bare component
enhancements can be easily derived from eq 8. For the antenna,
we take β = 0.12 C2/kg, corresponding to a 50 nm radius
sphere in vacuum with resonance frequency ω0/(2π) = 460
THz, and the ohmic damping rate γi/(2π) = 19.9 THz of
gold.50 We place the source at 60 nm distance from the antenna
center, chosen such that we can safely neglect quenching by
dark multipoles.51 Its dipole moment points away from the
antenna. This yields an emission enhancement of ∼200 at
resonance. For the cavity, we assume Q ≡ ωc/κ = 104 and Veff
to be 10 cubic wavelengths (λ), leading to a cavity Purcell factor
of 76, and typical of modest-confinement cavities, like
microdisks. We present results for several different cavity
resonance frequencies ωc.
Figure 2b shows enhancement spectra for hybrid systems at

various detunings. Each spectrum has two features correspond-
ing to the two eigenmodes of the system: a broad and a narrow

resonance due to modes similar to the bare antenna and the
bare cavity resonance, respectively (see Supporting Informa-
tion). In the remainder of this paper, we will focus only on the
narrow resonance. Because the source excites both hybrid
eigenmodes, the narrow resonance presents a distinct Fano-
type line shape. Importantly, these Fano-resonances show peak
enhancements that can far exceed those of the bare
components. The hybrid system outperforms the antenna at
resonance by more than a factor 3 and the cavity by more than
a factor 8. At the same detuned frequency, the antenna can be
outperformed by up to a factor 25 for the lowest frequency
peaks shown. Similar behavior was also predicted in earlier
work for much smaller, quasistatic antennas.36 Contrary to
intuition, however, the strongest enhancements are not found
for a cavity and an antenna tuned to resonance, but rather for
cavities significantly red-detuned from the antenna. On
resonance the cavity and antenna modes destructively interfere
to yield a strongly suppressed enhancement, consistent with the

Figure 2. (a) Emission enhancement for a dipole coupled to a bare
antenna (blue line) or to a set of bare cavity modes (other colors).
Cavity resonances are spaced half an antenna linewidth (i.e., 27.1
THz) from each other. Each cavity peak represents a different
calculation, indicated by a different color. The antenna limit ηant

lim is
shown by the dashed dark gray line. (b) Emission enhancement for the
hybrid system (colored lines) composed of the same elements as
shown in (a), compared to ηant

lim (dashed dark gray line). The peak
enhancement ηSE derived from a superemitter approximation (light
gray dashed line) shows good agreement with the narrow peaks away
from the antenna resonance. The inset contains a zoom-in on the peak
with highest emission enhancement, showing antenna (blue), cavity
(red) and hybrid (green) enhancements. (c) Broadening (yellow) and
confinement (purple) of the hybrid system, approximated as a
superemitter, relative to the bare cavity. The cyan line shows the ratio
of the confinement and the broadening, which equals the peak
enhancement of the superemitter ηSE relative to the bare cavity Purcell
factor FP.
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findings of Frimmer et al. for hybrid system with a strongly
radiatively damped antenna.37

To understand the strong increase of emission enhancement,
we can employ a “superemitter” point of view. This concept
was originally proposed by Farahani et al., who claimed that an
emitter coupled to an antenna could be considered as one large
effective dipole when interacting with its environment.52 In this
view, for a superemitter coupled to a cavity the emitted power
should be given by

ω χ=P p
2

Im{ }dr,SE SE

2

(9)

where pSE = pdr + p = pdr(1 + Gbgα) is the effective dipole
moment of the superemitter, χ is the cavity response, and α is
the antenna polarizability. First intuition suggests to use both
the bare polarizability αhom and the bare cavity response χhom.
However, Frimmer et al. demonstrated that this procedure fails
to describe the dispersive Fano lineshapes and the strongly
suppressed enhancement at the antenna resonance,37 which
indicates that either antenna or cavity, or both, are spoiled
when tuned on resonance. Better results are obtained if the
hybridized polarizability αH paired with χhom is used instead. A
third, alternative approach would be to use αhom and the
hybridized cavity response χH. Note that, compared to the full,
self-consistent expression eq 8 for emission enhancements, all
three superemitter descriptions are oversimplified. The merit of
using αhom and χH is that it accurately predicts the envelope
function (gray dashed curve in Figure 2b) encompassing the
Fano features. In this approach, at a hybrid resonance the
emission enhancement experienced by a drive dipole in a
superemitter reads ηSE = 3/(4π2)Q′/Veff′ , with Veff′ = Veff/|1 +
Gbgαhom|

