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We propose a hybrid resonance architecture in which a plasmonic element is coupled to a silicon-
on-insulator photonic crystal nanobeam cavity operating at telecom wavelengths. It benefits from the
combined characteristics of the photonic cavity and the plasmonic element, and exploits the unique
properties of Fano resonances resulting from interactions between the continuum and the localized
cavity states. As confirmed through 3D time-domain simulations, a strong cavity mode damping by
the plasmonic element offers mechanisms of controlling a probe signal propagating in the nanobeam.
It makes possible to create optical switching devices and logic gates relying on any optical nonlinear
effect.

© 2010 Elsevier B.V. All rights reserved.
1. Introduction

Optical nanocavities are increasingly gaining interest in nano-
photonics and nanoplasmonics due to their capability of confining
light into ultrasmall volumes essential for the control of light-
matter interaction at the nanoscale [1]. Recent theoretical and
experimental advances in this area are directed toward develop-
ing hybrid plasmonic–photonic nanocavities that benefit from both
the original cavity characteristics and the plasmonic features of the
metallic elements [2]. A representative example of the hybrid cav-
ity architecture are solid-state nanocavities with a metallic coat-
ing [3]. In comparison with conventional photonic crystal (PhC)
cavities or nanopillars, the metallic coating offers smaller mode
volumes and a suppression of off-resonant leaky modes, which
boosts the light-matter interaction and opens new routes for the
control of the coupling between a light source with the cavity
mode [4,5].

The main drawback of metal-coated cavities is the inevitable
nonradiative decay rate induced by metallic losses that signifi-
cantly worsen the performance of the device. It motivates a search
for hybrid architectures that provide appropriate modal conversion
and light-coupling conditions ensured by the use of intermedi-
ate resonator structures [6]. For instance, PhC nanocavities with a
tapered plasmonic nanotip antenna [7,8] and a plasmonic nanopar-
ticle [9] precisely placed on its backbone have been proposed. They
preserve the characteristics of the original PhC cavities such as a
high quality factor Q and the ability to host a quantum emitter
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inside it. On the other hand, they benefit from the unique features
of the metallic element such as the ability to support surface plas-
mons polaritons and confine light into ultrasmall volumes much
beyond its free-space wavelength. However the physics and the op-
erational principles of hybrid systems with an external plasmonic
element may be fundamentally different. The cavity mode of the
PhC nanocavity equipped with a metallic nanoantenna is strongly
damped due to the presence of the metallic base of the antenna.
It ensures more efficient coupling of an external light source with
the modes of the nanoantenna [7,8] and allows tuning the field en-
hancement at the nanoantenna tip. In contrast, the modal field of
the cavity with a metal particle on its backbone is enhanced and
shifted from the center of the PhC slab to its surface. This feature
is highly advantageous for all applications where external emitters
or other types of materials placed on the top of the PhC structure
have to coupled evanescently with the cavity mode [9].

In this Letter, we focus ourselves on a hybrid plasmonic–
photonic architecture with a plasmonic element intended for the
damping of the fundamental cavity mode. We report the design
and the full-vectorial 3D finite-difference time-domain (FDTD) sim-
ulations of a hybrid plasmonic–photonic architecture consisting of
a silicon-on-insulator nanobeam cavity and a cylindrical plasmonic
nanoantenna placed in the close proximity to the top surface of
the cavity. In contrast to the system recently introduced by de An-
gelis et al. [7,8], the role of the nanoantenna in the investigated
device is reversed. In our device the nanoantenna controls the op-
tical properties of the PhC cavity in the same way as a pump laser
beam controls the response of PhC all-optical switches relying on
nonlinear optical effects. Our full-vectorial 3D FDTD simulations
demonstrate that the fundamental cavity mode is strongly damped
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when the nanoantenna is present. It suggests the application of the
observed control mechanism to a switching device and logical NOT
and AND gates.

