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Abstract:  We show that efficient coupling of lightwave is possible to

an individual plasmonic nanoresonator in a hybrid plasmonic-photonic
resonator structure. The proposed hybrid structure consists of a photonic
microresonator strongly coupled to a plasmonic nanoresonator. The theory
and simulation results show that more than 73% of the input power in the
waveguide can be coupled to the localized resonance mode of the plasmonic
nanoresonator.
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1. Introduction

Nanoplasmonic structures have been the subject of intensive recent research. They have been
used in a variety of applications such as biochemical sensing [1], optical trapping and ma-
nipulation [2], nanofocusing [3], surface enhanced Raman spectroscopy (SERS) [4], energy
harvesting [5], localized heating [6], nonlinear optics [7], and photothermal cancer therapy [8].
Plasmonic nanoresonators can localize the lightwave beyond the diffraction limit. The very lo-
calized surface plasmons in these structures result in ultra-high field enhancements. Localized
surface plasmon resonance (LSPR) modes are excited as a result of resonant oscillation of free
electrons on the surface of plasmonic nanoresonators coherent with the incident lightwave at
certain resonance frequencies. The resonance properties of plasmonic nanoresonators depend
on their size, shape, and the material properties [9]. Plasmonic nanoresonators are usually in-
terrogated collectively either in a solution or when immobilized on a surface [10]. It has been
shown that by using individual plasmonic nanoparticles, highly improved detection limits ap-
proaching the single molecule limit can be achieved [11, 12]. Also, the ability to excite and
detect individual plasmonic nanoresonators makes the study of resonance properties of plas-
monic nanoresonators possible without the interference of collective effects of the ensemble of
nanoresonators. However, excitation of individual plasmonic hanoresonators using free-space
optics is not efficient, and the signal-to-noise-ratio is very small. This renders extinction spec-
troscopy of individual plasmonic nanoresonators almost impossible [11]. It has been shown
that a darkfield microscope can be used to interrogate individual plasmonic nanoresonators by
using scattering spectroscopy [12, 13]. This still requires a very sensitive detector and a bulky
microscope system with a precise alignment control. The inefficient coupling of the lightwave

to each individual plasmonic nanoresonator reduces the signal-to-noise-ratio in sensing and
spectroscopy applications; and it also limits the level of possible field enhancement, which is
necessary for efficient light-matter interaction. Also, the bulky darkfield microscope systems
and very sensitive detectors for scattering spectroscopy limit the scope of practical applica-
tions of plasmonic nanoresonators. To harness the advantages of plasmonic nanoresonators for
practical applications, it is essential to improve the coupling of the lightwave to the localized
surface plasmon resonance modes. Also, a robust, reliable, and alignment-insensitive method
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for the excitation and detection of individual plasmonic n@sonators must be adopted.

