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Abstract We introduce a hybrid photonic surface plasmon
ring resonator which consists of a silicon nitride (Si3Ny) di-
electric traveling-wave ring resonator vertically coupled to a
thin layer of metallic strip ring resonator made of Silver (Ag)
on top. The cladding is assumed to be porous alumina on top
of the metal layer, which provides more surface area for the
adsorption of target molecules and their efficient interaction
with the surface plasmon wave excited at the metal-cladding
interface. Simulations show that this hybrid structure has a
large refractive index sensitivity due to the excitation of sur-
face plasmon waves and also a relatively narrow resonance
linewidth due to the large quality factor of the photonic ring
resonator. The Finite Element method is used to systemati-
cally design the hybrid structure and to investigate the per-
formance of the hybrid resonator as a refractive index sensor.
The proposed structure is very compact and can be imple-
mented on a chip in an integrated platform. Thus, it can be
used for lab-on-a-chip sensing applications and is capable of
being spectrally and spatially multiplexed for muti-analyte
sensing.

1 Introduction

Label-free optical sensing is of great recent interest espe-
cially in biomedical research for sensing biomolecules or
monitoring binding kinetics [1]. In this technique, the tar-
get molecules need not be labeled, and their existence is di-
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rectly sensed typically through the change of refractive in-
dex of the interaction medium [1]. This label-free scheme
eliminates the tedious preparation process for labeling the
molecules and makes the sensing technique fast and simple.
Different structures have been used to implement label-free
optical sensing, such as surface plasmon resonance (SPR)
based sensors [2], photonic waveguide and fiber-based sen-
sors [3, 4], photonic traveling-wave resonator sensors [5, 6],
and photonic crystal resonance-based sensors [7]. Each of
these techniques is best suited for a particular set of ap-
plications. Among all these different methods, SPR-based
sensors have been widely used for label-free biomolecule
refractive index sensing [2, 8]. Surface plasmon wave is
formed through coherent oscillation of free electrons at a
metal-dielectric interface. The electromagnetic energy of
a surface plasmon mode is highly confined at the metal-
dielectric interface. Thus, these modes are very sensitive to
the refractive index changes of the dielectric medium. How-
ever, conventional SPR sensor systems are usually large and
bulky because of the excitation and interrogation mecha-
nism, which is mostly done through prism coupling and an-
gle interrogation [2, 8].

With the increasing need for point-of-care diagnostics,
new requirements have emerged for label-free sensors such
as compactness, portability, low power consumption, mass
production capability, integrability, and multi-analyte detec-
tion capability [9-11]. To address these requirements, dif-
ferent techniques have been introduced for the implementa-
tion of compact and portable sensors. There have been some
efforts to excite SPRs through coupling from a photonic
planar waveguide [12] or fiber optics [13]. The waveguide-
based SPR sensors can be interrogated through monitoring
the transmittance spectrum [12] or through monitoring the
coupling spectrum [14]. The fiber-based SPR sensors are
formed typically by removing the fiber cladding (by side
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Fig. 1 (a) Schematic illustration of the proposed structure consisting
of a hybrid plasmonic—photonic ring resonator sensor and a photonic
bus waveguide side coupled to the hybrid resonator. The hybrid res-
onator consists of a photonic traveling-wave resonator with the Si3Ny
core and a surface plasmon ring resonator made of a thin silver film,
separated by a buffer layer of SiO,. The cladding is a porous layer of
alumina as the sensing medium. (b) Cross section of the hybrid res-
onator with the dimensions specified on the figure, R is the radius of
the resonator, # ¢ is the Si3Ny film thickness, 7, is the buffer layer thick-
ness, f,, is the metal layer thickness, and ¢, is the cladding thickness

polishing the fiber) and depositing a thin metallic layer. This
type of structure suffers from cross-polarization interference
and different techniques have been introduced to alleviate
this problem [13].

It has also been shown that surface plasmon waves can
be excited in a metal-semiconductor micropillar cavity [15].
In such a structure, the surface plasmon wave is excited at
the metal-semiconductor interface inside the semiconductor
where a gain medium is located. This structure is aimed to
be used as an on-chip laser. In another work, a silica mi-
croresonator covered with a thin metal film is used to excite
surface plasmon modes inside the silica microresonator [16].
It has been shown that relatively high quality factor (high-Q)
surface plasmon modes can be excited in such microres-
onators. In both of these structures, the surface plasmon
mode is excited inside the microresonator and is not acces-
sible outside the structure for biosensing purposes.