2. Design and numerical method

High quality and small mode volume optical nanocavities are
required for the realization of PhC all-optical switches, which are
expected to replace their electrical counterparts in information
processing [10]. Despite considerable progress, PhC switches are
still immature due to their relatively large size and power con-
sumption [11]. That is why much attention is now given to all-
optical switches based on photonic nanobeam cavities [12]. These
cavities possess a small mode volume comparable to (λ/n)3 (λ is
the wavelength of light, n is the refractive index), implying a strong
decrease in the power density required for the switching. The foot-
print of the nanobeam based devices is much lower than that
of conventional PhC cavities, which makes the former especially
attractive for the application in on-chip photonic data communica-
tion systems.

The investigated PhC nanocavity consists of a 260 nm sili-
con core layer supported by a 1 μm silica substrate. The one-
dimensional (1D) periodic structure comprises a single row of cir-
cular air holes in a 500 nm wide photonic wire waveguide with
a lattice constant a = 375 nm and a radius r/a = 0.28. The pe-
riodic photonic structure is designed such that the center of its
large stop-band is at about 1550 nm for the TE polarization [13].
The regions within the cavity and between the mirrors are tapered
by means of holes with different radii. The tapers allow reducing
and recycling mirror losses due to out-of-plane scattering induced
by optical impedance mismatch [14]. A schematic drawing of the
cavity with a six-hole mirror and tapers is presented in Fig. 1. The
inset shows a top view of the nanocavity with the positions of the
source and field monitors used in the FDTD simulations. We no-
tice that the whole structure is very compact and has a footprint
of about 5 μm2.

Calculations of transmission spectra and spatial distributions of
the electromagnetic fields are performed by means of a 3D FDTD
method, which consists of solving the Maxwell’s equations in space
and time without mathematical approximations [15]. The leapfrog-
ging in time followed by implementation of staggered spatial grids
leads to an accurate evaluation of the relevant derivatives via fi-
nite differences. Absorption of the field components approaching
the boundaries of the spatial grids is guaranteed by implementa-
tion of the Convolution-Perfectly-Matched-Layers (CPML) absorbing
boundary conditions [15]. A bandpass Gaussian pulse is employed
at t = 0 as the initial condition. The numerical simulation of the
propagation of this pulse reproduces the conditions of the full-
scale study, i.e. a single run of the FDTD program results in time-
domain data containing information about the propagation of the
electromagnetic fields at wavelengths between 0.5 eV and 1.5 eV.
Transmission spectra are next obtained from these time-domain
data using a high-resolution Fourier transformation. Spatial distri-
butions of the electromagnetic field are obtained simultaneously
by performing a running Fourier transformation at every gridpoint
of the computation domain for each frequency of interest.

The plasmonic nanoantenna is implemented as a gold Ha =
500 nm long cylinder with the diameter D = 135 nm. The dielec-
tric function of gold is based on a Drude model fit for the pub-
lished optical constants of gold [16]. The diameter of the nanoan-
tenna is chosen such that the facet of the cylinder covers the defect
in the periodic structure of the nanobeam (see the inset in Fig. 1).
According to auxiliary calculations, the height of the nanoantenna
can be chosen arbitrarily because the role of the nanoantenna con-
sists in the outcoupling of light from the cavity and its conversion
to free-propagating optical radiation. A discussion related to the
efficiency of this conversion can be found elsewhere [17]. We an-
ticipate using metallic antennas with other shapes and constructive
embodiments such as metallic spheres that can be manipulated by
means of laser optical tweezers [18,2].