In a previous work, We have shown that by using on-chip photonic integrated structures,
whispering gallery surface plasmon polariton (SPP) resonance modes of metallic strip ring res-
onators can be efficiently excited [14]. It was shown that the photonic microresonator modes
can provide the necessary momentum to excite the SPP modes. Bumki Min, et al. have also
shown that by coating a silica microdisk with a layer of silver, whispering gallery SPPs can be
supported at the interface of silica and silver, which can have high quality factors as high as
Q =1800[15]. It has been shown that if a silica microsphere is immersed in a solution consist-
ing of a mixture of silver nanoparticles and Rhodamine 6G (R6G) molecules, then the Raman
emission of R6G molecules attached to silver nanoparticles can be enhanced [16]. This experi-
ment has demonstrated that the whispering gallery modes of a microsphere can excite the near-
field plasmonic resonance of the silver nanopatrticles attached to the surface of the microsphere.
In this experiment, silver nanoparticles attach to the surface of the microsphere randomly and
form clusters. Also, extraordinary field enhancements have been shown possible by combining
glass microspheres and silver nanopatrticles for surface enhanced Raman sensing [17]. A plas-
monic nanoantenna with an ogival-shape tip combined with a planar photonic crystal cavity
has also been demonstrated [18]. The nanoantenna focuses the incident light into a nanoscale
region to interact with the molecules and the photonic crystal cavity couples the intrinsically
evanescent SPP mode of the nanoantennato a propagating mode that can be detected as far-field
scattering. This device is excited using out-of-plane incidence and can be used as a near-field
probe. A nanoassembled plasmonic-photonic hybrid cavity has been demonstrated [19] that
consists of a planar photonic crystal cavity and plasmonic nanostructures that are placed in-
side the cavity by using an AFM tip. It has been shown that the Purcell factor of this hybrid
cavity is one order of magnitude larger than that of a bare photonic crystal cavity. The plas-
monic nanoparticles can be accurately placed on top of the photonic crystal cavity. However,
this method of hybridization cannot be easily used for making practical devices. In each of
the last two examples, a planar photonic crystal cavity was used as the photonic structure that
is excited using out-of-plane incidence. Although planar photonic crystal cavities have shown
large Purcell factors, the lack of an efficient on-chip excitation mechanism has limited their
application. Boriskina et al., have also recently demonstrated a reconfigurable optoplasmonic
superlens based on photonic microspheres and plasmonic nanospheres for enhancing dipole
radiative rates [20]. The sensitivity enhancement of a whispering-gallery-mode biosensor by
using plasmonic nanoparticles is recently demonstrated [21, 22]. The possibility of coupling
of light from a microdisk laser to a waveguide and then to a nanoantenna is also numerically
studied [23].

In this paper, we discuss the theoretical design of a novel photonic-plasmonic hybrid res-
onator in which photonic whispering gallery modes are efficiently coupled to plasmonic
nanoresonator LSPR modes. The proposed ultra-compact device can be implemented on a chip
in an integrated platform. This structure is not alignment sensitive, and the excitation and de-
tection does not require bulky free-space optics. We show that by optimization of the hybrid
structure, coupling efficiencies as high as 73% can be achieved for coupling of light to a single
plasmonic nanoresonator. The proposed hybrid structure can be used as an efficient functional
lab-on-chip platform for biochemical sensing, energy harvesting, on-chip signal processing,
and communications. In Section 2, we discuss the proposed hybrid plasmonic-photonic res-
onator structure, and the principle of operation. In Section 3, the theoretical model and the
design procedure is presented. In Section 4, a discussion of the performance of the device, and
its optimization will be given. Conclusions will be given in Section 5.
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2. Hybrid plasmonic-photonic resonator structure

The schematic of the proposed hybrid photonic-plasmonic structure is shown in Fig. 1. It con-
sists of a photonic microresonator integrated with a plasmonic nanoresonator. The whisper-
ing gallery mode of the photonic microresonator is coupled to the LSPR mode of the plas-
monic nanoresonator mode. The plasmonic nanoresonator can be of any shape, e.g., nanodisk,
nanorod, bowtie antenna, dimer; and it can be made of any plasmonic material such as gold
and silver. In this paper, we assume that the plasmonic nanoresonator is a gold nanorod. It
can provide large field enhancements, and its resonance wavelength can be tuned over a large
range by changing the aspect ratio of the nanorod. The plasmonic nanorod has dimensions of
(d; x dz x 1), and the radius of curvature of the nanorod is assumed to be half of its width,
ie., (d—22). The same design concept applies to other plasmonic nanoresonators in this hybrid
structure. The photonic microresonator is assumed to SigNg microring resonator with a

cross section ofvf x h) and an outer radius d®. Microrings can be easily designed to have

a single radial mode at the operation wavelength of intef@gi, has a relatively large re-
fractive index, and also it is transparent in a wide range of frequencies ranging from visible

to near-infrared, which makes it an appropriate material of choice for light-matter interaction
and sensing. A ridge waveguide carries the lightwave on the chip and couples it to the hy-
brid plasmonic-photonic structure. The substrate is silicon diox@i@,§. The polarization of

interest is TE-like with an electric field parallel to the longer dimension of the nanorod.