In this paper, we introduce and theoretically investi-
gate a hybrid whispering gallery plasmonic-photonic mi-
croring resonator (shown in Fig. 1) for label-free biosens-
ing. The sensor consists of a silicon nitride (Si3Ny) dielec-
tric traveling-wave ring resonator vertically coupled to a thin
layer of metallic strip ring resonator on top covered with a
porous alumina (p-Al,O3) layer which serves as the sen-
sor interaction medium. In this hybrid resonator, the surface
plasmon mode is excited on top of the metallic layer in the
porous cladding where the target molecules can efficiently
interact with the enhanced electromagnetic field of the sur-
face plasmon wave. The adsorption of target molecules to
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the interior walls of the porous sensor cladding layer is tran-
scribed into a change in the resonance wavelength of the
resonator. One of the unique features of this hybrid resonator
sensor is the large sensitivity because of the surface plasmon
waves and the relatively high quality factor because of the
photonic ring resonator. Moreover, the sensor is very com-
pact and can be implemented into an array format on a pla-
nar chip, which is highly desirable for lab-on-a-chip sensing
applications.

In practical applications, there is always a need for sens-
ing systems which can detect different analytes at the same
time, and there have been ongoing efforts for develop-
ing multi-analyte SPR imaging systems [10]. The proposed
compact structure in Fig. 1 can be used in a spectrally and/or
spatially multiplexed scheme in which many of these hybrid
resonators are densely integrated on a chip. Each sensor can
have a specific coating associated to a certain analyte. These
resonators can be implemented in parallel, each coupled to
a separate bus waveguide or they can also be implemented
in series, where all of them are coupled to a common bus
waveguide. In the case of a spectral multiplexing scheme,
on-chip micro-spectrometers [17, 18] can be used to track
small shifts in the resonance wavelength.

In this paper, we first discuss the principle of operation
and the design procedure for this hybrid resonator in Sect. 2.
Subsequently, the performance of this structure is analyzed,
and the effect of different device parameters is investigated
in Sect. 3. Then in Sect. 4, the possibility of the implementa-
tion of the structure in different material platforms, the fabri-
cation procedure, the issue of coupling and possible options
for that, and the comparison with other structures are dis-
cussed. Concluding remarks are given in Sect. 5.

2 Principle of operation and design
of the proposed structure

2.1 Principle of operation

The schematic of the proposed structure is illustrated
in Fig. 1(a). It consists of a hybrid plasmonic-photonic
traveling-wave ring resonator that is side coupled to a pho-
tonic bus waveguide. Figure 1(b) shows the cross section
of the hybrid resonator with different dimensions specified.
The hybrid resonator is a multilayer traveling-wave ring res-
onator consisting of a dielectric layer (SizN4) which acts
as a dielectric resonator, and a surface plasmon ring res-
onator (in the form of a thin ring metal strip). The metal
strip is assumed to be silver (Ag) here. The surface plas-
mon resonator and the photonic resonator are separated by a
buffer layer which is assumed to be silicon dioxide (SiO3).
The cladding is assumed to be a porous material (alumina
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(p-Al;03)) which acts as the sensing medium where the tar-
get molecules can be adsorbed. The substrate is silicon diox-
ide. As shown in Fig. 1(b), R is the radius of the resonator,
ty is the SizNy film thickness, #, is the buffer layer thick-
ness, t,, is the metal layer thickness, and z. is the cladding
thickness.

The surface plasmon ring resonator mode and the dielec-
tric traveling-wave resonator mode in the structure shown
in Fig. 1 are strongly coupled to each other and thereby
form a hybrid mode. The photonic bus waveguide shown
in Fig. 1(a) is made of a Si3Ny ridge on the substrate and
carries the optical light wave. This bus waveguide is side
coupled to the resonator structure to excite the resonator
mode. The transmittance spectrum of the waveguide exhibits
a dip at the resonance wavelength of the hybrid structure.
When the coupling conditions of the waveguide to the hy-
brid resonator are optimally engineered (i.e., under critical
coupling condition), the coupling is maximized. The excita-
tion of the surface plasmon wave at the interface of the metal
and the p-Al,O3 cladding results in a large enhancement of
electromagnetic fields inside the cladding. When the target
molecules are adsorbed to the walls of the pores inside the
p-AlLO3 layer, the average refractive index of the cladding
is changed, and consequently, the resonance wavelength of
the resonator shifts. This wavelength shift can be tracked
by monitoring the spectral location of the relatively high-Q
resonance feature of this resonator at the output of the bus
waveguide. The cladding porous layer not only acts as a host
for target molecules, but also enhances the performance of
the sensor. It has been shown that using a high-index porous
cladding layer such as p-Al,O3 or p-TiO; on top of con-
ventional bulk SPR sensors greatly enhances their response
[14, 19, 20]. Like other sensing platforms, different surface
coatings can be used on the pore walls of the proposed sen-
sors for target analyte binding; and depending on the surface
coating and the target analyte of interest, the sensor can be
either reusable or disposable [21].

