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Hybrid photonic-plasmonic cavities can be tailored to display high Q factors and extremely small mode
volumes simultaneously, which ultimately results in large values of the Purcell factor, FP. Amongst the
different hybrid configurations, those based on a nanoparticle-on-a-mirror plasmonic cavity provide one of
the lowest mode volumes, though so far their operation has been constrained to wavelengths below 1 μm.
Here, we propose a hybrid configuration consisting of a silicon photonic crystal cavity with a slot at its
center in which a gold nanoparticle is introduced. This hybrid system operates at telecom wavelengths and
provides high Q-factor values (Q ≈ 105) and small normalized mode volumes (Vm ≈ 10−4), leading to
extremely large Purcell-factor values, FP ≈ 107 − 108. The proposed cavity could be used in different
applications such as molecular optomechanics, bio- and chemosensing, efficient quantum emitters, or
enhanced Raman spectroscopy in the relevant telecom-wavelength regime.
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I. INTRODUCTION

The local density of optical states (LDOS) quantifies
the available number of electromagnetic states that can be
occupied by a photon in a certain position of a system.
A high local value of the LDOS will result in enhanced
light-matter interaction at that location. In this way, the
environment of an emitter can be tailored to maximize
the LDOS using, e.g., optical cavities. At resonance, the
LDOS gives us the Purcell factor, FP, which originally
accounted for the enhancement of the spontaneous emis-
sion of an atom in a cavity [1–3]. By definition, the Purcell
factor is proportional to the ratio between the Q factor and
the mode volume Vm, as [4,5]:

FP = 3
4π2

Q
Vm

, (1)

where Vm is the mode volume normalized by the wave-
length (λ) over the local refractive index (n) cubed (λ/n)3
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and Q is the quality factor. Note that Eq. (1) requires that
the line width of the emitter is narrower than the line width
of the optical resonance, which is satisfied in most cases.
This suggests a route to designing photonic systems that
exhibit simultaneously a high Q factor and an ultrasmall
Vm to maximize FP and enhance light-matter interaction.

Dielectric cavities can greatly enhance the Purcell fac-
tor, since they can have large Q-factor values as a
result of the negligible absorption loss [6]. However,
the diffraction limit usually prevents them from achiev-
ing subwavelength-scale mode volumes, so Vm ≈ 1 unless
special “slotted” configurations are used [7–9]. On the con-
trary, plasmonic cavities formed by metallic nanoparticles
(NPs) can overcome the diffraction limit, leading to ultra-
small Vm values[10]. However, Joule losses in the metal
reduce the reachable Q factor to values Q ≈ 10 [11,12].

In the past few years, hybrid photonic-plasmonic cavi-
ties have been introduced as systems providing large Fp ,
as they can potentially combine the best of both worlds:
high Q-factor values due to the dielectric photonic cavity
and small mode volumes as a result of the metallic NP
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[11,13–22]. Indeed, by modifying the coupling between
the photonic and plasmonic modes, the Q factor and Vm
can be tuned between the values of the bare NP and the
cavity [17]. Different configurations of hybrid photonic-
plasmonic cavities have been suggested so far. Some of
the most attractive ones consist of a bow-tie nanoantenna
placed on a dielectric photonic crystal nanobeam cav-
ity operating at transverse-electric (TE) polarization [17]
(Fp ≈ 1 × 104). The main limitation of this configuration
is that the plasmonic gap has to be defined lithographically,
reaching minimum values of several nanometers, which
prevents reaching the nanometer-scale (and below) gaps
that leads to extreme plasmonic localization [23–25].

Nanoparticle-on-a-mirror (NPoM) cavities are far supe-
rior for achieving the smallest possible mode volumes,
as plasmonic gaps around 1 nm and below can be cre-
ated. The reason is that NPs can be deposited on top
of self-assembled monolayers (SAMs) formed on metal-
lic surfaces, so that the plasmonic gap widths equal the
SAM thickness [26–30]. Recently, a hybrid system com-
bining a NPoM configuration with GaP photonic crys-
tal cavities—operating under transverse-magnetic (TM)
polarization at visible wavelengths—has been introduced
[31]. Due to the NPoM-based design, nanometer- and
subnanometer-scale plasmonic gaps can potentially be
achieved and combined with relatively large Q fac-
tors. By means of this hybrid system, the Purcell fac-
tor is enhanced by one order of magnitude with respect
to hybrid configurations based on bow-tie nanoantennas
(Fp ≈ 1 × 105) [31].