Fig. 1. Schematic of a hybrid plasmonic-photonic doublemagar structure consisting of
a microresonator integrated with a plasmonic nanoresonator.

Photonic microresonators can have high quality factors (Qs), and therefore, narrow reso-
nance lineshapes. However, the physical size and the mode volume of them are large. On the
other hand, plasmonic nanoresonators having extremely small sizes can enhance the lightwave
intensity by several orders of magnitude. However, the resonance features of these plasmonic
nanoresonators are broadband. The very small size of the plasmonic nanoresonators makes the
coupling of lightwave energy to the resonance modes of these nanoresonators difficult and in-
efficient. The hybrid structure introduced here is designed to benefit from the best of the two
photonic and plasmonic resonators. In this double-resonator structure, lightwave is enhanced in
two steps. It is first coupled to the high-Q microresonator, where it gets enhanced, and then it
is efficiently coupled to the plasmonic nanoresonator.

In a practical situation, the input available power is limited, and it is important to couple
this input power to the LSPR mode of the plasmonic nanoresonator structure efficiently. The
highest field enhancement is achievable when the maximum possible power is coupled to the
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plasmonic nanoresonator LSPR mode. In cases where the plasmaooresonators are excited
using free-space optics, it is therefore important to tightly focus the lightwave to maximize the
amount of light coupled to each individual plasmonic nanoresonator. It has been shown that by
using a planar solid immersion mirror, light can be efficiently coupled to a plasmonic near-field
transducer (NFT) for dense recording of magnetic memories [6]. It has been theoretically shown
that about 8% coupling efficiency, defined as the fraction of the focused input power dissipated
in the medium through the NFT, is possible [6]. Here, we define the coupling efficiency as the
ratio of the power coupled to the plasmonic nanoresonator mode to the input power. We show
that by properly designing the hybrid structure, we can achieve large coupling efficiencies.

3. Theoretical model and design

The design goal is to maximize the lightwave power that is coupled from the waveguide to the
single plasmonic nanoresonator mode shown in Fig. 1. The schematic of the hybrid resonator
structure with forward and backward propagating waves indicated at different points is shown
Fig. 2. Forward and backward propagating waves at different points are related to each other
through scattering matrices [24]. Existence of the plasmonic nanoresonator can result in the
coupling of clockwise and counterclockwise modes in the photonic microresonator. Therefore,
both modes are considered in the analysis.

Diy iy D

Fig. 2. Two-dimensional schematic of a hybrid plasmonic-phit double-resonator struc-

ture consisting of a microring resonator integrated with a plasmonic nanoresonator. For-
ward and backward propagating field amplitudes are indicated at different points on the
structure.

The incident lightwave in the waveguida,() is coupled to the counterclockwise whisper-
ing gallery mode of the photonic microresonatof)( which propagates around the microres-
onator, and becomead). Part of the lightwave incident on the nanororesonator is coupled to the
plasmonic nanoresonator mode and the rest is either reflecfpd(tdransmittedlfs). These
lightwaves propagate in opposite directions around the microring resonator. Part of the counter-
clockwise mode is then coupled to the waveguide in the forward direction. Similarly, part of the
clockwise mode is coupled to the waveguide in the backward direction, which forms the reflec-
tion. It should be noted that in steady state, all these lightwaves exist simultaneously. If there
is no incident lightwave in the waveguide in the counter-propagating directionathes 0.
However, to keep the generality of the analysis, all the forward and the backward propagating
waves available in the analysis are retained, and they will be made equal to zero whenever nec-
essary in the numerical implementation. This is particularly useful when the waveguide itself
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is part of another microresonator.
The lightwaves in the waveguide can be related to the lightwaves in the microring resonator

as

[ bow |tk aw|

EPRIE @
and

[biw otk Aow]|

_bz] o LK t* a | ’ 2)
These coupling matrices are unitary, i}® + |t|? = 1. The coupling coefficient from waveg-