2 a perturbed cavity mode volume (in cubic wave-
lengths) and Q′ ≈ ωc/κ′, where κ′ = κ + (ωc/ϵ0ϵVeff) ×
Im{αhom(ωc)}. In the second term of κ′, one recognizes the
familiar result from perturbation theory, which states that a
cavity resonance is broadened by the scatterer.48 This
superemitter description thus allows us to describe the emission
enhancement as a balance between enhanced broadening and
improved confinement.
Figure 2c shows the extra confinement Veff/Veff′ and

broadening Q/Q′ of the superemitter relative to the bare
cavity. We see broadening is dominant on the blue side of the
resonance because of increased radiation damping of the
antenna for higher frequencies.38 Confinement, instead, favors
detunings to the red of the antenna resonance. This is due first
to the lower radiation damping, and second to the positive sign
of Re{αhom}, which leads to constructive interference between
source and antenna when radiating into the cavity (Note that at
this small antenna-source distance, Gbg is almost entirely real
over the spectrum shown in Figure 2.) On the blue side the
effect is opposite. Combined, these effects cause the emission
enhancement relative to the bare cavity (cyan line in Figure 2c)
to be largest on the red side of the antenna resonance. Based on
the expressions for Q′ and Veff′ , we speculate that confinement
can be further boosted without increasing broadening using an
antenna with stronger coupling to emitters. For instance, bow-
tie antennas have similar dipole moments yet larger field
enhancements (captured in Gbg).

53 In fact, simulations on a
hybrid system composed of a nanobeam cavity and a bow-tie
antenna showed a reduction of the cavity mode volume, due to
inclusion of the antenna, of more than a factor 1000, with only
a minor effect on Q.26 These results show that hybrid systems
can achieve the best of two worlds: a high Q-factor typical for

dielectric cavities, combined with a strongly decreased mode
volume due to the high field confinement by the antenna. As an
example, the inset in Figure 2b shows a hybrid mode with Q =
6.9 × 103 very similar to the bare cavity (104), but mode
volume decreased by an order of magnitude (from 10λ3 to
0.82λ3).

■ BREAKING THE ANTENNA LIMIT WITH HYBRID
SYSTEMS

Hybrid systems can boost not only the bare cavity enhance-
ment, but also that of the antenna. Here we will discuss how
these systems can break the fundamental limit governing
antenna enhancement. This is best explained by analyzing eq 8,
which indicates that three different multiple-scattering pathways
contribute to the emission enhancement. We will refer to the
first, second, and last terms in brackets in eq 8 as the “antenna”
term, “cross-term”, and “cavity” term, respectively. Figure 3

shows the hybrid enhancements from Figure 2b broken down
into these three terms. Figure 3a is evidence that the antenna
term, corresponding to scattering paths that start and end with
an antenna−source interaction, is dominant over most of the
spectrum. However, we also recognize that this term alone
cannot break the bare antenna limit, shown as the gray dotted
line. This limit follows from the well-known upper bound of
(3/(2π2))λ2 set by energy conservation on the extinction cross
section of a single dipolar scatterer.37,54,55 Consequently, its
polarizability is limited to |αlim| = Im{αlim} = (3ϵ0ϵ/(4π