Most of the previous work on hybrid photonic cavities
has been focused on the visible-wavelength range, due to
the huge interest in enhancing light-matter interaction in
that spectral region [17]. However, their realization at tele-
com wavelengths (λ ≈ 1550 nm) is also highly interesting,
for several reasons: first, because of the multiple available
applications (mostly related to high-speed optical com-
munications and data processing but also recently label-
free biosensing) as well as advanced available equipment
(laser, amplifiers, and high-speed photodetectors); and,
second, because of the emergence of the silicon photon-
ics area, which has become the standard technology for the
production of large-volume photonic integrated circuits.
In this regard, enhancing the Purcell factor improves the
performance of single-photon sources enormously [17],
so hybrid cavities could play a role in building such
sources at telecom wavelengths, progress on which has
been quite elusive so far [32]. By locating the quantum
emitter in the gap between the metallic nanoparticle and
the cavity sidewall, it would be possible to accelerate
its emission process [33]. Importantly, the realization of
efficient quantum sources at telecom wavelengths would
enable the transmission of quantum information through
widely deployed fiber-based optical communication net-
works. In laser applications, which in our approach could

be realized by embedding proper emitters in the slot, large
Purcell-factor values would decrease the lasing thresh-
old power, which is proportional to Vm/Q [34]. In the
case of biosensing, silicon photonics provides a route for
manufacturing low-cost chips for highly sensitive label-
free detection in an aqueous environment [35]. The use of
cavities with large Q and small Vm should lead to extreme
sensitivity (down to the single molecule level) and a large
reduction of the footprint (in comparison, e.g., to biosen-
sors based on ring resonators [36]). Although the figure of
merit is not directly the Purcell factor [17], nonlinear pro-
cessing could also benefit from large Q/low Vm cavities.
For instance, hybrid cavities could greatly reduce switch-
ing powers and footprints in nonlinear all-optical switches
on silicon [37,38]. Also, hybrid cavities could provide a
route for efficient Raman spectroscopy in silicon chips,
which should make use of telecom wavelengths to avoid
silicon absorption below 1.1 μm [39].

There have been many demonstrations of silicon cavi-
ties operating at telecom wavelengths with Q factors over
104 using lithographically defined one-dimensional (1D)
(Fp ≈ 2.7 × 106) [40] or two-dimensional (2D) (Fp ≈
1.7 × 105) [41] photonic crystal cavities while showing
Vm ≈ 1. Reaching Vm < 1 becomes feasible by defining
thin slots in silicon and taking advantage of the discon-
tinuities of the normal electric field [7,42] but with the
minimum slot size being limited by lithography. In a pre-
vious work [8], complex subwavelength structuring of
silicon (down to approximately 10 nm) has also enabled
Vm < 2 × 10−4 to be reached.

Hybrid systems have also recently been proposed in
silicon technology for telecom wavelengths. In Ref. [19],
a hybrid photonic-plasmonic nanocavity, constituted by
an L3 photonic crystal nanocavity and a plasmonic bow-
tie nanoantenna, has been shown to have an ultrahigh
figure of merit Q/V of 8.4 × 106 (λ/n)−3 (Fp ≈ 6.3 ×
105). However, either in the silicon-only cavity [8] or in
the hybrid approach [19], the extreme field localization
enabled by the NPoM cavity has still been missing.

In this work, we propose a hybrid photonic-plasmonic
cavity that combines silicon and the NPoM approach to
obtain extreme field localization and large Q at reso-
nance. This hybrid consists of a silicon photonic cavity
with a slot at its center [9,42], operating at TE polar-
ization at telecom wavelengths, and a gold NP, which is
located at the cavity of the slot. The NP can potentially
be separated from the silicon walls of the slot by a SAM,
thus reaching the nanometer- and even subnanometer-
scale localized fields at resonance. Our design achieves
Q ≈ 1 × 105 and Vm ≈ 1 × 10−4, giving rise to Purcell-
factor values of FP ≈ 1 × 107–1 × 108, which are 2–3
orders of magnitude larger than those reported previously,
based on NPoM cavities combined with photonic crystals,
and 2 orders of magnitude larger than those correspond-
ing to hybrid photonic-plasmonic cavities operating at
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telecom wavelengths. This is mainly due to the nanoscale
confinement provided by the slot-nanoparticle combina-
tion and the radiation suppression resulting from the
photonic crystal structure. By combining top-down and
bottom-up approaches, we also suggest a route to fabri-
cating the hybrid cavity, which may be used to improve
the performance of current silicon photonic devices as
well as to envisage applications in the relevant telecom-
wavelength domain.