2.2 Design of the hybrid resonator

The hybrid resonator in Fig. 1 is a traveling-wave resonator.
To design such a resonator, we start with the equivalent hy-
brid ridge waveguide that forms the ring resonator and has
the same cross-sectional dimensions as the ring resonator
shown in Fig. 1(b) to obtain the effective index of the hybrid
guided mode at each wavelength. This hybrid waveguide
supports TM-like confined modes (i.e., magnetic field in the
plane of the waveguide), which will be the mode type of
interest throughout this paper. The effective index of this
waveguide mode can then be used as the initial guess to an-
alyze the hybrid ring resonator using a rigorous FEM analy-
sis. The design parameters for the waveguide structure are

the dimensions, as illustrated in Fig. 1(b), and the mater-
ial properties of different layers. In the hybrid sensor intro-
duced in this paper, the substrate is assumed to be SiOj,
with the refractive index of n = 1.444. The dielectric res-
onator is assumed to be Si3N4, which has a refractive index
of n =2 and enables the operation of the device in the vis-
ible range of spectrum. The buffer layer is assumed to be
SiO,, which can be easily deposited on top of Si3Ny us-
ing plasma enhanced chemical vapor deposition (PECVD).
The metal layer is assumed to be Ag that supports surface
plasmon modes in the visible range of spectrum. Empirical
material properties from [22] are used for the Ag film in our
analysis. The cladding layer is chosen to be porous alumina
(p-Al»03), which can function as a host for biomolecules.
The porosity of this layer can be chosen according to the
size and characteristics of the target biomolecules. In our
simulations, we have assumed a porous Al,O3, with the pore
radius of 7.5 nm and pore density of 5 x 10'% cm=2, which
according to Maxwell-Garnett approximation [19, 23] has a
refractive index of 1.59.

The thickness of the porous cladding layer (z.) effectively
determines the index of the medium above the metallic layer,
which in turn affects the effective index of the surface plas-
mon mode. It has been shown that ¢, = 200 nm results in
a high sensitivity in a bulk surface plasmon resonance sen-
sor [19]. Therefore, as a practically reasonable value, we set
t. =200 nm. The thickness of the metallic layer is assumed
to be t,, = 50 nm which is a typical thickness used in many
bulk SPR sensors. The width of the structure (w) determines
the effective index of the supermode. The thickness of the
Si3Ny ridge (¢y) together with the width of the structure de-
termines the effective index of the ridge waveguide mode.
The buffer layer thickness determines the strength of cou-
pling between the dielectric ridge waveguide mode and the
surface-plasmon-polariton mode of the metal-cladding in-
terface. When the buffer layer is very thick, the coupling is
very weak and the supermode can be considered as the linear
combination of two individual modes of the surface plasmon
waveguide and the dielectric waveguide. As the buffer layer
thickness is decreased, the two waveguide structures start af-
fecting the modes of each other, and the coupling becomes
strong.

Dispersion of the hybrid waveguide structure is calcu-
lated using FEM analysis and is plotted in Fig. 2(a) as the
real part of effective index of the waveguide structure ver-
sus the wavelength for a width of w = 400 nm, Si3N4 ridge
thickness of 7y = 200 nm, and a buffer layer thickness of
t, = 120 nm. The mode profiles corresponding to the upper
and lower branch at a wavelength of Ao = 625 nm are shown
in Fig. 2(b) and 2(c), respectively. The two supermodes of
this structure shown in Fig. 2 are the result of splitting of the
surface plasmon mode and the dielectric waveguide mode
that are strongly coupled to each other. It can be seen that the
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Fig. 2 (a) Dispersion of the hybrid waveguide (w = 400 nm, t; =
200 nm, t,, = 50 nm, 7, = 120 nm, ¢, = 200 nm) calculated using
FEM analysis. There are two supermodes at each wavelength. The
real part and imaginary part of the effective indices at a wavelength