3))λ3.
An antenna with an albedo A = γr/(γi + γr) of 1 reaches this
limit at its resonance frequency. The limit on α leads to a limit
on antenna enhancement given by ηant

lim = 1 + (6 πϵ0c
3/

Figure 3. Emission enhancement for the hybrid system, broken down
into three contributions corresponding to the terms in brackets in eq
8: the “antenna” term (a), the “cross-terms” (b), and the “cavity” term
(c). Each contribution corresponds to a radiation path, which are
shown in the insets. The gray dotted lines in (a) and (c) show ηant

lim and
the bare cavity Purcell factor FP, respectively.
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(ω3n))Im{αlimGbg
2 }A(ω). Not only a bare antenna, but also the

antenna term in Figure 3a obeys this limit.
In principle there is no reason for a hybrid system, which

involves a cavity mode that is not assumed to be dipolar, to be
bound by the limit governing a single dipolar antenna. Yet it is
tempting to think that, since the antenna has a much larger
dipole moment than the source and consequently couples more
strongly to the cavity, energy transfer between the source and
the cavity is completely dominated by the path that passes
through the antenna first. In that case, only the antenna term in
Figure 3a would contribute, and the limit would be obeyed.
This is because the antenna is still a dipolar scatterer bound by
energy conservation, and as long as all energy passes through
the antenna, enhancement is therefore also bound to the same
limit. However, we see in Figure 3b,c that the cavity term and
the cross-terms, all of which require direct interaction between
cavity and source, contribute significantly to the enhancement.
The cavity term in Figure 3c, which represents all scattering
paths starting and ending with a direct source−cavity
interaction, remains below the cavity Purcell factor FP, since
the perturbed cavity response χH is always weaker than that of
the unperturbed cavity (χhom). This stands to reason, given that
the antenna spoils the cavity Q. The cross-terms in Figure 3b,
on the other hand, contribute strongly to the hybrid
enhancement. These terms describe scattering paths starting
at the antenna and ending at the cavity and vice versa. Their
contribution is largest on the red side of the antenna resonance
ω0 (up to nearly half the total enhancement for the lowest
frequency peaks) and switches in sign at ω0. The sign of the
cross-term indicates constructive or destructive (negative
contribution) interference. In this hybrid system, the
interference is between source and antenna radiation into the
cavity. From Figure 2b we conclude that the sum of all three
enhancement terms breaks the antenna limit, indicated by the
dark dashed gray curve, for frequencies where this constructive
interference takes place. Thus, through a subtle interference
phenomenon, hybrids can attain larger emission enhancements
than the antenna alone could ever achieve.

■ RANGE OF EFFECTIVE HYBRID Q AND V

Hybrid systems do not only offer increased emission enhance-
ment, they also open up an entirely new range of quality factors
and mode volumes. Figure 4 shows a “phase diagram” of Q and
V. Plasmonic antennas are found in the bottom left of this
diagram, at low Q and V. Conversely, cavities are in the top
right, with high Q and V. However, for most applications,
neither of these extrema is optimal. For example, if one desires
a high Purcell factor, yet wants to avoid strong coupling,
demands that are critical to a good, low-jitter single photon
source,3 the high quality factors of cavities are unpractical. A
device with an intermediate Q would be ideal, provided that the
Purcell factor remains high. Such an intermediate Q would also
better match the emission spectrum of an emitter, which is
often broader than that of a high-Q cavity yet narrower than
that of an antenna.56 Moreover, to obtain an optimal trade-off
between stability and tunability, one should be able to reach
this regime of intermediate Q: high Q renders cavities easily
detuned by undesired perturbations, whereas the very low Q of
antennas makes them difficult to tune. Here we will show that
hybrid systems allow precisely this: choosing the Q-factor to a
desired, intermediate value, while retaining or even improving
on the bare cavity Purcell factor.

In Figure 4, we compare Q and Veff of modes in hybrid
systems with those in the bare cavities and antenna. We assume
the same antenna as in Figures 2 and 3. Cavities were used with
500 < Q < 106 and 0.53 < Veff/λ