_ 41PRng

uide to the hybrid resonator is related to the coupling)g) throughk? = A0 with ng being

the group index, andg being the resonance wavelength. The lightwaves near the plasmonic
nanoresonator in the microresonatmrandag, are related to the lightwavés andb,, through

the propagation matrixPy] as

ML @
where
Py = [exp(—jﬁél —aly) eXp(HB?-z B aLz)} _ @)

In Eq. (4), the propagation constant in the microresonator is indicat@d ayd the loss decay
constant bya. The loss decay constant is related to the intrinsic quality factor of the pho-
tonic microresonatoiQg, througha = % The average length of the microresonator from
the waveguide-microresonator coupling point to the plasmonic nanoresonator location is indi-
cated byL;, and the average length of the microresonator from the plasmonic nanoresonator
location to the waveguide-microresonator coupling point is indicatdd by

Similarly, the lightwavesa; anda, are related to the lightwavds andb,, through the propa-

gation matrix,[P;] as
-kl

where[P,] is the propagation matrix accounting for the phase shift and loss of the lightwaves
propagating from the nanoresonator to the waveguide-microresonator coupling point. The light-
waves in the microresonator next to the plasmonic nanoresonator are related to each other as

=[5 ©

where[M] is a matrix that accounts for the coupling of the clockwise and counterclockwise
propagating lightwaves to the LSPR mode of the plasmonic nanoresonator, as well as the re-
flection and the transmission from the nanoresonator. The portion of the hybrid resonator that
consists of the plasmonic nanorod coupled to the microresonator can be locally assumed to be
a hybrid waveguide, consisting of a plasmonic nanoresonator coupled with a ridge waveguide,
and it can be modeled as a standing wave resonator to dMai25]. The only difference is

that here, the waveguide is excited using counter-propagating waves from both sides. According
to Fig. 3, matrixM|] can be constructed as

#151465 - $15.00 USD Received 22 Jul 2011; revised 18 Oct 2011; accepted 18 Oct 2011; published 24 Oct 2011
(C) 2011 OSA 24 October 2011 / Vol. 19, No. 22 / OPTICS EXPRESS 22297



[M}: @ —jrp | (")

whererp andt, are the reflection and the transmission coefficients for the hybrid waveguide
structure when excited from each side.

113 e—y. M {1y
| FpPa— — D

Fig. 3. The portion of the hybrid structure in Fig. 2 consistofghe plasmonic nanores-
onator is modeled as a hybrid waveguide-based structure, which is excited from both ends.

Finite difference time domain analysis (FDTD) can be used here to accurately obtain the
reflection and the transmission coefficiemtsandty. In addition, different lightwave fields can
be obtained at different points throughout the hybrid resonator structure. For example, the field
amplitude b;) in the photonic microresonator can be obtained as

by . 1—ttpexp(—al)exp(BL) 8
aw T ttyexp(—aL)fexp(BL) T exp L) T (2 1 12)° ®)

The coupling efficiency, as mentioned in Section 2, is defined as the ratio of the power cou-
pled to the plasmonic nanoresonator to the input power in the waveguide, and it can be ex-
pressed as

(|as|2+|64|2|L;v|(2|b3|2+|b4|2)_ )

In the hybrid resonator structure introduced in Fig. 1, the input lightwave is coupled to the
plasmonic nanoresonator mode in two steps. In the first step, the lightwave is coupled to the
photonic microresonator from the waveguide. In the second step, the lightwave is coupled from
the microresonator to the LSPR mode of the nanoresonator. In order to design and analyze
the hybrid structure, it is first assumed that the gap between the bus waveguide and the hybrid
resonator is so large that the coupling between the two structures is weak, and the loading effect
of the waveguide on the hybrid resonator structure can be neglected. The reflection and the
transmission of the bus waveguide, for a hybrid resonator structure consisting pfrar2@ius
microring with dimensions ofwf = 700nm andh = 200nm) integrated with a gold nanorod of
dimensions (100m x 56nm x 30nm), are plotted in Figs. 4(a) and 4(b), respectively for the
two cases of photonic microresonator with and without the gold nanorod at the LSPR peak
wavelength.