two supermodes have opposite symmetry. It should be noted
that as the buffer layer thickness is decreased, the splitting of
the modes becomes larger. The lower branch mode (shown
in Fig. 2(c)) has a lower effective index and a lower loss,
and therefore is of more interest for practical applications.
The effective index of the hybrid waveguide for this mode
with the aforementioned dimensions and material proper-
ties is calculated to be nefr = 1.616—j0.0017 at the operation
wavelength of Lo = 625 nm.

Once the effective index of the hybrid ridge waveguide is
known, we can insert this effective index as an approximate
initial value in the ring resonator dispersion, i.e.,

konetr(2m Re) = 2m,

ey

to obtain the initial guess for a rigorous FEM simulation
of the hybrid traveling-wave ring resonator. In this equa-
tion, kg = 2 /Ag is the free-space wavevector, m is the az-
imuthal mode order, and neg is the effective index of the
hybrid equivalent ridge waveguide obtained earlier. Finally,
R. = R — w/2 is the center radius of the ring resonator. As
an example, an azimuthal mode number m = 114 gives the
resonance wavelength Ao = 623.47 nm for the hybrid ring
resonator with a radius of R = 7.2 um. This radius is cho-
sen as a practical value for a compact structure. Note that
too small radii result in performance degradation due to the
bending loss while too large radii result in large structures.
Having the approximate resonance wavelength (1) and
the azimuthal mode number (m), the next step is to use rig-
orous FEM analysis to obtain the exact modes of the hybrid
ring resonator. The axial symmetry of the structure is used
to reduce the numerical computation to a two-dimensional
analysis at a cross section of the resonator using a FEM code
in the cylindrical coordinates [24]. The FEM analysis gives
the resonance wavelength of Ao = 625.44 nm for m = 114,
which is close to the approximated value of Ag = 623.47 nm
obtained from (1). The free spectral range of the resonance
mode of this structure calculated from FEM simulations is
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of L9 = 625 nm are indicated on each branch. (b) Field profile of the
H, component of the upper branch mode obtained at the wavelength
of A9 = 625 nm. (c¢) Field profile of the H, component of the lower
branch mode obtained at the wavelength of 1o = 625 nm

4.54 nm. It should be noted that the hybrid resonator struc-
ture has another (undesired) mode, which corresponds to the
higher branch mode of the hybrid waveguide in Fig. 2(b).
This mode is not considered in our design as it has consid-
erably higher loss and thus lower quality factor.

The good agreement between the numerical result for the
resonant wavelength obtained using rigorous FEM simula-
tion and the result obtained from the effective index mod-
eling using equivalent waveguide analysis suggests that the
effective index modeling is a good approximation for the
initial guess of FEM analysis and is useful to design and
analyze the structure.

The normalized radial field profile (H, component) for
the hybrid resonator structure calculated using FEM simu-
lations is plotted in Fig. 3. Similar to the case of the hy-
brid waveguide mode depicted in Fig. 2(c), it can be seen
from Fig. 3 that the surface plasmon mode and the dielectric
guided mode are strongly coupled to each other and form
a supermode. The excitation of the surface plasmon polari-
ton at the metal-cladding interface causes the enhancement
of the electromagnetic field at the metal-cladding interface
where the resonator mode has maximum interaction with the
target molecules.

Another interesting feature in Fig. 3 is the fact that the
mode is inclined towards the outer radius. In fact, the surface
plasmon mode of the metal strip by itself is radiative at this
radius without being coupled to a dielectric guiding struc-
ture, and the bend radius at which it can support a bound
mode is much larger than what we have used here. How-
ever, the hybrid structure in which a dielectric resonator and
a plasmonic resonator are strongly coupled has the appropri-
ate effective index to support a non-radiative mode.