3 < 20, and for each
combination of Q and Veff/λ

3 we take several cavity resonance
frequencies 100 THz < ωc < 433 THz, corresponding to
cavity−antenna detunings ranging from 0.5 to 6.6 antenna
linewidths. Cavities were always red-detuned from the antenna.
To position hybrid structures in this diagram, we calculate
emission enhancement for frequencies around the cavity
resonance. We retrieve Q from the linewidth of the Fano-
resonance (see Supporting Information). While mode volume
is only well-defined for a single (nonleaky) mode,57−60 here we
employ an operational definition through Purcell’s formula (eq
1) and the peak value of the emission enhancement (ηtot

peak).
This leads to Veff

hyb = (3/(4π2))Q/ηtot
peak, with Veff

hyb in units of the
cubic resonance wavelength. We use the same definition for the
antenna mode volume. Note that, because we keep cavity Q
and Veff/λ

3 constant when varying ωc, cavities with different ωc
appear at the same point in Figure 4. Hybrid Q and V, however,
depend strongly on cavity−antenna detuning, as we have seen
in Figure 2. Therefore, the hybrid systems composed of cavities
with different ωc appear as lines in Figure 4.
From Figure 4 we see that hybrid systems provide exactly the

tunability discussed earlier: through variation of the cavity−
antenna detuning, any practical Q between that of the cavity
and the antenna can be chosen. The subset displayed in color
shows that this extreme tunability typically does not come at
the price of Purcell enhancement. If the bare cavity provides an
enhancement far below that of the antenna (blue and green),
hybrid systems can gain strongly in Purcell enhancement

Figure 4. Phase diagram of quality factors Q and dimensionless mode
volumes V/λ3. Shown are the values for the bare antenna (dark circle)
and a set of bare cavities (▲), as well as the values of the
corresponding hybrid modes. The colored lines show hybrid results for
all cavity−antenna detunings used. For decreasing ωc, that is, further
red-detuning of the cavity, hybrid Q and V lie closer to those of the
bare cavity. The light gray area indicates the location of the hybrid
values attained for cavities with 500 < Q < 106 and 0.53 < Veff/λ

3 < 20.
Dashed gray lines are lines of constant emission enhancement η.
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compared to the cavity, yet the Q-factor remains close to that of
the bare cavity. For cavities with enhancements similar to the
bare antenna (red, purple and yellow), one can gain with
respect to both bare components, and Q can be tuned over a
large range while maintaining very high enhancement. As can
be expected, the Purcell factor of the cavities with highest Q
(light blue) is reduced by inclusion of the antenna, as cavities
with such narrow resonances are easily spoiled by the losses
introduced by an antenna. Yet it is remarkable that enhance-
ments of order 103 can be maintained over a large range of
strongly reduced Q-factors in such systems. To illustrate the full
attainable range of hybrid Q and V, the light gray area shows
where all the hybrid systems are located, for the full range of
cavities examined here. From this we see that any Q between
that of the cavity and the antenna can be obtained, at high
Purcell factor. In summary, hybrid systems can bridge the gap
in Q and Veff between cavities and plasmonic antennas, reaching
any desired, practical Q at similar or better enhancement
factors.

■ FINITE-ELEMENT SIMULATIONS ON A REALISTIC
HYBRID SYSTEM

Here we analyze a possible physical implementation of the
proposed hybrid systems. We perform finite-element simu-
lations on a realistic cavity−antenna design using COMSOL
Multiphysics 5.1, which also serve to verify the validity of our
analytical oscillator model. Figure 1 is an artistic representation
of the simulations. As a cavity, we take a silicon nitride (n =
1.997) disk in vacuum with a radius of 2032 nm and a thickness
of 200 nm. To tune the cavity Q and to help trace how much
power flows into the cavity mode we include a small amount of
absorption as imaginary component (4 × 10−6) in the
permittivity of the silicon nitride. The disk supports a radially
polarized m = 22 whispering gallery mode (WGM) at 382.584
THz (∼784 nm) with Q = 7.28 × 104 (see Figure 5a,c). The
antenna we use is a gold prolate ellipsoid with a long (short)
axis radius of 70 (20) nm. Optical constants are described by a
modified Drude model.50 Figure 5b shows the antenna field
profile. The hybrid systems is obtained by placing the antenna
50 nm above the disk, just next to the source. In an experiment,
one could use an antenna that is fabricated (e.g., by e-beam
lithography) directly on top of the disk, as demonstrated earlier
for similar geometries.27,61

