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Abstract. The characteristics of biochemical sensors based on photonic
crystal (PC) resonators are investigated in this work. The PC structure
consists of holes arranged in a hexagonal lattice on a silicon slab. The
nanoring resonator is formed by removing certain holes along a hexag-
onal trace. The hexagonal nanoring resonator is sandwiched by two PC
waveguides that are formed by removing two lines of holes. The trapping
of biomolecules, e.g., DNAs or proteins, in a functionalized sensing hole
introduces a shift in resonant wavelength peak in the output terminal.
We demonstrate two resonator designs: single and dual nanorings. The
quality factor of the single nanoring resonator is 2400. The dual nanoring
resonator reveals two different resonant modes. The propagated direc-
tions of dropped light for these two modes are antiparallel. The quality
factors for these two resonant modes are 2100 and 1855, respectively.
This dual nanoring resonator has a novel sensing mechanism, making
it capable of simultaneously sensing two different biomolecules. © 2011
Society of Photo-Optical Instrumentation Engineers (SPIE). [DOI: 10.1117/1.3532834]
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1 Introduction

Micro-optical and nanophotonic sensing mechanisms for
chemical and biochemical sensing applications have recently
attracted considerable attention. For instance, integrated op-
tical directional couplers! and photonic-crystal-based Bragg
gratings® have already been adopted for chemical and bio-
chemical sensing. Optical sensing is typically achieved by
two mechanisms. The first mechanism relies on the detec-
tion of a change in refractive index of the homogeneous
medium surrounding the sensing element in the optical sen-
sors. The second sensing mechanism is surface sensing. The
optical output characteristics are the function of the thickness
of biomolecules immobilized on the surface of the optical
sensors.’™ The label-free affinity-based optical biosensors
allow us to study the selective binding between the target
molecules and captured agents without using a fluorescence
or radio label. Surface plasma resonance and colorimetric
resonance in a diffractive grating surface have also been ex-
tensively employed in commercial label-free affinity-based
optical biosensors. These sensors enable the detection of se-
lective binding of biomolecules by measuring the change of
refractive index on the surface. However, the sensing area of
these sensors are usually in mm? scale and not convenient
for trace sensing.

Waveguide-based microring resonator have also received
much attention in sensing applications.®® The sensing area is
relatively smaller than those devices based on surface plasma
resonance and diffractive grating. The microring resonator
configuration consists of a ring waveguide sandwiched by
two straight waveguides. These two waveguides are com-
monly referred to as bus and drop waveguides, respectively.
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The whispering-gallery resonant mode of ring waveguides is
excited by a broadband light source, which is carried by the
bus waveguide. The resonant energy within the ring waveg-
uide is further coupled to the drop waveguide. The resonant
condition of microring resonators is extremely sensitive to
the change in refractive index of the ambient medium. De Vos
et al. have reported a protein concentration sensor based on a
microring resonator packaged inside a microfluidic channel.’
The sensitivity of this sensor is 10 ng/ml, with a footprint of
10x 10 wm?. The sensitivity of the microring resonator de-
pends on the bandwidth of the resonant peak. A narrowband
width reveals finer distinguishable wavelength shift, hence
the sensitivity is enhanced. In addition, the bandwidth of the
resonant peak decreases with an increase in the quality fac-
tor. To enhance the quality factor of the microring resonator,
the reduction of ring radius is required. However, this will
result in obvious increment of bending loss in the microring
resonator.’