In these simulations, as a typical example, the intrinsic Q of the microresonator is assumed
to beQq = 1.5 x 10*. The Q, of the microring resonator is determined by the radiation loss,
material absorption, and scattering loss from sidewalls and the top surface, determined by the
quality of fabrication. The coupling Q to the waveguide depends on the distance between the
waveguide and the microresonator, as well as the dimensions of the waveguide. The coupling Q
is assumed to b®. = 107 here, which ensures the weak coupling between the waveguide and
the microresonator structure. We will show tkatcan be optimized for any gived to achieve
high coupling efficiencies. It can be seen from Fig. 4(a) that the gold nanorod causes some part
of the counterclockwise mode to be coupled to the clockwise mode in the microresonator, which

K| =
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@ (b)

Fig. 4. (a) Reflection and (b) transmission of a bus waveguide coupled to a hybrid resonator
in weak coupling regime witlQ. = 10’. The results are plotted for two cases, one with a
nanorod and the other without a nanorod. No reflection occurs when there is no nanorod
integrated with the microresonator.

is consequently coupled to the reflected lightwave. From the transmission spectrum, Fig. 4(b),
it can be seen that the effect of the plasmonic nanorod is to broaden the resonance and lower
the extinction.

It should be noted that in Eq. (8)p andt, are functions of frequency and have resonance
behaviors similar to the one shown in Fig. 5(a). Therefore, the lightwave amplitudes and conse-
quently, the coupling efficiency defined in Eq. (9) are intricate functions of frequency. To better
understand the frequency-dependent behaviop @ndtp, the plasmonic resonance spectrum
of the gold nanorod (10%n x 56nm x 30nm) integrated with a waveguide of the same cross-
sectional dimensions as those of the microring resonator, i.e.n7@@00nm), is plotted in
Fig. 5(a). This resonance lineshape is obtained from a 3D FDTD analysis of the equivalent
hybrid waveguide structure. It can be seen that the LSPR wavelenyth i864.5nm, and the
lineshape is broadband with a full width at half maximum (FWHM) of 91nm

To get more insight about the modes of the hybrid resonator structure, we study the response
of the hybrid resonator structure both at an input wavelength close to the LSPR peak wave-
length, pointAin Fig. 5(a), and also at a wavelength far from the LSPR peak wavelength, point
B in Fig. 5(a). Fig. 5(b) shows the coupling efficiency at the LSPR peak wavelength foint
and Fig. 5(c) shows the coupling efficiency far from the LSPR peak wavelenyta 845 7nm,
pointB. It can be seen that far from the resonance of the plasmonic nanoresonator, the coupling
efficiency exhibits a doublet response resulting from the coupling and splitting of the counter-
propagating modes in the microresonator. As the incident wavelength deviates from the plas-
monic nanoresonator LSPR peak wavelength, the splitting becomes stronger and the coupling
efficiency decreases. Therefore, the splitting quality faQer %R can be used as a mea-
sure of the coupling efficiency. Herey is the angular frequencyy is the group indexR is
the radius of the microring resonator, ands the speed of light in free space. In both cases
shown in Fig. 5(b) and Fig. 5(c), the clockwise and the counter-clockwise modes exist in the
microresonator, and part of the input power is reflected back through the bus waveguide.

