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Abstract: We present the design and numerical characterization of a hybrid photonic-
plasmonic nanoresonator comprised of a 2D photonic crystal (PhC) cavity, a gold bowtie
nanoantenna (BNA) and a silicon dioxide, SiO,, spacer. This device is designed to serve as
the building block of a multicomponent platform capable of running multiple single-molecule
experiments such as optical trapping and sample interrogation simultaneously. The thickness
and structure of the spacer layer are adjusted to maximize the energy in the externally
accessible hot-spot in the BNA gap. Suitability of the device for photonic integration is
demonstrated by exciting it through a PhC waveguide.
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1. Introduction

In biophotonics, there has been a drive over the last few decades to develop high-throughput,
single cell/molecule techniques that avoid the pitfalls of bulk-averaged measurements.
Optical techniques, such as trapping, manipulation, sensing and spectroscopy have received
considerable attention, since they are minimally-invasive, often label-free and have the
potential to be reconfigured in real time giving flexible positional control of the cell or
molecule of interest [1]. Whilst techniques such as optical trapping are single-cell, they are
not high-throughput and often require lengthy experiments on many individual cells before
reliable conclusions can be reached [2]. These techniques typically operate on the micrometer
scale. There is also a need to push them to the nanometer scale to make single molecule
experiments possible. Finally, integrated solutions are needed to remove the barriers to the
clinical uptake of single-cell/molecule technologies created by the need for highly trained
users, long repetitive measurements and large, high-cost optical systems.

Photonic integrated circuits with hybrid photonic-plasmonic nanocavites are a promising
new technology for future high-throughput single-molecule experiments. Devices for these
applications require externally accessible regions of high optical power densities and low
power dissipation translating into a need for optical cavities with a high-energy storage
capacity and strong external spatial localization. The energy efficiency or resonant
enhancement of the energy storage capacity of the optical cavity is described by the quality

tored
factor, Q=27 energy store

The effective mode volume, V,; described by
energylost per cycle

Kristensen et al. [3] is a commonly used measure of spatial energy localization. While Vyis a
well-established figure of merit for simple resonators, it can give anomalous values of mode
volume for complex resonators where, for example, the confined light is coupled to a smaller
externally accessible hot-spot. The challenge is to design a resonator with both a high Q and
an externally accessible, nanoscale hot-spot for optical trapping and interrogation of single
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molecules. This is driving the development of a new breed of hybrid photonic-plasmonic
nanocavities and for this a different figure of merit will be introduced,
Plasmonic nanoantennas are able to localize light in regions a few tens of nanometers

across, an order of magnitude smaller than the diffraction limit (~ ), where A is

Ry

wavelength of light and n,, is the effective refractive index [4]. However, plasmonic devices

usually suffer from low resonant energy enhancement (Q < 100) due to radiation and
absorption losses in the metal. Bowtie nanoantennas (BNAs) formed by placing two
nanosized metallic triangles together with a narrow gap have been used in plasmonic
nanotweezers [5—7], spectroscopy [8] and biosensing [9]. Nanoapertures in metal films have
also been used for surface induced back action optical trapping of nanoparticles [10] and the
trapping and unfolding of single proteins [11].

Photonic crystal (PhC) cavities, on the other hand, are extremely energy efficient and can
achieve very high resonant enhancements (Q > 100,000) [12], but their spatial localization is
limited by diffraction, with V,; of the order of the cubic wavelength. Unfortunately, the very
high intensity light in PhC structures is either confined within the dielectric material or in the
holes or gaps in the dielectric structure. Thus, the hot-spots are either inaccessible for optical
trapping or draw particles onto or inside the structure where they can adhere to the surface
and become stuck.

This work designs a hybrid photonic-plasmonic resonator with both a high Q and an
externally accessible, nanoscale optical hot-spot. This hybrid resonator represents a key
building block that can be replicated many times to produce a multicomponent platform for
high-throughput single-molecule experiments. This hybrid resonator is formed by combining
a 2D PhC cavity, to provide an energy reservoir, with a BNA, to create an externally
accessible nanoscale hot-spot. A dielectric spacer is placed between the PhC cavity and the
BNA. The thickness and structure of the spacer controls the balance between Q of the cavity
and the intensity in the external hot-spot. The resonant wavelength of these devices can be
individually tuned by small changes to the PhC cavity. The inclusion of a PhC waveguide
allows both fiber-optic coupling and the integration of hybrid resonator arrays for parallel
trapping and interrogation. For arrays, the 2D photonic bandgap suppresses optical cross-talk
between nearby devices.