Compared to traditional dielectric waveguide sensing de-
vices, nanophotonic sensors, e.g., silicon photonic crystal
(PC) sensors, provide a higher potential platform. Photonic
crystals consist of periodic arrays of scatters in certain ma-
trices. This periodic spatial variation of refractive index gen-
erates the photonic bandgap (PBG) effect. Any wavelength
of light that falls within the PBG range will be forbidden to
propagate inside the PC structure.'®!! By introducing certain
defects within the periodic structure of the PC, light within
the PBG range can be manipulated. Light is only allowed to
propagate along the defects or is localized within the defects.
Due to ultraefficient light confinement, PC structures can be
adopted for use as optical waveguides or optical resonators of
high efficiency.!? It has been reported that a PC laser can be
achieved by PC waveguide ring resonators.!>!# In terms of
sensing applications, the localized mode of electromagnetic
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waves is sensitive to the variation in the refractive index of
the scatters. For example, the scatters in 2-D silicon-based
PC structures can be formed by drilling periodic arrays of
holes on a silicon slab. When the PC structure is immersed
in solutions of varying concentrations, the PBG wavelength
range will change accordingly. Buswell et al. demonstrated
the sensing of proteins by measuring the shift in cut-off wave-
lengths of a PC waveguide. They adopted the immobilized
biotin as a probe to capture a 2.5-nm-thick streptavidin film
on the whole PC waveguide surface. The cut-off wavelength
showed a red-shift of 0.86 nm.'> On the other hand, the res-
onance of a PC resonator reveals a high quality factor due
to the high efficiency confinement of light. As previously
mentioned, the higher quality factor represents a narrower
bandwidth of resonant peak, i.e., a higher sensing resolution.
Chow et al. illustrated the detection of ambient-induced re-
fractive index change by measuring the resonant wavelength
shift of 2-D PC microcavity resonator.' It has also been re-
ported that a 2-D PC microcavity resonator of similar design
is able to detect a mass of protein as small as 2.5 fg,!” a gold
nanoparticle 10 nm in diameter,!® and ion concentration ab-
sorbed in an ion-selective polymer coated on the resonator. '’
In addition to the 2-D PC structure, a 1-D PC structure, which
consists of one row of holes on a silicon waveguide, exhibits
PBG effects as well. A 1-D PC nanocavity resonator can be
formed by removing several holes.”’ Such 1-D PC nanocav-
ity resonators have already been adopted for biosensing®!
and fluidic sensing.??

The sensing area of biosensors based on PC resonators is
much smaller than that of a dielectric waveguide ring res-
onator. The resonant volume of a PC resonator is small,
which makes it sensitive to the slightest change in ambi-
ent refractive index. Furthermore, this PC resonator reveals
high quality factors, making it suitable for sensing extremely
small volumes of analytes. The immobilization of protein
and DNA in nanometer scale patterns can be achieved by
direct-write dip-pen nanolithography (DPN).2*2* The DPN
technology enables us to immobilize the analyte on a sin-
gle or specific holes within PC resonators. As a result, it
is technically feasible to detect specific biomolecules of ex-
tremely small volume, e.g., 1 fL, captured within a small
hole. Recently, the authors theoretically demonstrated a PC
biosensor?® with a footprint size of 3 um?. In this work, we
have theoretically demonstrated the feasibility of utilizing
PC nanoring resonators and PC waveguides for biochemical
sensing applications. The PC structure consists of holes ar-
ranged in a hexagonal lattice on a silicon slab. The nanoring
resonator is formed by removing certain holes along a hexag-
onal trace. The hexagonal nanoring resonator is sandwiched
by two PC waveguides, which are formed by removing two
lines of holes. We investigated two types of configurations:
a single nanoring resonator and a dual nanoring resonator.
The sensitivity with respect to the position of sensing holes
within the nanoring resonantor is examined in detail.

2 Single Nanoring Resonator Sensor

The 2-D PC resonators, consisting of cascaded cavities of
point defects?® and square ring defects,”’-?® have been ex-
tensively studied. Owning to its outstanding optical confine-
ment, the footprint of the ring defect can be significantly
downsized without the risk of increase in bending loss. In

J. Micro/Nanolith. MEMS MOEMS

013001-2

(@ (b)

Qutput 0.0
.: ..I.I.I.. e_o

& Reference 01 02 03 R 1c¢]

0.025)

48 1549 1550 1551

5 1552 1553 1554
Wavelength (nm)

Fluidic channel \

PCs Resonator
pul ‘wavegnide

Si0,

: 620L0Y
[ < 7% o pfar e e
G OE 05 af'ag

pRese L gt 59,9
g‘,-n‘@‘{% W, o

e SR
TR i O

Do

‘.": o1

6206, 5%
PR e O | =]
o 2o 0 0 cea”
PalaGa a0 On'J‘&.
05026, 0a080 A0

a3

Fig. 1 (a) Sketch of nanoring resonator. (b) Spectra of reference and
sensing holes at O1, 02, and O3. (c) Steady resonant field distribu-
tion. (d) Conceptual drawing of a microfluidic chip with a nanoring
resonator embedded inside the microfluidic channel. (Color online
only.)

