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We propose a high figure of merit (FOM) biochemical sensor by designing a ring defect coupled
resonator (RDCR) based on photonic crystal (PhC) slab. The design consists of ring resonant cavity which
is coupled in and out with ring and line defect PhC structure. By a three dimensional finite-different
time-domain (3D-FDTD) method, we demonstrate that the quality (Q) factor is greatly enhanced by
altering the radius of air holes inner the ring resonant cavity and adjusting the width of line defect
waveguide. In this paper, we obtain a highest Q up to 107 through numerical calculations. Even though
water absorption at telecom wavelength range and random roughness of fabrication is considered, a Q of
~33,517 can be achieved. Simultaneously the proposed sensor possesses sensitivity (S) of 330 nm/RIU
(refractive index unit), resulting in FOM of ~8000. Moreover, a minimal detection limit (DL) is obtained
as good as 1.24 x 10~ °. Therefore, these suggest that this design is a promising candidate for label-free

Optical sensing and sensors
Photonic crystals

biochemical sensing in medical diagnosis, life science and environmental monitoring.

© 2014 Published by Elsevier B.V.

1. Introduction

In the past few decades, due to the robust characteristics such
as ultracompact size, high sensitivity, accurate detection limit and
easily integrated, optical refractive index (RI) sensors are widely
researched for a large number of applications and dominant
among the commercial landscapes of current sensing technologies.
So far, optical RI sensors include surface plasmon resonance (SPR)
sensors [1-3], long-period fiber grating (LPFG) sensors [4,5], ring
resonators [6-13], micro-tube [14-16] and photonic crystal struc-
ture sensors [17-31]. A large number of sensors are used as
biochemical sensors [3,6-17,19,21,24,27-29]. In these sensors,
optical resonance peaks can be easily observed. That is, a change
in RI around the region probed by resonant mode causes a relevant
wavelength shift of optical sensor, and this change in resonant
wavelength is converted to the sensing signal.

As shown in Table 1, micro-tube resonator sensors [14-16] and
PhC-based sensors [17-26] have overall larger Q factor and
sensitivity. The Q-factors of most PhC geometries are of 10>-10*
and the S's are around 100-1500 nm/RIU at around 1550 nm

* Corresponding author.
E-mail addresses: hptian@bupt.edu.cn (H. Tian), jyf@bupt.edu.cn (Y. Ji).

http://dx.doi.org/10.1016/j.0ptcom.2014.06.033
0030-4018/© 2014 Published by Elsevier B.V.

wavelength, resulting in figure of merit (FOM=S.Q/1y) are of
100-5000, where S, Q and Ao represent the sensitivity, quality
factor and resonant wavelength, respectively. For example, Dorfner
et al. [21] presented the design of L3 nanocavity coupled to
photonic crystal waveguide for optical biosensor where Q factor
of 6788 and S of 104 nm/RIU were obtained. Wang et al. [25]
demonstrated S of 900 nm/RIU in slot double-beam cavities,
whereas the Q factor was limited to 700. Yang et al. [26] demon-
strated a nano-slotted parallel multibeam cavity which possesses S
exceeding 800 nm/RIU and Q exceeding 10”. Taking water absorp-
tion into consideration at telecom wavelength range, the Q of the
sensor is limited to 10%, resulting in FOM of ~5000. In order to
enhance the FOM, we must increase the product of S and Q.
However, the trade-off between S and Q limits FOM; we can make
the optical mode more localized in the waveguide medium to
achieve enough high quality factors, but simultaneously we must
make the optical mode overlap strongly with the detecting target
to obtain high sensitivity.

In this paper, we propose a novel paradigm employing photo-
nic crystal ring defect coupled resonator (RDCR) for medical
diagnosis and life science. We make optical mode more localized
to obtain high Q by adjusting the radius of air hole and the width
of waveguide. Simultaneously, we also make optical mode overlap
strongly with the detecting target to enhance sensitivity. The
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Table 1
Q factor, S, and FOM of Various Optical Index Sensors.