This device builds on previous work combining PhC and plasmonic structures [13-38].
For example, C. Ciminelli, et al. (2014) designed and simulated a hybrid device based on a
1D PhC cavity coupled to a BNA [39]. They used a spacer block directly underneath the
BNA, which hence only covered a small area of the 1D PhC. This device achieved high
localization of light, but had a highly structured surface with etched features and holes, which
may affect its future experimental performance. In our proposed device, the spacer layer
covers the entire top surface of the device, not only the area underneath the BNA. The flat
surface and compatibility with fiber optics make it practical for use in the life science
applications.

2. The proposed hybrid device

The PhC cavity is based on a 275 nm thick gallium arsenide (GaAs) slab with a triangular
lattice of air holes with periodicity, a =410 nm, to form an air-suspended PhC membrane. An
L3 cavity is formed by removing three adjacent holes from the PhC structure. The holes at the
ends of the cavity are shifted by 0.2a outwards to increase the Q of the cavity [40]. GaAs was
chosen due to its high refractive index resulting in high confinement of light in the vertical
direction, but silicon and indium phosphide are also suitable. The L3 cavity is designed to
operate in the 1530 - 1565 nm wavelength range to take advantage of well-established
telecom technologies (e.g. photonic integrated circuits tunable lasers, fiber-optic components
and test equipment).
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The gold BNA consists of two 40 nm thick isosceles triangles forming a bowtie shape
with a gap of 30 nm (the distance between the two tips), compatible with current fabrication
procedures. The tip full-angle of each triangle, 6, is 30° and the total length of the BNA is 700
nm, also resulting in a resonance in the 1530 - 1565 nm range [41,42]. A SiO, spacing layer
with a thickness, d, separates the PhC from the BNA. Its thickness can be adjusted to control
the flow of energy between the PhC cavity and the BNA. The holes of the PhC membrane can
be extended through the spacer layer to increase the Q of the device by reducing optical
leakage in this layer. The BNA is positioned on top of the SiO, spacer at the center of the L3
cavity and oriented along the minor cavity axis (Fig. 1(a)), so that it couples to the central
maximum of the fundamental TE mode of the cavity.

The device can be efficiently excited (and interrogated) via a W1 PhC waveguide, making
it well suited for integration. The W1 PhC waveguide is created by removing a line of holes
along the x direction as shown in Fig. 1(b). The waveguide design and distance from the
waveguide to the cavity can be altered to control coupling to the cavity and maintain the high
Q of the hybrid resonator, as described by S. Malaguti, et al. [43].

6 0 6
X[pm]

(2) (b)

Fig. 1. (a) Illustration of the proposed hybrid device comprised of an L3 PhC cavity (black), a
gold BNA (yellow) and a SiO, layer of thickness d (blue) and (b) an illustration of the W1 PhC
waveguide used to excite the hybrid structure.

3. Simulation method

The results presented in this paper were obtained using a commercial-grade simulator based
on the 3D finite difference time domain (FDTD) method [44]. An eight-layered perfectly
matched layer (PML) was used at the boundaries of the computational domain to simulate
propagation in an infinite free space and avoid spurious reflections. The dielectric response of
gold was represented by Johnson and Christy's parameters (based on experimental data)
[45,46]. A conformal mesh was used in all simulations to improve the representation of
interfaces of different dielectric materials. The convergence of results was checked with
respect to the number of PML layers, size of the computational window, conformal mesh type
and mesh accuracy. A change less than 0.2% in Q and a stable value of the resonant
wavelength (less than 1 nm change) was observed with the parameters selected for the
simulations. To study the resonant modes and their corresponding Qs, a narrow temporal
Gaussian pulse was used as the excitation field for both the point source and the waveguide.
In order to capture the mode profiles and field patterns, discrete Fourier transforms (DFT) of
the electromagnetic field components at each resonant mode were computed on the mesh
points while the simulations are running. The Q of the structure was determined from the
slope of the decaying field at the resonant frequency [47]. The evaluation of V.; was
performed as described in Kristensen et al. [3], where the total energy in the device is
normalized to the maximum intensity in the device. The intensity ratio, R;, the ratio between
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the optical intensities at the centers of the BNA gap and the PhC cavity was obtained by
calculating DFT of the electromagnetic field at the centers of the BNA gap and PhC cavity.