our study, we created a hexagonal defect within the PC struc-
ture as a nanoring resonator. The nanoring resonator is illus-
trated in Fig. 1(a). Compared to the nanoring resonators in
a square lattice, the bending angle of the hexagonal nanor-
ing resonator is not as sharp as the square ring resonator.
As such, the effect of the counterpropagating mode®’ can
be significantly suppressed. Furthermore, the filling factor of
the hexagonal lattice PC structure is higher than the square
lattice PC structure, leading to superior light confinement
and wider bandgap range. The quality factor can therefore
be enhanced. In Fig. 1(a), the 2-D PC nanoring resonator
can be considered to be fabricated on a silicon-on-insulator
(SOI) wafer. The thickness of the device layer is 220 nm.
DPN technology is used to perform the surface process on
certain holes, e.g., deposition of probe molecules within the
hole. This hole is termed the sensing hole. After the DPN
process, the device is embedded in a microfluidic channel, as
shown in Fig. 1(d). The entire surface of the PC structure is
considered to be covered by water in our studies.

Both the effective refractive index (ERI) and 2-D finite-
difference time-domain (FDTD) method are employed to
simulate the performance of a resonator and derive the res-
onant spectra. The ERI approach and 2-D FDTD method
have been widely deployed in PC slab studies.>*** The lat-
tice constant (a) of the hexagonal lattice is 410 nm and the
radius of holes () is 120 nm. The ERIs of silicon and wa-
ter are 2.825 and 1.33, respectively. We adopted commercial
software to perform the FDTD simulation. In the FDTD
simulated model, one lattice constant is divided into 25 spa-
tial grids. To calculate the PBG range, a transverse electric
(TE) polarized light pulse, i.e., the electric field is parallel
to the surface of the silicon device layer, is launched into
the perfect PC structure, i.e., without any defect. The cen-
tral wavelength of input light pulse is located at 1550 nm.
One temporal period of the central wavelength is divided into
128 steps in the FDTD simulation. The temporal transmitted
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signal is recorded by a time monitor. The transmitted spec-
trum is obtained by performing the fast-Fourier-transform
(FFT) methods on the temporal signal. The corresponding
wavelength range of PBG extended from 1423 to 1640 nm.
The bandgap range is in agreement with the band structure
calculated by 3-D plane wave expansion methods.

In Fig. 1(a), the PC nanoring resonator is sandwiched by
two terminal PC waveguides that are formed by removing
two rows of holes. The terminal waveguide at the right side
of the nanoring resonator is designated as the bus waveguide.
The resonant mode of the nanoring resonator is excited by
the light from the input end of the waveguide (marked by the
yellow arrow). The resonant light then couples to the termi-
nal waveguide on the left side, i.e., the drop waveguide. The
dropped light can be detected at the output end. In the simu-
lation model, a temporal light pulse is launched into the bus
waveguide. The output signal is recorded by a time monitor
placed at the output port of the drop waveguide. The output
spectrum is obtained by applying the FFT to the temporal
signal. The spectrum is then normalized to the input signal.
The black curve in Fig. 1(b) represents the reference output
spectrum. The output resonant wavelength is 1550.5 nm.
The derived quality factor is 2400. As previously men-
tioned, DPN technology is capable of depositing the probe
molecules, e.g., antigen to antibody and DNA probe to DNA,
within certain sensing holes. When the target biomolecules
are carried by the fluidic flow and transited through the sens-
ing hole, they are trapped within the sensing hole. Therefore,
the ERI within the sensing hole is turned into that of the
biomolecules. In our simulation, we assumed that the ERI
of biomolecules is 1.45.17353¢ We have also chosen various
hole positions as sensing holes. The positions of the sensing
holes under investigation are denoted as O1, O2, and O3, re-
spectively, in Fig. 1(a). The corresponding output spectrum
of O1, 02, and O3 are represented in Fig. 1(b) by red, green,
and blue lines, respectively. The curves of O1, O2, and O3
show a red shift of 0.4, 0.55, and 0.65 nm, respectively. The
results reveal that the resonant intensity and quality factor
are affected by the positions of the sensing holes as well.