To verify the predictions of the oscillator model, we first
calculate emission enhancement spectra for the bare
components, and through a fit retrieve all the input parameters
for our oscillator model. We then compare the oscillator model
prediction for the enhancement spectrum of the hybrid to that
obtained from finite-element simulation of the hybrid system.
From the fit to the bare cavity emission and absorption

spectra (see Supporting Information), we find the cavity
parameters ωc, κr/2π = 5 GHz, κabs/2π = 0.3 GHz, and Veff =
22.8λ3. This leads to a peak enhancement of 242. The bare
antenna spectra yield the antenna parameters ω0/2π = 436
THz, γi/2π = 18.1 THz, β = 0.073 C2/kg, and an effective
source−antenna distance of 55.2 nm (smaller than the physical
source-to-center distance of 70 + 12 nm owing to the lightning
rod effect). These values lead to a bare radiative (absorptive)
antenna emission enhancement of 186 (174) at maximum.
Figure 6 shows the comparison between the oscillator model
prediction based on these values and the full simulations on the
hybrid system where the antenna was placed beside the source,
just above the disk, as shown in Figure 5d. We find an emission

enhancement of ∼914 in the hybrid system, which is a large
increase with respect to the bare cavity (242) and antenna (360
at resonance and ∼65 near cavity resonance). The bandwidth
over which this enhancement occurs is increased by a factor 9.4
(to 49 GHz) with respect to the cavity. There is excellent
agreement between the model and the simulation for all
components of the enhancement. Remaining differences can be
largely attributed to errors in the antenna fit (see Supporting
Information). These results demonstrate that the oscillator
model correctly predicts emission enhancement in a coupled
cavity−antenna system, based on the response of the bare
components. Moreover, it shows that a realistic cavity−antenna
system can combine the best features of both cavity and

Figure 5. Cross-cuts of the cavity, antenna and hybrid mode profiles.
All fields are normalized to their maximum values. Cross-cuts are taken
at symmetry planes of the structures. White lines indicate the edges of
the structures. (a) Top view and side view of the bare cavity
eigenmode. Only the dominant (radial) field component is shown. (b)
Field profile of the bare antenna in vacuum, illuminated by an x-
polarized plane wave at its resonance frequency. The x-component of
the scattered field is shown. The small white circle above the antenna
tip indicates where we will place the source dipole. (c) Zoom-in of the
bare cavity eigenmode profile. The position of the antenna in the
hybrid system is indicated with the dashed line. Note that no antenna
was used in this simulation. The position of the drive dipole is
indicated beside the antenna tip. (d) Zoom-in of the hybrid
eigenmode profile. Hot spots are visible near the antenna tips.

Figure 6. Emission enhancements in a hybrid system from the
oscillator model (dashed) and from simulations (solid). We show
enhancements due to scattering into free space (blue), antenna
absorption (red) and total enhancement (green). Enhancement due to
cavity absorption (purple) in the hybrid system is visible in the inset.
Enhancement from the bare cavity (yellow) is shown for comparison.
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antenna, achieving much stronger emission enhancement than
the bare components.

■ EFFICIENCY OF RADIATION INTO THE CAVITY
In the previous sections, we demonstrated that hybrid systems
allow strongly boosted emission enhancements at any desired
quality factor Q. Here we will show that one can also control by
hybridization into what channels energy is emitted. Depending
on the application, one may, for example, wish to design a
system that emits all power into free-space or, rather, into a
single-mode waveguide. The latter is often the case for an on-
chip single-photon source, for example. From the equations of
motions, we can also deduce the power dissipated in the
antenna, the power radiated by the antenna into free space,62

and the power emitted into the cavity decay channel (see
Supporting Information). Here we use this to study the fraction
of power going into the cavity decay channel, as this is usually
most efficiently extracted in, for example, a waveguide. This
fraction, that is, the efficiency of extraction into single mode
output channel, is also known as the β-factor in the context of
single-photon sources.3 Note that, as we generally have not
specified the origin of the cavity loss κ, one could assume it to
be dominated by outcoupling to a waveguide. In experiments
this is commonly achieved by evanescent coupling of a cavity to
a nearby integrated waveguide or fiber taper.63,64 Overcoupling
then ensures that the waveguide or taper is the dominant loss
channel.
Figure 7a,b shows the relative cavity outflux and the peak