So far, the hybrid resonator is studied almost independently of the loading effect of the bus
waveguide by assuming a lar@g between the bus waveguide and the hybrid resonator. It can
be seen from Fig. 5(b) that when the gap between the bus waveguide and the hybrid resonator
is large, i.e.Qc = 107, even at the LSPR peak resonance wavelength, only abbut 6f the
input power is coupled to the plasmonic nanoresonator mode.

To optimize the coupling between the bus waveguide and the hybrid resonator structure, the
coupling efficiency to the plasmonic nanordki?, is plotted in Fig. 6 versu. between the
waveguide and the hybrid resonator for a hybrid structure with the same parameters as those
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Fig. 5. (a) Plasmonic resonance lineshape of the gold nanoroar(@®6nm x 30nm)
integrated with a waveguide of the same dimensionsr{f30200nm) as those of the mi-
croring resonator cross section. Coupling efficiency for a hybrid resonator with the same
parameters as those used in Fig. 4, in the weak coupling regime, (a) near the LSPR reso-
nance peak and (b) far from the LSPR resonance peak.

used in Fig. 5(a).

It can be seen that the coupling efficiency is maximized at a couflinfQ. = 6.7 x 10°.

The maximum coupling efficiency is more than 50%. To get a better insight into the coupling
mechanism between the microring resonator and the plasmonic nanoresonator, the coupling
efficiency spectrum, under the optimum conditions, Q.= 6.7 x 10% is plotted in Fig. 7(a),

as the coupling efficiency|k|?, versus wavelength.

It can be seen that the envelope of the coupling efficiency spectrum follows the broadband
resonance feature of the plasmonic nanoresonator LSPR mode on an equivalent waveguide. As
shown in the inset of Fig. 7(b), this broadband envelope is sampled by the sharp resonances
of the photonic microresonator. Using the proposed hybrid resonator structure, more than 50%
coupling efficiency is possible to the plasmonic gold nanorod over several modes of the hy-
brid resonator structure that are separated by the free spectral range (FSR). The 28R =1
corresponds to the fundamental radial order modes of the microring resonator.

The presented analysis method, which is formulated in a matrix form, can be easily extended
to the case where we have multiple plasmonic nanoresonators integrated with the photonic
microresonator.

4. Discussion

So far, we have shown that by optimizing the hybrid resonator structure, the coupling efficiency
can be optimized to a value of more than 50%, by assu®ing 1.5 x 10*. The coupling effi-

ciency to the resonance mode of the plasmonic nanoresonator structure depends on the coupling
quality factor between the waveguide and the hybrid reson@tothe intrinsic quality factor

of the photonic microring resonat@y, as well as the coupling between the photonic microres-

#151465 - $15.00 USD Received 22 Jul 2011; revised 18 Oct 2011; accepted 18 Oct 2011; published 24 Oct 2011
(C) 2011 OSA 24 October 2011 / Vol. 19, No. 22 / OPTICS EXPRESS 22300



0.55

0.5

0.45

0.4

Ik*

0.35

0.3

0.25

0.2 -
0.5 1 1.5 2

Qc x 10

Fig. 6. Coupling efficiency for the hybrid resonator structdiscussed in Fig. 5, versus the
coupling quality factorQ)., between the waveguide and the hybrid resonator structure. The
coupling efficiency is maximized &¢ = 6.7 x 10°.
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Fig. 7. (a) Coupling efficiency spectrum over a large range of wavelengths under optimized

conditions for the hybrid resonator structure discussed in Fig. 6 Qees 6.7 x 10%). (b)

The enlarged portion of the coupling efficiency spectrum near the plasmonic resonance
peak, where several different modes of the hybrid structure can be seen having large cou-
pling efficiencies.

onator and the plasmonic nanoresonator. It was shown in the previous section that the coupling
between the waveguide and the hybrid resonator structure can be optimized to maximize the
coupling efficiency to the plasmonic nanoresonator for a spe@ifiof the photonic microres-
onator. In anideal scenario, when the photonic microresonator is perfectly lossleQg, -,

the coupling efficiency to the plasmonic nanoresonator can be obtained as

1—(t3+r3)

k% = |k|? ,
Ikl = Ik 11— 2tty +t2(t3+r3)[?