II. DESCRIPTION OF THE HYBRID CAVITY

Figure 1 depicts the proposed hybrid photonic-
plasmonic configuration. A gold NP is located at the
center of the slot of a 1D silicon photonic crystal cavity
operating under TE polarization at telecom wavelengths.
The distance between the NP and the photonic crystal wall
(the gap, d) is d = 1 nm, which approximately models
the thickness of a SAM. The silicon wall behaves here
as the mirror, though showing lower reflectance than a
metallic one. Such a small gap, which is not defined litho-
graphically but by carefully placing the NP in the cavity
spaced by a SAM, should allow for extreme light confine-
ment, thus giving rise to small Vm. Separately, the bare
dielectric cavity, i.e., without the NP, provides high Q-
factor values due to the excitation of a defect mode within
the band gap of the photonic crystal. When the metallic
NP is located in the gap, the scattering pathways of the NP
dipolar response will be strongly suppressed as a result of
the photonic band gap of the dielectric cavity, leading to
high Q factors for the hybrid system (QHyb). In addition,
due to the presence of the NP, the mode volume of the
dielectric cavity will be decreased by squeezing the field in
the gap region, leading to ultrasmall Vm of the hybrid sys-
tem (VHyb). So, the small VHyb together with the high QHyb
should result in LDOS values that are not attainable by
the bare components (NP or dielectric cavity alone), as we

(a)

(b)

FIG. 1. Schematics of the proposed system. (a) Geometry of
the 1D slotted photonic crystal cavity. (b) A top view of the cen-
ter of the cavity, where the slot of width w can be distinguished. A
gold spherical NP is located inside the slot. The distance between
the NP and the cavity wall in the y direction is d = 1 nm, as
shown in the close-up view and marked with a dashed-dotted
line.

show in Sec. IV. In order to understand which parameters
prevent further increase of the Q-factor, we draw on the
analytical coupled oscillator model introduced in Ref. [17],
where it has been shown how the properties of the bare
dielectric cavity and NP limit the possible QHyb and VHyb
that can be attained [17]. It has been demonstrated that the
Q factor of the hybrid system (QHyb) is determined not only
by the losses introduced by the metallic NP but also by the
detuning between the NP and the cavity, the cavity (Vc) and
the NP (VNP) mode volumes, and the Q factor of the bare
cavity (Qc). In the particular case of considering gaps as
small as 1 nm, the Q factor is mainly hampered by absorp-
tion due to the small distance between the emitter and the
metallic particle, as we show in Sec. IV.

It is worth remarking that although placing the right
material in the nanometer-scale gap is not so obvious,
it could be done for many applications in a relatively
easy way. For instance, many useful materials can form
SAMs that can be attached to the target surface. Although
many SAMs bind mainly to gold (see, e.g., Refs. [43,44]),
other SAMs can be designed to bind to silicon (see, e.g.,
Ref. [45]). Once the SAM is attached to the mirror, the
NP could be deposited on it by several methods. For single
emitters or quantum dots, it may be more complicated but
more and more techniques are under development to cou-
ple atoms or molecules to waveguides and cavities (see,
e.g., Ref. [46]).