Further calculation on the steady resonant field distri-
bution of the nanoring resonator was done to clarify the
relationship between the positions of the sensing holes and
resonant wavelength shift. To obtain the steady resonant field
distribution, the temporal pulse light source is replaced by a
monofrequency continuous light source in FDTD simulation.
The wavelength of the monofrequency light source is set to
be the same with the resonant wavelength, i.e., 1550.5 nm.
The steady out-of-plane magnetic field is represented by a
color map in Fig. 1(c). The fields in the red and blue zones are
out of phase. The darkness of the red or blue zone denotes the
relevant intensity of the localized magnetic amplitude, i.e.,
a darker color represents a larger amplitude. The positions
of O1, 02, and O3 are denoted by arrows. The magnetic
field strongly penetrated through the silicon matrix among
01, 02, and O3. As such, the alteration of ERI within these
sensing holes leads to significant resonant wavelength shift.

3 Dual Nanoring Resonator Sensor
3.1 Muiltiple-Sensing Mechanism

The propagated direction of dropped light in PC resonators
is strongly related to the symmetry of steady resonant field
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Fig. 2 (a) Sketch of dual nanoring resonator. (b) Spectra of forward
drop and (c) backward drop.

distribution.”>->® The cascading of PC resonators can be
adopted to control the propagated direction of dropped light.
On the other hand, cascading of cavities leads to the enlarge-
ment of resonant field distribution volume, i.e., more resonant
modes. Each resonant mode corresponds to an independent
resonant field distribution. In this section, we demonstrated a
dual nanoring resonator with two individual resonant modes,
capable of multiple sensing mechanisms.

Figure 2(a) illustrates the configuration of the dual nanor-
ing resonator. The lattice constant of the PC structure is kept
the same as the single nanoring PC resonator, i.e., 410 nm.
The radius of holes, however, is modified to 145 nm. The
two nanorings are sandwiched by two PC waveguides. The
input light is launched into the input (marked by a yellow
arrow) of a bus waveguide located under the dual nanoring
resonator. The resonant modes of the dual nanoring resonator
are excited by input light and coupled into the drop waveg-
uide, which is located above the dual nanoring resonator. The
drop waveguide has two outputs. A forward and backward
drop are defined when the propagated dropped light is par-
allel and antiparallel to the input light, respectively. There
are three holes in-between the nearest vertexes of these two
nanorings. The distance between the two nanorings and the
radius of holes is optimized to obtain two resonant modes of
high quality factor and different drop directions. It is worth
noticing that the resonant wavelengths and modes are signifi-
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cantly dependent on the distance between two nanorings. The
effect of the distance between nanorings to resonance is not
linear because there are several mechanisms of interaction
between the two resonators. Each mechanism corresponds
to a unique resonant wavelength, quality factor, and dropped
direction. Slight alteration of the distance between nanorings
can lead to a significant change of resonance condition. Opti-
mization is achieved by varying the number of holes between
resonators, which creates two resonances of high quality fac-
tors and opposite dropped directions, i.e., forward and back-
ward drop. The output spectra of forward and backward drop
are shown in Figs. 2(b) and 2(c), respectively. The resonant
peak wavelength of forward drop is 1512.16 nm with a qual-
ity factor of 2100. The resonant peak wavelength of back-
ward drop is 1521.35 nm, with a quality factor of 1855. The
steady resonant field distributions of forward and backward
drop are shown in Figs. 3(a) and 3(b), respectively. The dis-
crepancy between these two field distributions is significant.
For the forward drop, as shown in Fig. 3(a), the magnetic
field concentrates in regions within the two nanorings and
the junction between the nanorings and waveguides. How-
ever, the magnetic field is very weak in the area between the
two nearest vertexes of the two nanorings. For the backward
drop phenomenon, the magnetic field concentrates within
both nanorings and the area between the two nearest ver-
texes of them. However, the intensity in the junction between
the nanorings and waveguides is relatively weak. According
to the same scenario, we discussed in the section on sin-
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gle nanoring resonators, the target biomolecules can also be
trapped within a sensing hole by adopting DPN technology.
Due to the discrepancy between Figs. 3(a) and 3(b), we ex-
pect that the trapping of biomolecules in the sensing holes
between the two nearest vertexes of the two nanorings, e.g.,
the holes marked by type 1 in Fig. 3(c), will only lead to a
wavelength shift in the backward drop. On the other hand,
the trapping of biomolecules in the sensing holes between the
junction of nanorings and waveguides, e.g., the holes marked
by type 2 in Fig. 3(c), will lead to a wavelength shift in the
forward drop.