3 Performance analysis

In order to evaluate the performance of the hybrid resonator
designed in the previous section as a refractive index sensor,
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Fig. 3 Mode profile of the 0.8
hybrid ring resonator

(R=7.2 ym, w =400 nm, 0.6
ty =200 nm, t,, = 50 nm,

tp = 120 nm, t. = 200 nm) is 0.4

shown. The normalized radial

component of the magnetic field —~02
(H,) is illustrated in this figure §
w0
-0.2
-0.4

5.8

2.5T

AL (nm)
N

00 0.002 0.004 0.006 0.008 0.01 0.012 0.014 0.016 0.018
An

Fig. 4 Spectral shift of the resonance versus refractive index changes
of the cladding layer for different buffer layer thicknesses is plotted.
All the other parameters are fixed as indicated in the caption of Fig. 3

we have changed the refractive index of the cladding layer
and calculated the shift of the resonance wavelength (AA)
using FEM simulations. The initial refractive index of the p-
Al,O3 is assumed to be 1.59, and it is increased to 1.608 in
small steps of An = 1073, For the FEM simulations, the do-
main of the solution is meshed with triangular elements with
quartic Lagrange functions [24]. To ensure the convergence
of the results, the average size of the elements in the simula-
tion are: 15 nm in the Si3Ny layer, 12 nm in the buffer layer,
5 nm in the metal layer, and 6 nm in the cladding. The calcu-
lated resonance wavelength shift versus the refractive index
change of the cladding for different buffer layer thicknesses
(tp) is plotted in Fig. 4. The slope of each curve in Fig. 4
represents the sensitivity (S = AA/An) of the sensor for the
corresponding value of #;. It can be seen that when the buffer
layer thickness is decreased, the sensitivity is increased. In
this case, the surface plasmon mode and the guided mode
of the dielectric resonator are coupled more strongly, and
a stronger field interacts with the molecules. On the other
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hand, as the buffer layer thickness is increased, the coupling
between the two modes becomes weaker and the sensitivity
decreases.

The detection limit of the sensor (DL) depends on the
sensitivity as well as the resolution of the sensor [25],

N

DL = 3 2)

The resolution, N, is proportional to the linewidth of the
resonance (§A), and it inversely depends on the signal-to-
noise ratio in the system (which depends on the detection
mechanism used). To evaluate the performance of the pro-
posed sensor, the linewidth of the resonance must also be
investigated. In the proposed structure, the sources of res-
onator energy loss that contribute to the broadening of the
lineshape are mainly (i) the surface plasmon mode loss orig-
inating from the metal material loss, (ii) scattering loss from
fabrication imperfections and sidewall roughness, (iii) ra-
diation loss, and (iv) the coupling of the energy to the
waveguide. In our calculations, we have considered the ef-
fect of surface plasmon mode loss by considering the fre-
quency dependent metal material loss from empirical data
of [22]. Also, the effects of scattering loss from the Si3Ny
ridge sidewalls and the radiation loss are taken into account
by assuming an intrinsic quality factor of Q; = 20000 for
the dielectric ring resonator. When the radius of the ring res-
onator is not very small for the radiation loss to dominate,
this mostly depends on the quality of fabrication and can
be improved. However, since the intrinsic quality factor of
the proposed hybrid device is dominated by the metal mate-
rial loss, there is no stringent requirement on the fabrication
quality; and the hybrid device is tolerant to the fabrication
imperfections. The overall effect of the metal material loss
and the scattering loss can be lumped into an intrinsic qual-
ity factor (Qp = (Q;l + Q;l)’l), where Q,, is the quality
factor associated with the metal material loss. The effect of
coupling loss originating from the coupling to and from the
waveguide is considered by using the coupling Q, i.e., Q..
The overall quality factor of the hybrid resonator is then the
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Fig. 5 Intrinsic quality factor (Qp) of the hybrid resonator
(R=7.2 pm, w =400 nm, ty =200 nm, t,, = 50 nm, 7. = 200 nm)
and the sensitivity () versus the buffer layer thickness (#5)

loaded Q, ie. Q1 = (Qy' + @-1)~! which is maximum
under critical coupling condition [26] where Q. = Qp.

The sensitivity (S) and the resonator intrinsic quality fac-
tor (Qo) are plotted in Fig. 5 versus the buffer layer thick-
ness (7). It can be seen that as 1;, is increased, the sensitivity
is decreased because there would be less mode overlap be-
tween the surface plasmon mode and the dielectric mode. On
the other hand, the resonator intrinsic quality factor (Qg) in-
creases as fp is increased because the contribution of metal
loss in the overall mode quality factor is decreased. These
two effects compete in opposite direction, smaller Q¢ re-
sults in wider resonance peaks and more difficulty in detect-
ing a small shift in the center wavelength of resonance, while
larger S results in a larger shift in the resonance wavelength
for a given index change. Due to this trade-off, there is an
optimum value for 7, which depends on design criteria and
the overall desired performance.