(10)

It can be seen that when the plasmonic nanoresonator is Iossleséﬂ-n%,: 1, the coupling
efficiency is zero. In this case, there is no scattering or absorption of light by the nanopatrticle;
no power is removed from the lightwave circulating around the photonic microresonator; and
the plasmonic nanoresonator would only cause the coupling of the clockwise and the counter-
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clockwise modes of the photonic microresonator. In practitahtions, the scattering and the
absorption cross section of plasmonic nanoresonators are nonzero, and the coupling efficiency
indicates the ratio of the input power in the waveguide, which is coupled to the localized res-
onance mode of the plasmonic nanoresonator. Usuglk tp, since the extinction cross sec-

tion of the plasmonic nanoresonators is very small. From Eqg. (10), whenO, the coupling

efficiency approaches 100% asymptotically for an optimum value=et,, or alternatively,

Q.= %. Here, we can see the advantage of using the photonic microresonator, where a
reasonableEpQC results in efficient coupling of the input lightwave to a very lowp@smonic
nanoresonator. Therefore, in an ideal situation, when the photonic microresonator is lossless, it
is possible to couple almost all of the input light power to the localized surface plasmon reso-
nance of the plasmonic nanoresonator mode. The only limitation would be the reflected power
that is coupled back to the input waveguide through the clockwise propagating mode of the
resonator. In practice, however, the photonic microresonator is not lossless and has a limited
intrinsic quality factor,Qp. To study the effect of the photonic microresonator intrinsic qual-

ity factor on the coupling of the lightwave to the plasmonic nanoresonator mode, the coupling
efficiency is plotted versus th®p and theQ. in Fig. 8 at the resonance peak wavelength of

Ao = 764.65nm.

Ik

Fig. 8. Coupling efficiency as a function of the intrinsic qtyafactor (Qp) and the coupling
quality factor Q) at the resonance peak wavelengtiA@f 764.65nm. It can be seen that
the coupling efficiency has a maximum at e&ghfor a specific value of)c.

It can be seen from Fig. 8 that the coupling efficiency has a maximum for each vageaof
a specificQ. from the waveguide, where the coupling of the lightwave from the bus waveguide
to the hybrid resonator system and consequently from the photonic resonator to the plasmonic
nanoresonator is maximized. It can also be observed that ®@hés increased, the coupling
efficiency is increased. For example, Q¢ = 1.5 x 10’ andQ. = 8.6 x 10° the coupling effi-
ciency can reach a value of more than 77%. Even at these veryJgighlues, where the loss
of energy in the photonic microresonator is negligible, part of the lightwave is coupled to the
clockwise travelling mode of the photonic microring resonator, and is subsequently coupled
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back to the bus waveguide as reflection. Achieving such higingit quality factors is not

easily possible in practice with the current quality of materials and fabrication processes. To
investigate how practical is the proposed hybrid structure in efficiently coupling the lightwave

to the plasmonic nanoresonator mode, the optimization surface, presented in Fig. 8, is plotted in
the form of isotk|? contours in Fig. 9. It can be seen for example that@g & 1.37 x 10° and

Qc = 8.6 x 103, the coupling efficiency is 73%, which still is large. The intrinsic quality factor

of Qo = 1.37 x 10° and the coupling quality factor 6J. = 8.6 x 10° are practically achievable.

The proposed hybrid structure can also be extended to other photonic microresonator structures
such as microdisk resonators, which have high quality factors. However, microdisk resonators
usually have multiple radial modes, which makes the design more difficult. Other photonic
microresonators such as microtoroids, microspheres, standing wave resonators, and photonic
crystal cavities [26, 27] can also be used in the proposed architecture.