III. METHODS

The eigenfrequencies and LDOS calculations shown in
this work are obtained by means of the finite-element
method (FEM), implemented in the COMSOL MULTI-
PHYSICS commercial software [47]. In particular, the radio-
frequency (rf) module is used. The optical constants for
the gold NP are taken from Ref. [48]. The refractive index
for silicon is considered to be n = 3.48. To attain the
LDOS, the structure is illuminated by an electric point-
dipole source, the dipole moment of which is considered
along the y axis (i.e., along the axis connecting the sphere
and the cavity). The normalized LDOS is defined as

LDOS = Prad + Pno−rad

Pradvacuum
, (2)

where Prad is the radiative power density and Pno−rad is
the power-loss density. The numerator corresponds to the
radiative and nonradiative power emitted by the dipole
coupled to the structure. However, the denominator con-
tains the radiative power emitted by the dipole in a
vacuum. The dipole is located at the center of the struc-
ture and in the middle of the gap between the NP and the
silicon-slot sidewalls. Experimentally, this spacer would
be filled by a suitable SAM. For computational purposes,
the hybrid geometry is surrounded by a cylindrical air
region of radius 9μm. An additional smaller cylinder with
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a radius of 5 μm and made of air is placed in the center of
the larger cylinder. The scattered power (Prad) is calculated
at the boundaries of the smaller cylinder, whereas the non-
radiative power density is obtained by means of the volume
integration of the losses in the metallic NP. The dipole
source is surrounded by a sphere with a diameter that is
equal to the gap size (d = 1 nm) to ensure a sufficiently
fine grid in close proximity to the dipole source. The mesh
of the surrounding air medium is chosen to be smaller than
600 nm. The mesh of the gold sphere is smaller than 6
nm. The chosen sizes for the mesh of the slot, the cavity
surrounding the slot, and the holes and cavity surround-
ing the holes are smaller than 15 nm, 22.5 nm, 45 nm, and
52.5 nm, respectively. The mesh of the sphere surrounding
the dipole source is smaller than 0.2 nm. The cylindrical
region of air is surrounded by a perfectly matched layer
(PML) with a thickness of 3 μm. The near-field plots at
the eigenfrequencies of interest are attained with the eigen-
mode solver of COMSOL Multiphysics. The same mesh is
used for the LDOS and eigenmode calculations and for
the different analyzed structures: the dielectric (no NP) and
hybrid cavity. In all cases, the same geometry is considered
and only the optical constants of the materials (if present
or not) are changed appropriately.

Note that a local description of the dielectric response
is properly adopted in our calculations, as nonlocal effects
[49] can be disregarded in our system due to the large size
of the nanoparticle considered, as well as to the absence of
any small metal-insulator-metal (M -I -M ) gap [50,51].

IV. RESULTS

A. Photonic band diagram

The 1D silicon photonic crystal cavity consists of a
silicon waveguide of width h = 550 nm and thickness
t = 220 nm patterned with holes and with a slot in the
defect section, as depicted in Fig. 1(a). The beam is drilled
with a set of circular holes to produce a TE band gap
around λ = 1550 nm. Figure 2(a) shows the TE-like band
diagram when the holes are spaced by a distance a =
580 nm and have a radius r = 0.365a, showing a wide
band gap (shadowed region) as expected. To build the
cavity, we include two photonic crystal mirrors with the
previous dimensions at each side of the cavity while the
period is adiabatically reduced from a = 580 nm down to
a = 331.5 nm (while keeping the r/a ratio constant) when
moving toward the cavity center. This allows us to blue
shift the dielectric band and obtain a confined mode in the
band gap, as depicted by the red dashed line in Fig. 2(a).
Finally, a slot section of width w = 40 nm and length
l = 547 nm is introduced between the central holes of the
cavity to enhanced the TE field. Note that this slot width is
achievable using standard silicon nanofabrication [9].
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FIG. 2. (a) The photonic band diagram of the mirror unit cell.
The TE-like (TM-like) bands are depicted in blue (green). The
shadowed region corresponds to the TE-like quasi–band gap
where the photonic crystal cavity mode confined in the middle
region is located (depicted with a red dashed line). (b) The mode
profile of the electric field amplitude |E| (X -Y crosscut) normal-
ized to its maximum value for the slotted photonic crystal cavity
without the spherical gold NP.

The near-field map at the eigenfrequency of the confined
mode (λ = 1613 nm) in the 1D photonic crystal cavity, fol-
lowing the previous design, is presented in Figure 2(b). It
can clearly be seen that the electric field is well confined in
the slot placed at the center of the cavity. It is worth men-
tioning that the cavity resonance is red shifted with respect
to the gold NP resonance. In previous works, it has been
shown that this condition is necessary to improve the per-
formance of the hybrid cavity with respect to the isolated
components [11,17,18].