To investigate the effect of this trade-off in the design of
the proposed sensor quantitatively, we use a figure of merit
(FOM) [27], defined as

_ (AL/An)
Y

FOM 3
where §A is the linewidth of the resonance when the loaded
0, under the critical coupling condition (i.e., Q1 = Qo/2),
is considered (§A = Ag/ Q). The numerator in (3) is the sen-
sitivity (§) as defined earlier. The detection limit defined in
(2) is inversely proportional to FOM, and the proportional-
ity factor depends on the overall signal-to-noise ratio in the
detection mechanism [25]. Therefore, FOM is independent
of the signal-to-noise ratio and can be used for the assess-
ment of the performance of any resonance-based refractive
index sensing structure. FOM as defined in (3) corresponds
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Fig. 6 Figure of merit (FOM) versus buffer layer thickness of the hy-
brid resonator (R = 7.2 um, w =400 nm, ¢y =200 nm, #,, = 50 nm,
t. =200 nm)

to a full linewidth shift of the resonance wavelength. The
larger the FOM, the better the performance of the device is.
One key parameter in the design of the proposed structure
is the buffer layer thickness. In order to investigate the ef-
fect of this parameter, FOM for the hybrid resonator with
the parameters of R = 7.2 um, w =400 nm, 7y = 200 nm,
tm = 50 nm, ., = 200 nm, is plotted in Fig. 6 versus the
buffer layer thickness. The small value of FOM at very small
tp (tp < 100 nm) is due to small values of Q¢ and therefore
large values of §A. On the other hand small values of FOM
at large 1, (f, > 200 nm) is due to small values of sensitiv-
ity ().

As is shown in Fig. 6, there is an optimum operation re-
gion around #, = 150 nm, where the FOM is maximum. It
can be seen in Fig. 6 that the optimum operation point is
not very sensitive to the buffer layer thickness around the
optimum operation thickness. Therefore, in practice slight
changes of the buffer layer thickness during the fabrication
of the device does not seriously affect the performance.

As a comparison, FOM is calculated for a fiber-based
SPR sensor [13] to be FOM = 71.4, which is comparable
with the performance of our proposed sensor. This means
that the performance of the proposed structure is on the same
order as the other SPR sensing devices; however, this per-
formance is achieved with a much more compact size and
in an integrated platform. On the other hand, the values
of FOM for different localized surface plasmon resonance
(LSPR) nanoparticle sensors are reported to be less than 4
[27], which are much less than the values of FOM in our
proposed device (see Fig. 6). This superior performance is
of course achieved at the expense of larger sensing volume
in our proposed sensor compared with a single plasmonic
nanoparticle LSPR sensor. More detailed comparison will
be discussed in Sect. 4.3.
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4 Discussion
4.1 Different material platforms and fabrication

The hybrid resonator structure in Fig. 1 is proposed in a
Si3N4 material platform with Ag as the metal material and
with alumina as the cladding sensing layer, and it was de-
signed to work in the visible range of spectrum. However,
it can be easily implemented using other materials such as
silicon in a silicon-on-insulator (SOI) platform for use in in-
frared range of spectrum. The effective index of the dielec-
tric guided wave resonator mode in Si is larger than that of
the same guided wave resonator implemented using SizNy.
To satisfy the optimum coupling condition between the di-
electric guided wave resonator mode in Si and the surface
plasmon mode of metal-cladding interface either a higher
index cladding material such as a low porosity alumina, a
porous titanium dioxide, or a porous silicon material can be
used or the dimensions can be changed.

The choice of metal for the plasmonic layer is not limited
to Ag. Other metals such as gold and aluminum can also
be used. Gold is used widely in conventional SPR sensors,
since it is biocompatible, and unlike silver, it does not oxi-
dize easily. However, it has more loss compared to silver in
the visible range of the spectrum. The thickness of the metal
layer can be decreased to alleviate this problem.