To verify this hypothesis, we simulated the occupation
by biomolecules in types 1 and 2 sensing holes. The red
dashed line in Fig. 4(a) shows the forward drop spectrum
with biomolecules trapped in type-1 holes, with the reference
spectrum being indicated by the blue lines. The reference
spectrum represents the spectrum before the immobilization
of biomolecules within the sensing holes. The blue line and
red dashed line match each other. This means that the for-
ward drop is not affected by the biomolecules. The red and
blue lines in Fig. 4(b) show the backward drop spectra with
biomolecules trapped in type-1 holes and reference spectra,
respectively. The resonant wavelength of the red line shows
a red shift of 0.41 nm. The results are in agreement with
our hypothesis. To better describe quantitatively the amount
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of biomolecules, the mass of trapped biomolecules can be
evaluated by the product of volume of holes and density
of biomolecules.’” The estimated mass of the biomolecules
trapped in one single hole is 1.5 fg.

Figure 5 shows the spectra of forward and backward drop,
where the biomolecules are assumed to be trapped in type-2
holes. The reference spectra are also indicated by the blue
lines. In Fig. 5(a), the resonant wavelength shows a red shift
of 0.36 nm. The resonant wavelength of the red dashed line
and blue line in Fig. 5(b) are identical. On the other hand, the
resonant wavelength shift in Fig. 5(a) is smaller than the shift
in Fig. 4(b). The reason is due to the intensity of the resonant
magnetic field in type 2 [Fig. 3(a)] being weaker than type 1
[Fig. 3(b)].

The binding of biomolecules in sensing holes results in the
change of resonant condition. The intensity, resonant wave-
length, and quality factor are also altered. Such biomolecule
binding may lead to the enhancement or reduction of inten-
sity and quality factors. Unlike the single nanoring resonator,
the difference in the profiles and peak intensities between the
blue and red dashed lines in Figs. 4(b) and 5(a) is not signifi-
cant. The reason is due to the effective resonant volume of the
dual nanoring resonator being larger than the single nanoring
resonator. The variation in resonant condition, with respect
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to the influence of ambient medium of the dual nanoring res-
onator, is not as sensitive as the single nanoring resonator.
Furthermore, the sensing holes in the single nanoring res-
onator are located at the edges of the nanoring. The variation
of ERI in sensing holes may affect the optical confinement,
and this can lead to a significant change in resonant quality
factor. As previously mentioned, sensing resolution is di-
rectly related to the quality factor. Compared to the single
nanoring resonator, the intensity and quality factors of reso-
nance in the dual nanoring resonator are more stable during
the sensing process.

3.2 Sensitivity Analysis of Single Sensing Holes

We further investigated the resonant wavelength shift with
respect to the individual position of the sensing holes. We
categorized the sensing holes under study into three groups.
The first group of sensing holes is denoted Al to A10 and
B1to B10in Fig. 6(a). These sensing holes are located along
the edges of the nanorings. Figure 6(b) shows the resonant
wavelength shifts with respect to the positions of sensing
holes in the first group. The spectra of all sensing holes
are red-shifted. The black and red symbols represent the
wavelength shift of forward and backward drop, respectively.
The wavelength shift of Al to A10 equals B1 to B10. This
means that the sensing effects of holes close to the bus and
drop waveguides are symmetrical. The most sensitive sensing
holes, i.e., the largest wavelength shifts, are A3, B3, A8, and
B8. The largest wavelength shift in this group is 0.18 nm.
The quality factors and intensities of the resonant peaks are
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nanorings. (b) Sensing holes in-between the two nearest vertexes of
the nanorings. (c) Forward and backward resonant wavelength shifts
in terms of position of each sensing hole at (a) and (b). (Color online
only.)

similar to the reference resonant peak, which we did not
include in this work. Although the sensing is the same as what
we chose in the single nanoring resonator, the fluctuations
of resonant intensities and quality factors are not as much as
in the single nanoring resonator. This result implies that the
resonance in dual nanoring resonators is more stable than in
the single nanoring resonator.