B. Comparison of Q-Vm values for the bare cavity and
the hybrid system

In Figs. 3(a) and 3(b), we present the calculated LDOS
for the bare cavity (slot width w = 40 nm) and the hybrid
system composed of the silicon cavity plus a gold NP of
radius R = 19 nm, respectively. For the bare cavity, the Q
factor is retrieved from fitting the LDOS to a Lorentzian
function. Once the Q factor is known, the mode volume
is recovered by the inversion of Eq. (1). The obtained
Q factor of the bare cavity is Qc = 1.6 × 105, while the
mode-volume value is Vc = 4 × 10−2. Note that while it
is true that quasinormal modes (QNMs) are highly appro-
priate for studying hybrid structures such as the ones
presented in this work [52], Vm can also be retrieved from
the LDOS calculation, once the Q factor is known [17,18].
As expected, high Q values are achieved and they could
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FIG. 3. The normalized LDOS, Q factor, and Vm for (a)
the bare-silicon photonic crystal (Qc, Vc) and (b) the hybrid
plasmonic-photonic cavity (QHyb, VHyb). The slot size is w =
40 nm and the radius of the gold NP is R = 19 nm. The mode
profile of |E| (X -Y crosscut) normalized to its maximum value
in the slot for (c) the bare-silicon photonic crystal and (d) the
hybrid photonic-plasmonic cavity. The inset in (b) shows a
close-up view of the confined mode profile |E| of the hybrid
photonic-plasmonic cavity in the center of the cavity.

even be higher given a more meticulous design of the bare
cavity. However, Vm is still large in comparison to the
values that can be obtained by considering metallic nanos-
tructures (VNP ≈ 1 × 10−6). When the NP is introduced in
the gap, the Q factor of the hybrid system is only slightly
diminished (QHyb = 8.3 × 104) but there is a 2-orders-of-
magnitude reduction of Vm down to VHyb = 3.2 × 10−4 as
a result of the hybridization of the metallic NP with the
photonic cavity. For the hybrid cavity, a Fano fitting is nec-
essary due to the hybridization of two different modes: the
mode corresponding to the cavity and that of the NP.

If we observe the near-field maps of the electric field
in the slot for the bare cavity and the hybrid system [see
Figs. 3(c) and 3(d), respectively], we see that the gold
NP squeezes the slot field into a nanometer-scale region,
which is the purpose of introducing the NPoM approach.
Therefore, the hybrid system provides a route to extreme
localization of telecom-wavelength fields while keeping
large Q values.

C. Evolution of Q-Vm values with the slot size

From an experimental point of view, some differences
in the size of the slot can be expected with respect to the
nominal parameters due to imperfections during the fabri-
cation process. In this section, we analyze the influence of
the slot width on the Q-factor and Vm values. Figure 4(a)
shows the Q-factor and Vm values as a function of the slot
size for the bare cavity and the hybrid system. We observe
that as the size of the slot is modified (both increased or
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FIG. 4. (a) The Q-factor (blue markers) and Vm (red mark-
ers) values for the bare cavity (points) and the hybrid system
(squares) as a function of the slot size w. The radius of the gold
NP is varied accordingly to keep the gap distance between the
NP and the wall of the photonic crystal to d = 1 nm. (b) The Q-
factor (blue markers) and Vm (red markers) values for the hybrid
system as a function of the gap size. The size of the slot is kept
constant at w = 40 nm. The NP is located at the center of the
gap. The green circle (square) represents the Q factor (Vm) for
the hybrid system (w = 40 nm and d = 10 nm) when the NP is
stuck to only one of the cavity sidewalls (asymmetric cavity).

decreased) with respect to the optimum value w = 40 nm,
the Q factor decreases by almost one order of magnitude.
However, the Vm values are not so affected due to changes
in w, especially for the bare cavity. In all cases, the gap dis-
tance between the gold NP and the cavity wall is d = 1 nm,
which means that the NP radius is modified accordingly for
each w value. As previously described, the Q factor of the
hybrid system (QHyb) can be similar to that of the bare cav-
ity (Qc) when the NP resonance is far detuned with respect
to that of the cavity. In this case, the optimization of Qc
leads to larger values of QHyb. Our design provides the
highest Qc for a slot size of w = 40 nm, as can be observed
from the blue dots in Fig. 4(a). For that reason, the largest
QHyb is attained for w = 40 nm. Note also that the fact of
having an optimum for a certain value of the slot width is
related to the ability of the dielectric system (with the NP)
to optimally confine the optical field in the slot region. In a
similar system (a silicon-slot waveguide), there is an opti-
mum of the slot width to maximize the confinement in the
slot region, this behavior being comparable to that of our
cavity [53].