4. Figure of merit

In order to optimize the hybrid resonator for multiplexed arrays of single-molecule
experiments, the energy in the externally accessible hot-spot in the BNA gap, Upyy, must be
maximized for a given input power, P;,. This leads to the definition of a new figure of merit,

U
FOM =—2% (1)
£,
From the definition of Q (using time-reversal symmetry), the input power is,
P = 27z-fz‘;thhybrid
mn Q

where f,, is the fundamental resonant frequency and Uj,q is the energy stored in the hybrid
device. Therefore,

; @

UBNA Q .
2 ”fopz Uhybr[d

In the case where most of the energy in the device is stored in the PhC (including the spacer
layer),

FOM = (€))

Ui - Vi€ ;NA 4)
U

2 2
hybrid Vonc€onc Emc

where Vpy4 and Ve are the volumes of the BNA gap and the PhC(including the spacer layer)
and ¢,,,E,,, and ¢,,.E;,. are the maximum energy densities in the BNA hot-spot and PhC

cavity, respectively. Once the BNA and PhC cavity designs are fixed, their effective volumes
remain nearly constant, so that

U g ~ Vana R, )
Uhybrid Vene

where R; is the ratio of the optical intensities at the centers of the BNA gap and the PhC
cavity, respectively. Thus, the figure of merit becomes:

FOM zMw R,0. 6)
Zﬂ-fapt VPhC

Therefore having fixed the separate PhC cavity and BNA designs, we need only to optimize
the product R,Q when designing the spacer layer. This shows that the performance of the
device can be improved by starting with a PhC cavity with a high O/V ratio. Once the designs
of the individual components are fixed, the overall structure combining the BNA and PhC
cavity can be optimized by maximizing R;Q. Equation (6) also shows that the FOM increases
with decreasing reservoir volume, Vpc.

This new figure of merit represents an important departure from the use of V. and Q/Vey,
which are commonly used to optimize and compare the designs of simple (i.e. non-hybrid)
resonators. ¥V, is normally calculated by dividing the total energy in the resonator by the
maximum optical intensity [3]. This method systematically underestimates the mode volume
of the resonator, because it implicitly assumes that the optical intensity in the cavity is the
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same as the peak intensity. At the same time, however, it eliminates the difficulty of defining
the mode boundaries and greatly simplifies the calculation. However, applying this method of
calculating ¥V, to a hybrid photonic-plasmonic cavity is physically misleading and can give
V. anomalous intensity dependence. This is due to the very high intensity in the plasmonic
nanoantenna, which is strongly localized so that only a relatively small percentage of the total
energy is stored there (< 2% for the device proposed here-refer to Figs. 4b, 5b).
Consequently, V. for the hybrid resonator often appears to be much smaller than the actual
volume in which most of the energy in the device is stored (i.e. the PhC cavity). A misleading
value for V4 also affects the value of O/V,4 which seeks to provide a measure of how tightly
the energy in the structure is confined spatially and spectrally. Furthermore, O/V,; does not
consider where the optical localization takes place and gives no measure of the energy, which
is actually accessible externally. Thus, although calculated and presented here for comparison
with other work in the field, the values of V. and O/V,;should be treated with care.