Using a porous layer in the structure of the proposed hy-
brid resonator causes the sensitivity of the resonator to in-
crease. In fact, when the target molecules adsorb to the walls
of the pores, they form a thin layer, which causes the av-
erage refractive index to increase. The porous material pro-
vides more surface area for the adsorption of the target mole-
cules and also enhances the interaction of the surface plas-
mon wave and the target molecules. The pore size provides
a means of more specific sensing of the molecules according
to their size [19]. Also, special surface coating may be em-
ployed on the pore walls to provide more specific sensing
mechanism [19]. Other porous materials such as titanium
dioxide (TiO,) or polymer matrices can also be used as the
sensing layer.

The fabrication of the device can be carried out by
first depositing a thin layer of SiO, (buffer layer) on top
of a SizNy film seated on a SiO, substrate using plasma
enhanced chemical vapor deposition (PECVD) technique.
Then, the substrate is covered with a layer of electron-beam
resist using spin coating and the ring resonator and bus
waveguide can be patterned by using electron-beam litho-
graphy (EBL) followed by plasma etching of the SizNj.
Then, the entire structure except the ring resonator region is
masked in a subsequent EBL lithography step, and the metal
layer (e.g., silver in our design) and subsequently aluminum
is deposited using electron-beam evaporator followed by a
lift off process. In the next step, the aluminum layer is chem-
ically anodized to form a porous Al,Os3 layer. The alignment

of the patterns in the two lithography steps needs special pre-
cautions to assure good accuracy. It should be noted that the
quality factor of the hybrid resonator is primarily limited by
the metal material loss and fabrication imperfections such as
the roughness of the sidewalls do not have profound effects
on the performance of the device.

4.2 Coupling to the hybrid resonator

In the hybrid resonator system introduced here, the trans-
mittance of the bus waveguide is used as the sensing sig-
nal. The structure has the best performance when it works
under the critical coupling condition. In the critical cou-
pling regime the power in the waveguide is completely cou-
pled to the resonator and the signal-to-noise ratio is maxi-
mized [28]. The overall intrinsic quality factor of the hybrid
resonator is determined by the material properties and the
dimensions, especially the buffer layer thickness. These pa-
rameters are determined by the required performance mea-
sures such as the required detection limit and the minimum
required linewidth. In some cases, satisfying the critical cou-
pling condition with a straight waveguide side coupled to
the resonator might not be trivial due to the small amount
of coupling. To address this issue and achieve the criti-
cal coupling, we can either use concentric coupling scheme
(where the waveguide goes around the resonator) or imple-
ment the resonator as a racetrack (where the coupling length
can be much longer) [29-31]. For the proposed example
in Sect. 2.2, an intrinsic quality factor of Q = 739.4 was
obtained for a buffer layer thickness of #, = 150 nm (as
shown in Fig. 5). By employing the method introduced in
[31], it can be shown that the critical coupling condition is
achieved by using a concentric coupling scheme in which a
350 nm x 200 nm bus waveguide wraps around the hybrid
microring for 60 degrees at a gap distance of 100 nm. This
makes the fabrication of the proposed sensors using conven-
tional nanofabrication facilities (e.g., electron-beam lithog-
raphy and dry etching) easily achievable.

4.3 Comparison with other sensing mechanisms

Different implementations of SPR sensors have been pro-
posed both in bulk form [2, 8] and using guided wave optics
such as planar waveguides [12] and fiber optics [13]. Also,
localized surface plasmon resonance (LSPR) sensors have
been proposed [27]. The SPR-based sensors have shown
a promise for fast and effective label-free biosensing and
have been used in many biomedical studies [1]. The sen-
sitivity of such SPR sensors is usually very high [2, 13],
and the resonance linewidth, mostly determined by the sur-
face plasmon resonance, is large. The performance of the
proposed hybrid resonator sensor, according to the figure
of merit defined in Sect. 3 (FOM = 76.9), is comparable to
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the performance of a fiber-based SPR sensor (FOM = 71.4)
[13]. However, the proposed structure is much more com-
pact and can be implemented on a chip in an integrated
platform which better conforms to the requirements of ap-
plications such as point-of-care biosensing. Another impor-
tant point is that the linewidth of resonance is much smaller
for the hybrid resonator compared to conventional bulk or
waveguide-based SPR sensors [13]. This makes the spec-
tral multiplexing of the hybrid resonator more viable and
many of them can be integrated on a chip to form a spec-
trally multiplexed array. The performance of the proposed
sensor in terms of FOM (FOM = 76.9) is much superior
to the performance of LSPR sensors that have FOM values
less than 4 [27]. On the other hand, the mode volume of
the proposed sensor is much larger than that of individual
LSPR nanoparticle sensors. This means that the amount of
required analyte for the proposed sensor is larger than that
for the LSPR sensors. For the given example in Sect. 2.2,
the sensing medium (i.e., the porous alumina layer) has a
total volume of 3.5 um?, which is about four orders of mag-
nitude larger than the sensing medium surrounding a typ-
ical LSPR nanoparticle [27]. However, although the total
volume of analyte required to bind to the sensor surface
is very small for conventional LSPR sensors, delivering a
very small amount of analyte to the sensing sites of LSPR
nanoparticles is quite challenging [32]. Moreover, coupling
of light to individual LSPR nanoparticles is not very effi-
cient.