D. Evolution of Q-Vm values with the NP-cavity gap

Small imperfections in the chemical production of the
NP can also generate imprecision in its size, provoking
uncertainty in the gap distance between the NP and the
wall of the photonic cavity. To analyze this effect, in
Fig. 4(b) we present the Q-factor and Vm values for differ-
ent gap sizes for a slot cavity of w = 40 nm. In particular,
the size of the NP is varied between R = 19 nm and R =
10 nm, leading to variations in the gap from d = 1 nm
to d = 10 nm. As the gap increases, both QHyb and VHyb
increase. This effect is due to the lower confinement of the
electromagnetic radiation in the gap.
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Moreover, in a practical implementation, it would be
difficult to perfectly fit the NP in the gap so that it gets
stuck both lateral sidewalls. Instead, the most realistic sce-
nario would be a NP smaller than the gap width and getting
stuck to one of the SAMs by chemical interaction. We sim-
ulate this situation by considering a silicon cavity with a
slot width of w = 40 nm, where a particle of R = 10 nm
is introduced so that it is separated by 1 nm from one of
the cavity sidewalls. We obtain Q = 1.61 × 105 and Vm =
0.018, values quite similar to those obtained for the sym-
metry case. Therefore, the same conclusions can apply to
the case of the asymmetric hybrid cavity.

V. CONCLUSIONS

In this work, we introduce a design of a hybrid photonic-
plasmonic cavity, which combines a 1D silicon photonic
cavity with a slot in its center, operating under TE polar-
ization at telecom wavelengths, with a spherical gold
NP located at the center of the slot. This configuration
shows how to merge the NPoM approach with silicon
photonic crystal cavities in order to achieve extreme light
confinement in nanometer-scale gaps. Using this nanos-
tructure, we obtain a hybrid mode showing Q-factor values
larger than QHyb = 1 × 105 and mode volumes smaller
than VHyb = 1 × 10−4. This gives rise to Purcell-factor val-
ues of FP ≈ 1 × 107–1 × 108, which are 2 or 3 orders of
magnitude higher than those obtained in previous NPoM
hybrid photonic-plasmonic cavities [31] or metallic bow-
tie-antenna coupled photonic crystals operating under TE
polarization [17]. If we extend the comparison to hybrid
cavities operating at telecom wavelengths, we can con-
clude that our hybrid cavity provides Purcell factors 2
orders of magnitude larger than the hybrid photonic-
plasmonic nanocavity reported in Ref. [19]. This is mainly
due to the nanoscale confinement provided by the slot-
nanoparticle combination and the radiation suppression
resulting from the photonic crystal structure.

From a practical perspective, the 1D silicon photonic
crystal cavity can be fabricated using standard silicon tech-
nology [8,9]. It is also possible to release the silicon beam
from the substrate [54] as in the configuration in this work.
NPs can be deposited later by drop casting, potentially
falling into the slot, as recently demonstrated for plasmonic
nanoslits [43]. The use of optical forces could even be used
to efficiently trap the NPs inside the slot, as demonstrated
in slot waveguides [55]. Moreover, some techniques would
enable the transfer of isolated gold NPs to the slot, as
recently demonstrated for other nanophotonics structures
[56]. If the beam is not released from the substrate, the
photonic band gap would be somewhat reduced but high-
Q modes are still possible and the NPs could be deposited
on the silica substrate at the slot bottom. Thus, we foresee
that a combination of top-down (for the photonic crys-
tal cavity) and bottom-up (for the deposition of the gold

NPs) techniques would make the experimental realiza-
tion of this cavity possible, enabling molecular-scale light
confinement together with large Q factors.