5. Optimization of the spacer layer

The spacer layer is optimized by changing its thickness and structure. The optimization of the
spacer thickness for the proposed hybrid resonator is shown in Fig. 2. All the simulations are
performed for the fundamental mode of the hybrid device. When the BNA sits directly on top
of the PhC cavity (d = 0 nm), R, is at its highest and a large proportion of the energy (U< E?)
is dissipated by the BNA (Fig. 2(a)) causing the energy efficiency to be at its lowest with Q =
817 (Fig. 2(b)). Thus, even though the light in the resonator is strongly coupled to the BNA
resulting in a high R, the actual optical intensity in the hot-spot is low because the total
energy stored in the device is low. When d = 0, the effective mode volume also has its lowest
value of V,;= 0.059 ((A /m)*), as shown in Fig. 2(c), and O/ Veris 13,850. This is because of
the low stored energy and the comparatively high intensity in the BNA gap. As d increases to
150 nm, the energy loss from the BNA decreases and the Q of the resonator increases,
reaching a maximum of 26,000 at d = 150 nm (Fig. 2(b)). As d increases beyond 150 nm, the
SiO; layer begins to act like a semi-infinite optical cladding layer and the optical field in the
BNA becomes insignificant. At the same time, the Q of the resonator drops due to an increase
in the effective membrane thickness. Extending the holes of the PhC into the SiO, spacer
reduces losses due to waveguiding in the spacer, thereby increasing Q up to three folds (Fig.
2(b)). Although Q/V is largest for d = 150 nm, R; is low (Fig. 2(a)). The spacer thicknesses
which minimizes Vg at d = 0 nm or maximizes Q/Vgat d = 150 nm, both lead to suboptimal
performance i.e. low values of R;Q as shown in Fig. 2(e). In terms of the new FOM, R,Q, the
best performance is obtained for a spacer thickness of d = 75 nm, which gives FOM o<
R;Q~35,000. This design provides significant optical intensity enhancement in the externally
accessible BNA gap while maintaining high optical efficiency or Q. For this design, the
optical intensity at the center of the BNA gap is 4.3 times higher than that at the center of the
PhC cavity and Q = 8,200. This demonstrates the importance of the new figure of merit and
shows that the highest field intensity in the BNA gap for a given input power is obtained with
spacer thickness of 75 nm.



Research Article Vol. 9, No. 6 | 1 May 2019 | OPTICAL MATERIALS EXPRESS 2516

ALENAIS EEXPRESS

X 104

10 3
—Solid SiO, (b) —Solid Si0,
—s—Drilled SiO, 2 —s-Drilled SiO,
© 5 o
1
0 0
0 100 200 300 400 500 0 100 200 300 400 500
d[nm] d[nm]
4
1 4 X 10°
() (d)
<05 z 2
>0)
0F 0
0 100 200 300 400 500 0 100 200 300 400 500
d[nm] d[nm]
4
4 % 10° '
o (e)
mb—t
1l
2
=
@)
5%

0
0 100 200 300 400 500
d[nm]

Fig. 2. Effect of changing the spacer layer thickness, d, on the (a) Q, (b) Ry, (¢) Ve, (d) Q/Verr
and (e) RiQ. Figures are produced at the fundamental resonant mode of the structure.

6. Characteristics of the optimized hybrid device
6.1 Spectral response

The spectral responses of the isolated BNA, isolated L3 PhC cavity and hybrid device are
presented in Fig. 3. The hybrid device has a spectral response similar to that of the PhC cavity
and sharper than the spectral response of the isolated BNA with a fundamental resonant mode
at Ay = 1.54 pm and second resonant mode at A = 1.36 pm. The resonant mode of the isolated
PhC cavity at A = 1.47 um is not present in the hybrid structure because its field distribution
has a zero at the center of the cavity. Thus, it does not get resonantly enhanced by the BNA in
the hybrid device. As expected, the spectral response of the hybrid structure is identical
irrespective of whether it is evaluated in the PhC cavity, the spacer layer or the BNA gap.
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Fig. 3. Comparison between the spectral responses of the isolated L3 cavity (red curve), the
hybrid nanoresonator comprised of the BNA and the L3 PhC cavity separated by a 75nm thick
drilled layer of SiO, (blue dashed curve) and the 700nm BNA placed on top a 75nm thick layer
with an effective reflective index matching the PhC layer and the SiO, layer (black curve). The
curves are normalized with respect to their maximum value.