The second group of sensing holes is denoted by ClI,
C2, DI, and D2 in Fig. 7(a). These holes are located at
both edges of the PC waveguide and the center of the two
nanorings. Figure 7(b) shows the third group of sensing holes
as E1, E2, and E3. These holes are located along the straight
line between the two nearest vertexes of two nanorings. The
resonant wavelength shifts of forward and backward drop are
displayed by black and red symbols in Figs. 7(c), respectively.
The resonant wavelength shifts show red shifts in all cases.

J. Micro/Nanolith. MEMS MOEMS

013001-6

The sensing holes of the second group only show resonant
wavelength shifts in forward drop. The largest wavelength
shift is 0.14 nm. There are no wavelength shifts in backward
drop. On the other hand, the sensing holes in the third group
show the resonant wavelength shifts in backward drop only.
The largest wavelength shift is 0.14 nm. We refer to the
sensing holes of the third group as backward sensing holes
and those in the second group as forward sensing holes. In
the previous discussion, the biomolecules are assumed to
be trapped in only one single sensing hole to investigate the
sensing effects of each hole. The estimated weight is as small
as 1.5 fg. The wavelength shift seems quite small because
only one single sensing hole is considered. In practice, we
can enhance the resonant wavelength shift by choosing more
than one sensing hole.

We further propose two potential applications based on
features of the second and third groups of sensing holes. The
first one is dual-channel detection. We can use DPN tech-
nology to assemble one kind of probe molecules on forward
sensing holes and the other kinds of probe molecules on
backward sensing holes. When the dual nanoring resonator
is packaged inside a microfluidic channel, as depicted in
Fig. 1(d), the solution carrying unknown biomolecules will
flow through the dual nanoring resonator. Two kinds of target
DNA molecules will be selectively trapped by the forward
and backward sensing holes. The wavelength shift is pro-
portionate to the ERI change, i.e., the amount of binding
biomolecules.*® Thus the concentration of two different tar-
get DNAs in the same solution can be detected at the same
time by simultaneously monitoring the resonant wavelength
shift at forward and backward drop ports. This application
will be useful for studies of certain biochemical interaction
processes. This also provides more versatility compared to
devices that can detect only one type of molecule. The second
application is real-time calibration. The resonant wavelength
shift can result from not only the binding of biomolecules but
also from environmental factors such as temperature change
or fabrication inaccuracy. Although the response time of op-
tical sensors is quite fast, the interaction between probe and
target molecules usually takes time. It is difficult to control
all of the factors contributed by the environment during the
entire interaction duration. Therefore, we can trap the
biomolecules in forward sensing holes and measure both
the resonant wavelength shift at forward and backward drop
ports. The wavelength shift of forward drop results from
both biomolecule binding and factors of environment. How-
ever, the wavelength shift of backward drop results from the
factors of environment only. The effects of environmental
change in forward drop can hence be eliminated by the in-
formation acquired from the backward drop. In addition to
dual-channel detection and real-time calibration, multichan-
nel detection can be achieved by cascading more nanorings
with various independent resonant modes, wavelengths, and
drop channels.

4 Conclusions

In summary, we demonstrate the feasibility of PC single and
dual nanoring resonators for biosensing applications. The PC
nanoring resonator is considered to be formed by removing
certain holes from a 2-D silicon PC slab. In applications of
biosensing, the whole nanoring resonator is embedded inside
a microfluidic channel. The sensing mechanism is based on
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the red shift of resonant wavelength, owing to the trapping
of analytes in particular holes. The resonant wavelength shift
shows strong dependence on the position of sensing holes.
PC nanoring resonators reveal high quality factors and small
footprints in comparison with microring resonator. The qual-
ity factor of a single nanoring resonator is 2400. The quality
factor of the forward and backward drop of a dual nanoring
resonator is 2100 and 1855, respectively. The wavelength
shift of a single nanoring resonator is larger than the dual
nanoring resonator. However, the stability of dual nanoring
resonators is better. In addition, we also explore two indi-
vidual resonant modes with opposite drop directions in the
dual nanoring resonator. These two resonant modes can be
individually manipulated by selecting the appropriate sens-
ing holes. We also propose that dual-channel detection and
real-time calibration can be achieved by dual nanoring res-
onators.
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