The building of hybrid cavities that operate at telecom
wavelengths not only offers perspectives in applications
that already exist in that spectral regime (optical communi-
cations, photonic biosensing [35,57], and nonlinear signal
processing) but could also enable the transfer of (near-)
visible-regime applications (such as surface-enhanced
Raman spectroscopy [58] or optomechanically driven fre-
quency conversion [43,44]) to a domain where a huge
amount of high-quality instrumentation (tunable lasers,
high-speed photodetectors, and amplifiers) is available,
while being implementable in silicon-compatible chips.
Advances in optical communications will be made by
enabling silicon-based lasers with a lower threshold due
to the placement of quantum emitters in the cavity gap.
This could also be used in future quantum networks, since
the quantum emitter would be tuned at telecom wave-
lengths so that the generated quantum information could
be transported via optical fibers throughout very long links.
Regarding nonlinear processing, the squeezing of light in
nanometer-scale volumes, while keeping a high Q fac-
tor, could be used in high-speed and low-power all-optical
switches that employ Kerr-nonlinear media in the gap
region through the use of silicon-compatible chips.
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APPENDIX A: RADIATIVE AND NONRADIATIVE
POWER CONTRIBUTIONS

It is important to consider the radiative efficiency in
our system. We show that high values of the LDOS can
be attained but these take into account both the radia-
tive and nonradiative contributions. Figures 5(a), 5(c),
5(e), and 5(g) show the LDOS for different gaps between
the gold NP and the cavity wall (slot size w = 40 nm).
The ratio of the radiative to the nonradiative contribu-
tion for each case is presented in Figs. 5(b), 5(d), 5(f),
and 5(h). From the obtained results, it can be concluded
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FIG. 5. The normalized LDOS for gap sizes (a) d = 1 nm, (c)
d = 2 nm, (e) d = 5 nm, and (g) d = 10 nm, for the hybrid sys-
tem. The size of the slot is kept constant at w = 40 nm. The ratio
of the radiative to nonradiative LDOS for gap sizes (b) d = 1 nm,
(d) d = 2 nm, (f) d = 5 nm, and (h) d = 10 nm, for the hybrid
system.

that the LDOS decreases with the increase in the gap size.
However, the opposite behavior is attained for the ratio
of the radiative to the nonradiative LDOS. In this case,
as the gap increases, the ratio also increases. In fact, for
the smaller gap (1 nm), the emitter (dipole) is very close
to the gold NP, instigating strong Ohmic losses. In this
case, the nonradiative contribution is larger than the radia-
tive one. For larger gaps (5 nm), the radiative contribution
dominates over the nonradiative power. However, even for
the worst case (gap = 1 nm), the ratio of the radiative and
nonradiative contributions takes values larger than 0.6.

APPENDIX B: PURCELL FACTOR

The Purcell factor measures the LDOS at resonance. The
LDOS can be expressed in terms of the Green’s function
tensor

↔
G [59].

Considering a two-level quantum emitter located at
position r0 and weakly coupled to an antenna, its decay
rate, according to Fermi’s Golden Rule, is given by

� = πω

3�ε0
|〈g|p̂|e〉|2ρp(r0, ω), (B1)

where 〈g|p̂|e〉 is the transition dipole moment between the
excited state |e〉 and the ground state |g〉 of the emitter,
ω is the transition frequency, � is the reduced Planck’s
constant, ε0 is the vacuum dielectric permittivity, and ρp
corresponds to the projected LDOS, which is expressed as

ρp(r0, ω) = 6ω

πc2 [np · Im{↔
G(r0, r0, ω)} · np ], (B2)

where np is a unit vector along the direction of the
dipole p.

The previous expressions correspond to a quantum
mechanical description. However, the Purcell factor can
also be expressed in classical terms by replacing the two-
level transition by its corresponding dipole moment p
[59].

The power dissipated by the classical dipole is related to
the Green’s function by

P = πω2

12ε0
|p|2ρp(r0, ω). (B3)

The ratio between the emission rate of the dipole in the
presence and in the absence of the antenna is known as the
Purcell factor:

P
P0 = ρp(r0, ω)

π2c3

ω2 , (B4)

where P0 is given by

P0 = |p|2ω4

12πε0c3 , (B5)

in which c is the speed of light in vacuum.
It has been shown that the Purcell factor (for the case of

emission through a single channel) can be expressed as

FP = 3
4π2

Q
Vm

, (B6)

where Q corresponds to the quality factor and Vm is the
effective mode volume expressed in units of wavelength
(λ) cubed in the medium of interest of refractive index n.
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