6.2 Intensity profiles

Figures 4(a-d) show the optical intensity distribution (|Ey|2) in the xy and yz planes passing
through the center of the device with and without the BNA excited with a point source at the
centre of the PhC cavity. Figure 4(e) shows the optical intensity (|Ey|2) along a vertical line
passing through the center of the structures with and without the BNA when the structure.
The values of intensity throughout the devices are normalized with respect to the intensity at
the center of the PhC cavity. Comparing the optical intensity distributions for the devices with
and without the BNA are presented in Figs. 4 (b,d) and Figs. 4(a,c). It is clear that presence of
the BNA creates an externally accessible hot-spot in the BNA gap and suppresses the optical
field where the metal is located, resulting in high intensity gradients at the BNA gap. This is
essential for optical trapping and manipulation experiments. As seen in Fig. 4(e), the optical
intensity on top of the structure (at the position of the BNA gap) is approximately 60 times
larger when the BNA is present.

Without BNA With BNA

— With BNA
ET" - - Without BNA

Si0, spacer
GaAs PhC
2 43
IEyI2 (a.u.)

0 02 04 06 08 1 0O 08 16 24 32 4

Fig. 4. Logarithmic plots of the optical intensity (|E,*) in the xy plane positioned on the top
surface of the structures (including the 75 nm thick spacer layer) (a) without and (b) with the
BNA and in the yz plane passing through the center of the structure (c¢) without and (d) with
the BNA when the structure is excited with a point source. (¢) Shows the comparison of the
optical intensity (|Ey|2) along a vertical line passing through the center of the structure with
(blue) and without (red) the BNA when the structure is excited with a point source.

The structure was then excited using a W1 waveguide to demonstrate its suitability for
planar photonic integration. In this case, similar to when excited with a point source, an
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externally accessible hot-spot is created at the BNA gap as shown in Fig. 5(a). Figure 5(b)
shows the optical intensity (|Ey|2) along a vertical line passing through the center of the
structures with and without the BNA. The optical intensity in each simulation is normalized
with respect to the power transferred from the waveguide to the hybrid cavity. This is
calculated by subtracting the total power exiting through the waveguide from the total power
entering through the waveguide. The optical intensity on top of the structure (at the position
of the BNA gap) is 40 times larger when the BNA is present compared to when it is not.

—With BNA
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—
—
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IEyIz[V’Z/(mZW)] x10'°

0
X (um)

(a) (b)

Fig. 5. (a) Logarithmic plot of the optical intensity (|Ey\2) in the xy plane at the top surface of
the structure when the hybrid cavity is excited via a W1 PhC waveguide. (b) The expanded
plot shows the optical intensity pattern in the BNA region. Comparison of the optical intensity
(\Ey|2) along a vertical line passing through the center of the structure with (blue) and without
(red) the BNA when the structure is excited with a W1 waveguide.

When coupling light into the hybrid device using the W1 waveguide, the S,; parameter
(forward gain in the optical field) is set to —0.76dB for the fundamental resonant mode of the
hybrid device. Thus approximately 17% of the input light in the waveguide couples into a
single hybrid device, making its excitation very energy efficient compared to structures
comprised of arrays of metallic nanoantennas illuminated vertically. When arrays of
nanoplasmonic antennas are used (as opposed to a hybrid photonic-plasmonic device), the
laser light goes through lossy optics and the light at the BNA gap reaches enhancements up to
10 times the incident intensity. In the proposed hybrid device, we can achieve optical
intensities in the BNA gap 60 times higher than the optical intensity on top of the PhC cavity.

7. Overall comparison

Table 1 provides a comparison between the characteristics of the hybrid device and its
individual components. The hybrid structure has a higher Q compared to the isolated BNA
and a lower V. compared to the isolated PhC cavity. The isolated PhC cavity has a higher
Q/Vgr compared to the hybrid structure, but does not provide an externally accessible hot-spot
and therefore would not be suitable for studying single-molecule interactions. This is a good
example of why the merit of certain devices should not be determined by considering Q/V
alone. R; and R;Q are also quoted for the two PhC resonator structures in Table 1 for
comparison. R is simply the ratio of the intensity at the surface to that at the center of the
cavity in these cases.
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Table 1. Comparison of Xy, Q, Vi, Q/Vr and R(Q of the device at different design stages.