3. Results and discussion

We calculate transmission spectra of the nanobeam cavity with
and without the nanoantenna according to the method described
in the above. Fig. 2(a) shows the calculated spectra of the PhC
cavity without the nanoantenna (red-solid curve) and with the
nanoantenna that is closely approached to the top interface of
the cavity (black-dashed line). An overview of the spectrum of
the isolated cavity reveals a strong resonance peak at ∼ 0.826 eV
corresponding to the fundamental TE mode. This peak has a
strongly asymmetric Fano-type lineshape [19,20] taking place due
to the Fano quantum interference effect describing the interac-
tion between two coupled channels in a scattering problem. In the
present study, the two interfering signals correspond to light that
is directly (nonresonantly) transmitted through the nanobeam 1D
periodic structure and detected by the monitors, which gives rise
to a small continuum background signal, and light that is reso-
nantly coupled to the cavity mode and then retransmitted toward
the monitors. It is worth to mention that the physical picture of
the Fano resonance in 1D periodic structures is even more compli-
cated due to the non-local coupling that provides a scattered wave
with the possibility of bypassing the cavity [21].

The peak in the spectrum calculated in the presence of the
nanoantenna [black-dashed line in Fig. 2(a)] has the shape of a
reversed Lorentzian. Resonances with this lineshape can be also
explained by means of the Fano model.

In order to provide proof that the observed resonances can
be classifies as the Fano resonances, we fit the calculated trans-
mittance data with the Fano lineshape and analyze the obtained
results in terms of the dimensionless asymmetry parameter q ac-
counting for the ratio between resonant and nonresonant transi-
tion amplitudes. According to [22], we use a Fano-fit formula:

F (E) = A(E) + F0
[q + 2(E − E0)Γ ]2

1 + [2(E − E0)Γ ]2
, (1)

where E0 is the resonance energy of the cavity mode, Γ is the res-
onance linewidth, F0 is a constant factor and A(E) is a cubic poly-
nomial that improves the fit of the tails of the resonance peaks. By
analyzing Eq. (1) we see that the values of |q| of the order of unity
correspond to the situation of comparable resonant and nonreso-
nant pathways in the transmission process; strongly asymmetric
resonances are observed in this case. Large |q| mean that the res-
onant transmission dominates over the direct one; the observed
lineshape tends towards a symmetric Lorentzian. Finally, small |q|
values result in reversed Lorentzian lineshapes corresponding to
the anti-resonance [20].

The obtained Fano best-fits are shown in Fig. 2(b) and (c). For
the nanocavity without the nanoantenna, we obtain q = 0.152 and
the corresponding quality factor Q = E0/Γ ≈ 755. In the pres-
ence of the nanoantenna the fit produces q = 0.0025 and Q ≈ 95.
These results explain the impact of the plasmonic nanoantenna
on the resonance properties of the nanocavity. When the nanoan-
tenna is absent, the light detected by the monitors (see the inset
in Fig. 1) mainly comes from the cavity that ensures the dom-
ination of the resonant transmission over the nonresonant one.
When the nanoantenna approaches the top surface of the cavity,
the contribution of the cavity into the monitored time-domain sig-
nal drastically decreases due to a strong mode damping by the
nanoantenna. It results in the predominance of the nonresonant
transmission and, according to the Fano model, leads to a reverse



920 I.S. Maksymov / Physics Letters A 375 (2011) 918–921
Fig. 1. Perspective view of the silicon-on-insulator nanobeam cavity with a plasmonic nanoantenna. The cavity is formed by two tapered mirrors consisting of air holes in a
silicon rectangular nanowire (gray region, width W = 500 nm and height h = 260 nm) with a silica substrate (blue region). The distance between the holes of the mirrors is
a = 375 nm and the radius of the holes is r = 0.28a. The radii of the holes in the tapers are 0.24a, 0.22a and 0.19a, respectively. The diameter and the height of the gold
nanoantenna are D = 135 nm and Ha = 500 nm, respectively. The inset shows the top view of the cavity. The position of the source and the field monitors used in the FDTD
simulation is indicated. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this Letter.)

Fig. 2. (a) Calculated transmission spectra of the PhC wire nanocavity without the nanoantenna (red-solid line) and with the nanoantenna approached to the top surface
of the cavity (black-dashed line). The spectra are normalized such that their maxima correspond to 0 dB. (b), (c) Calculated spectra normalized to unity (crosses) and the
corresponding Fano best-fits (solid lines). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this Letter.)
Lorentzian lineshape of the resonance peak. This prediction is con-
firmed by the FDTD simulation. An eight-fold decrease in Q in the
presence of the nanoantenna is attributed to the metal losses in-
duced by the nanoantenna.