Fig. 9. Coupling efficiency as a function of the intrinsic gtiafactor,Qp, and the coupling

quality factor,Qc at the resonance peak wavelengtigt= 764.65nm. It can be seen that
the coupling efficiency has a maximum at each intrinsic quality faQgy,for a specific

coupling quality factorQQc.

It should be noted that the total energy that is coupled to the resonance mode of the plasmonic
nanoresonator and results in large near-field enhancements is partly absorbed by the metallic
nanoresonator, and is partly scattered. Depending on the application of interest, the plasmonic
nanoresonator can be designed to have either a large absorption cross section or a large scatte-
ring cross section. When a material is interacting with the enhanced near-field of the plasmonic
nanoresonator, the energy can also be absorbed by the material. Here, we have demonstrated the
results for a gold nanorod. The plasmonic nanoresonator shape, size, and material can be used
to design different plasmonic nanoresonators with different absorption and scattering proper-
ties. It should also be noted that we have optimized the coupling of the lightwave to the dipole
resonance mode of the plasmonic nanoresonator. The coupling efficiency can be optimized to
higher order resonance modes, as well.

The large coupling efficiency to a single plasmonic hanoresonator mode greatly improves the
field enhancement and signal-to-noise-ratio. This makes it possible to do practical individual
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plasmonic nanoresonator sensing by using low input powesa, Alhe proposed hybrid struc-
ture can be realized on a chip, and is not alignment sensitive. Once the structure is implemented,
excitation of the bus waveguide guarantees the excitation of the LSPR mode of the plasmonic
nanoresonator. Also, the enhanced extinction of the hybrid resonator modes can be measured at
the output of the bus waveguide. This eliminates the need for a bulky microscope with precise
alignment control and a very sensitive detector to interrogate single plasmonic nanoresonators.
In the proposed hybrid resonator structure, the photonic microresonator with a large intrinsic
quality factor,Qp, facilitates the coupling of the lightwave from the bus waveguide to the plas-
monic nanoresonator. In analogy to microwave antennas, the high-Q photonic microresonator
can be considered as an impedance matching circuitry that optimizes the coupling of the input
power to the plasmonic nanoresonator, which can be considered as a nanoantenna.

5. Conclusion

We have proposed, designed, and optimized a hybrid plasmonic-photonic resonator structure
consisting of a plasmonic nanoresonator and a photonic microresonator, which can be used to
efficiently couple the lightwave to the LSPR mode of the plasmonic nanoresonator. We have
shown that by using the proposed hybrid structure, the coupling efficiency can be optimized
so that more than 73% of the lightwave is coupled to a single gold nanorod. This greatly
improves the signal-to-noise-ratio and the field enhancements. The improved signal-to-noise
ratio is critically important for interrogation of single plasmonic nanoresonators in applications
such as ultrasensitive sensing and spectroscopy. The on-chip and alignment-insensitive nature
of the proposed structure makes it suitable for lab-on-chip applications, where a portable,
low power, and compact device is desired. Also, since the broadband resonance signature of
the plasmonic nanoresonator is enhanced by the photonic microresonator resonance modes,
the extinction can be easily measured from the transmission spectrum. Therefore, to study
the resonance behavior of single plasmonic nanoresonators, the transmission spectrum of the
bus waveguide can be used, alleviating the need for locating and measuring the scattering of
the single nanoresonator. The proposed device is compact, and the hybrid resonator can be
implemented in a 40m x 40um footprint. Therefore, many of them can be integrated on the
same chip for multianalyte sensing. Also, the proposed hybrid plasmonic-photonic structure
can employ the potentials of nanoplasmonic structures efficiently to bridge the gap between
the nano-scale world of electronics and the larger-scale world of photonics. Therefore, we
believe that our proposed hybrid platform can be used in different on-chip applications such as
lab-on-chip sensing systems, on-chip spectroscopy, signal processing, and communications.
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