As another alternative technology, on-chip dielectric mi-
croresonators have been proposed for label-free index sens-
ing [5, 33-35]. For example, a Si3N4-based microdisk with a
radius of R = 15 pm has been proposed with a sensitivity of
S & 22.8 nm/RIU [33]. The figure of merit for this structure
can be calculated to be FOM = 142.8. Another example, is a
glass-based microring resonator with a radius of R = 60 ym
which has a sensitivity of S &~ 141 nm/RIU [34]. The FOM
can be calculated for this structure to be FOM = 1111.
It can be seen that these structures have a larger size com-
pared to the proposed hybrid resonator and the sensitivity
is smaller than the proposed hybrid resonator, in the former
case [33], and comparable with the sensitivity of the pro-
posed structure, in the latter case [34]. However, these res-
onators have better performance in terms of the FOM due to
their extremely narrow resonance linewidth. Theoretically,
these dielectric resonators have shown a promise for ultra-
small detection limits [1]; however, in practice, there are
challenges in implementing these resonators mainly because
they are sensitive to fabrication imperfections (especially to
the surface roughness) [1, 5]. The resonance linewidth of a
purely dielectric resonator is typically very small resulting
in small spectral efficiency when a wideband source (e.g.,
a light emitting diode) is used. Thus, purely dielectric res-
onators are more suitable for applications in which a tun-
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able laser source can be used. In addition, although an ex-
tremely small resonance linewidth results in better detection
limits, it makes the device more sensitive to environmen-
tal changes such as thermal drift and drift of the source.
Recently, there have been some efforts to stabilize dielec-
tric resonators and make them less sensitive to temperature
changes [36] by covering the resonator with a layer of poly-
mer. However, this approach is not very compatible with
the sensing application since covering of the structure with
polymer reduces the interaction of the resonator mode with
the target analyte. The proposed hybrid resonator in this pa-
per has a wider resonance linewidth in comparison with a
dielectric resonator (with the same material and radius) and
therefore, has a larger spectral efficiency when used with a
wideband source. It is also less sensitive to environmental
changes such as temperature drifts. Besides the simplicity
of the system and the spectral efficiency, another advantage
of using a wideband source is that the output spectrum can
be monitored in real-time when the sensor is integrated with
a micro-spectrometer [16, 17], without any need for repeat-
edly scanning the spectrum. This makes the study of kinetic
changes possible.

5 Conclusion

The hybrid resonator introduced in this paper is realized
through coupling of the surface plasmon resonance mode
(determined by metal-cladding material properties) and the
whispering gallery resonance mode (determined by the
geometry of the structure). The low-loss supermode of this
structure has the high-sensitivity properties of the surface
plasmon wave excited on the top and the narrow spectral
linewidth characteristics of the dielectric (Si3Ny) traveling-
wave ring resonator. The sensitivity of the device is calcu-
lated to be 150 nm/RIU in the optimum operation range for
reasonable device dimensions. The performance of this hy-
brid resonator sensor according to the values of FOM being
around 76.9 compares well with other conventional guided
wave SPR systems and is much larger than FOM values of
LSPR sensors. The proposed sensor is very compact and can
be used in a multiplexed scheme on a chip in an integrated
platform. The quality factor of the hybrid resonator is mostly
determined by the metal material loss and therefore, the de-
vice is tolerant to fabrication imperfections that introduce
additional losses. Since the linewidth is not extremely nar-
row, no stringent requirements are needed in terms of source
stability or thermal drifts. Due to the compact size, the high
sensitivity, and the possibility of extension to multi-analyte
detection, we believe that the hybrid resonator proposed here
has the potential of enabling new applications in lab-on-a-
chip sensing.
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