According to the fit, the resonant energy of the cavity with-
out the nanoantenna is E0 ≈ 0.8266 eV whereas in the presence
of the nanoantenna it slightly increases up to E0 ≈ 0.8285 eV.
The distance between the peaks is comparable with the best-fit
resonance linewidth for the cavity without the nanoantenna. How-
ever, if the nanoantenna is absent, the maximum of the transmis-
sion peak averages about −30 dB whereas the minimum of the
reversed Lorentzian peak (cavity with nanoantenna) is at about
−50 dB. It results in a contrast of about 20 dB, a feature that
is strongly related to the Fano interference effect. This funding
allows using the present device as a switch in which the cylindri-
cal or any other metallic nanoantenna plays the role as a strong
pump beam controlling a probe signal propagating in the PhC
nanobeam.

We demonstrate the switching performance of the device by
simulating the propagation of a probe signal in the nanobeam.
We calculate the field intensities in the nanobeam with and with-
out the nanoantenna. One of the ends of the nanobeam is ex-
cited with a continuous wave (CW) oscillating at E = 0.8266 eV
corresponding to the maximum of the transmission peak in the
spectrum of the cavity without the nanoantenna. The calculated
field intensities are presented in Fig. 3. The intensity profile
corresponding to the cavity without the nanoantenna [Fig. 3(a),
(b)] has a bright spot at the center demonstrating the localiza-
tion of the field in the cavity region. The calculation for the
cavity with the nanoantenna [Fig. 3(c), (d)] carried out at the
same energy shows that the light travelling into the entrance of
the nanobeam penetrates the mirror of the cavity but is com-
pletely reflected backwards according to the spectral calcula-
tions.

The analysis of the calculated field profiles confirms the capa-
bility of the proposed hybrid plasmonic–photonic architecture to
perform as a switch controlled by the metallic nanoantenna. As
far as we know, the observed switching contrast, defined as a con-
trast between the maximum and the minimum of the transmission
peaks, is over two times larger than that reported for state-of-the-
art PhC all-optical switches [11].

The device can also perform as a NOT or an AND logic gate.
The NOT operation corresponds to a high output signal when
the nanoantenna is absent and it switches to low when the
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Fig. 3. Calculated |Ex|2 field profiles at E = 0.8266 eV in the XY and XZ planes of the
nanobeam cavity with (a), (b) and without (c), (d) the nanoantenna. The contours of
the nanobeam and the nanoantenna are indicated with the green and magenta lines,
respectively. The arrow denotes the propagation direction of the probe signal. Notice
the change in the colorscales when the nanoantenna is added. (For interpretation
of the references to color in this figure legend, the reader is referred to the web
version of this Letter.)

nanoantenna closely approaches the top surface of the cavity.
The AND operation corresponds to the case when the output
is low if the nanoantenna is absent and it is high in its pres-
ence.

4. Conclusions

We have presented a numerical study of the hybrid plasmonic–
photonic architecture based on a silicon-insulator photonic-crystal
nanobeam cavity equipped with a metallic nanoantenna. The
nanoantenna, which can be implemented as a metallic nanotip
(e.g. a tip of an atomic force microscope (AFM) [23]) or a metal-
lic particle manipulated by laser optical tweezers, strongly damps
down the fundamental cavity mode and performs similarly to a
laser pump beam controlling a probe signal propagating in the
PhC nanobeam. As confirmed by the full-vectorial 3D time-domain
simulations, this control mechanism opens new routes for im-
plementing optical switching devices and logic gates. Our fund-
ings can be additionally used to improve the device presented
in [7,8]: the substitution of the PhC cavity by the nanobeam
cavity will considerably decrease the footprint of the device
and allow its integration with other on-chip photonic compo-
nents.
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