value of the total hybrid emission enhancement ηtot
peak as a

function of cavity resonance ωc and bare cavity Purcell factor
FP. The same cavities and antenna were used as in Figure 4, and
detuning now ranged between 0 and 6.6 antenna linewidths.
Note that relative cavity outflux and ηtot

peak are fully determined
by antenna properties, detuning and FP (i.e., Q/Veff), not by Q
and Veff separately. There is a large region in which hybrid
emission enhancement can be increased with respect to the
cavity, while maintaining a very high fraction of power flux into
the cavity channel. This implies that the plasmonic antenna

helps to boost emission enhancement through its field
confinement while adding almost no additional losses,
consistent with the results in Figure 2c. Figure 7 shows that
this works particularly well for cavities with FP between 10 and
∼103. Close to the antenna resonance (460 THz), cavity
outflux drops as power outflux is dominated by the antenna.
For very good cavities with FP around 104, power outflux is also
dominated by the antenna, even for far red-detunings. This
reflects the fact that either intrinsic cavity losses are very low
(high Q) or coupling to the antenna is very strong (low V).
Both cases lead to the antenna decay channels being dominant.
Importantly, dominant outcoupling through the antenna does
not mean that all the power is dissipated: it is distributed
between dipolar radiation and dissipation according to the bare
antenna albedo. For applications where radiative efficiency
rather than coupling to a waveguide is important, these
antenna-dominated regimes can be highly interesting.
In conclusion, one can generally engineer the system in such

a way that the power flows in any of the desired channels.
Specifically, we have shown that it can be designed for a high
extraction efficiency into a single cavity loss channel, such as a
waveguide. This is of particular interest for applications such as
an on-chip single-photon source with a high β-factor.

■ CONCLUSIONS AND OUTLOOK

We have shown that hybrid cavity−antenna systems can
achieve larger emission enhancement than either the antenna or
the cavity alone. These systems can benefit simultaneously from
the high cavity quality factor and the low mode volume of the
antenna. This benefit occurs only when the cavity is red-
detuned from the antenna. We have demonstrated that this is
partly due to the reduced radiation damping of the antenna,
and partly due to constructively interfere between source and
antenna radiation. The latter also allows the enhancements in
hybrid systems to break the fundamental limit governing
antenna enhancements. Moreover, we have shown that hybrid
structures allow to design any desired quality factor while
maintaining similar or higher emission enhancement than the
bare cavity and antenna. A study of the cavity power outflux as a
fraction of total emitted power demonstrated that one can
furthermore engineer the system to emit efficiently into a
desired output channel, such as a waveguide. Finally, a physical
implementation using a WGM cavity and a gold antenna was
proposed and tested using finite-element simulations, showing
strongly increased emission enhancement and excellent agree-
ment with the oscillator model.
These results highlight hybrid systems as a highly versatile

and promising platform for enhancement of light-matter
interactions. Such systems can leverage the existing expertise
on high-Q cavities and plasmonic antennas for devices that
combine the best of both worlds, while avoiding the
disadvantages such as losses in the metal. While one has to
pay the price of a multistep fabrication process to integrate
cavity, antenna and emitter, the advantage is that it could open
up arbitrary bandwidth cavity QED to fit a wide variety of
emitters, including single molecules, quantum dot nanocrystals
and nanodiamond color centers. This paves the way to further
studies, such as an experimental demonstration of Purcell
enhancements in the proposed design or studies of hybrid
systems as efficient interfaces between free-space radiation and
on-chip waveguides.

Figure 7. (a) Fraction of power into the cavity decay channel κ, as a
function of cavity resonance ωc and bare cavity Purcell factor FP. This
fraction was evaluated at the peak of the total emission enhancement
ηtot. We use the same antenna as in Figures 2 and 4. (b) Total emission
enhancement ηtot

peak of the hybrid system (at peak) relative to FP. The
same cavities and antenna were used as in (a).
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