Structure Ao Q Vesr Ry QVer  RQ
((Wn)))

Isolated BNA 135 25 0.0033 - 7,500 -

Isolated PhC L3 1.54 39,500 0.778 0.65 50,700 25,675

PhC L3 + 75nm drilled 1.54 27,600 0.787 0.028 35,000 770

spacer

Hybrid device 1.55 8,200 0.777 4.3 10,500 35,000

8. Discussions

We envisage the development of hand-held, application-specific platforms with highly
integrated arrays of hybrid optical resonators. Such platforms would produce patterns of
nano-sized optical hot-spots on a smooth surface and be illuminated and interrogated via a
hidden network of waveguides. The successful realization of this platform will contribute to
advances in many fields, including chemistry, life sciences, personalized medicine and
quantum information technology.

The ability of the hybrid resonator to trap on the nanoscale allows individual molecules
and nanoparticles to be controlled and studied. The BNA hot-spot in the hybrid device has
approximately 40 times higher intensity than the evanescent field at the surface of a
conventional PhC cavity. Furthermore, the intensity gradient is as important as the intensity
and enters directly into the Maxwell stress tensor describing optical forces. The high intensity
in the BNA gap and nanoscale localization produce very large intensity gradients around the
hot-spot, including a positive vertical gradient, which eliminates the force drawing trapped
particles down onto the PhC surface and replaces it with an upward force drawing the
particles back into the hot-spot. At the same time, when the hybrid resonator is pumped
through a waveguide, it only delivers light to the BNA and suppresses the unwanted
illumination of the specimen across the rest of the surface. For the region without the BNA,
the SiO, spacing layer further reduces the surface evanescent field of the waveguides,
offering additional control over the parasitic trapping and guiding of particles.

Conventional optical manipulation and nanoplasmonic trapping setups are very energy
inefficient where most of the light is lost passing through the bulk optics or by illuminating a
large proportion of the glass substrate rather than just the BNAs. The ability to couple the
hybrid resonator to an optical waveguide is a key attribute of this device, which greatly
improves its efficiency and allows the unused energy to be used by devices downstream. The
coupling between the waveguide and the hybrid device can be controlled by tailoring the
design of the waveguide and its distance from the cavity to adjust the number of hybrid
devices that can be powered and characterized using a single waveguide. Using the W1
waveguide design in this paper, about 16% of the input light is coupled into the hybrid cavity,
about 2% of which is concentrated in the BNA hot-spot. By properly engineering the
waveguide-cavity coupling coefficients, this waveguide could support the uniform excitation
of four hybrid cavities.

The resonances of the devices can be individually tuned by small changes to the PhC
cavity. Thus, light can be selectively delivered to specific resonators by tuning the excitation
to the appropriate wavelength, allowing unprecedented control over the optical potential
surface of the sample and making it possible to perform many different (or identical) single
molecule experiments simultaneously. By facilitating parallel experiments, the platform will
reduce the time and effort needed to collect enough data to draw statistically valid
conclusions. At the same time, it will reduce the cost, time and complexity of the
experiments, while simultaneously increasing experimental control and accuracy.

Finally, as a highly integrated, fiber-connected platform, it will be simple and ideal for
coupling to micro- and nanofluidic systems for the delivery of the molecules and particles and
bespoke optical interrogation systems based on photonic integrated circuits. The flat surface
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of this device will minimize the unintended adhesion of molecules to morphological surface
features and simplify the use of surface treatments and application specific coatings.

9. Summary and conclusions

This paper addresses the design of a hybrid photonic-plasmonic resonator as the key building
block of a multicomponent platform for high-throughput, single-molecule experiments. The
hybrid device is comprised of an L3 PhC cavity coupled to a BNA, with a SiO, layer
separating the BNA from the PhC cavity. By defining a new FOM that is more appropriate
for our target application, the thickness of the spacer layer is optimized to maximize the
energy in the BNA gap for a given input power. The device produces an externally accessible
hot-spot, whose intensity is 40-60 times larger than that of the evanescent field at the surface
of an isolated PhC cavity and at least 4.3 times larger than the intensity at the center of the
PhC cavity. The optical intensity gradient (often a more important parameter than the optical
intensity) created around the hot-spot in the BNA gap will contribute significantly to its
trapping performance for nanoparticles. Finally, the hybrid resonator can be excited via a PhC
waveguide, greatly improving its energy efficiency and making it compatible with user-
friendly fiber-optic and photonic integrated circuit technologies. Thus, when successfully
fabricated, this hybrid resonator will allow the realization of an integrated platform suitable of
conducting a large number of single-molecule experiments simultaneously.
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