Sensing structure Ref. Q factor in water (At Telecom Range) Sensitivity (nm/RIU) FOM
SPR Gold mushrooms [3] 200 1015 108
Whispering-gallery mode(WGM) based Microring [6-13] 10°-10* 70-200 45-142
Micro-tube [14-16] 102-10% 100-1100 55-8000
PhPhC based 1D nanobeam [17] ~10* ~100 ~645
2D slab [18-22] 10*-10* 100-300 200-645
PhC slot [23-26] ~10* 490-1500 300-5000

0000000000000 000000000000000 ¢,

Light in

Monitor

A%
Thickness

Fig. 1. 3D illustration of the initial ring defect coupled resonator, where a=348 nm, r=0.34a, T=0.55a, W; =+/3a.

extensive simulation results demonstrate that the RDCR can
possess high Q up to 107 in air medium when r. and W equal to
0.40a and 0.985W, respectively. Even if we consider the absorp-
tion of water and random roughness of fabrication at telecom
wavelength range in simulation, a Q factor up to 33,517 can be
obtained. We alter refractive index with n=1.315, 1.330 and 1.345,
corresponding to deuterium water (n;330) and glycerol solutions
(n1345), and the sensitivity S of 330 nm/RIU is calculated, resulting
in FOM of ~8000. This is, to the best of our knowledge, the first
geometry photonic crystal sensor structure that can lead to high
FOM.

2. Ring defect coupled resonator design

The schematic diagram of the initial RDCR based on ring and
line defect PhC slab structure is shown in Fig. 1. Compared with
the pillar-array based PhC [22], the structure employs triangular
lattice, hole-array PhC slab with large enough photonic band-gap
(PBG) and small vertical loss (Fig. 1). In this paper, triangular lattice
air holes are arranged in a silicon slab (ns;=3.48), where part of air
holes is removed in order to form a ring and line defect waveguide.
We simulate the RDCR structure by using the open source 3D-
FDTD software Meep. In the simulation process, light source is
placed at the head of the input line defect waveguide and monitor
is placed at the end of the output line waveguide. We obtain the
transmittance spectra through dividing the output power detected
with the monitor by the input power of the source. We set
resolution to 20 (that is, with a grid spacing of a/20, where a
represents the lattice constant). The TE Gaussian-pulse source is
used and run for several iterations. One-spatial unit thick perfectly
matched layer (PML) which surrounds the simulation area absorbs
the fields leaving the simulation region to implement reflections.

As shown in Fig. 1, the lattice constant a equals to 348 nm and
the holes radius r is 0.34a (118 nm). The slab thickness, denoted as
T and realized on silicon slab waveguide, equals to 0.55a (191 nm).
Fig. 1 shows detailed design about the structure parameters
including lattice constant, radius of holes, and thickness of PhC
slab. The simulation results of the light propagation through the
initial RDCR are showed in Fig. 2, in which we can find that the
leakage of light is suppressed in out-plane direction (vertically)
and the TE-like polarized light is coupled into the ring waveguide
in-plane direction (horizontally). Fig. 3 shows the transmission
spectra of initial RDCR and perfect PhC. As can be seen in Fig. 3, the
effective working frequency of guided mode with the PBG is
between 0.213(2zc/a) and 0.313 (2zc/a), which is sufficiently wide
for the sensor design. In initial RDCR design, the results show
several different resonant modes at normalized frequency of
0.2261(2xc/a), 0.2311(2zc/a), 0.2646(2zc/a), 0.3043(2zc/a), and
0.3075(2xc/a), which correspond to resonant wavelengths of
1816.67 nm, 1777.36 nm, 1552.34 nm, 1349.82 nm, 1335.75nm,
respectively. We choose the resonant frequency of 0.2646(2xc/a)
to observe the shift of resonant wavelength when the structure
and the refractive index are altered, respectively. By numerical
calculations, the Q factor of resonant frequency 0.2646 (2zc/a)
surrounded by red dashed equals to 6.02 x 10°.

The Q factor of a cavity is determined by the energy loss per
cycle versus the energy stored. The energy loss includes mainly
reflection loss and the absorption loss of cavity material. There-
fore, to improve the Q factor of the RDCR design, we should
minimize the energy loss. With the RDCR structure, the corre-
sponding Q factor can be given by [18,32]:

1 1 1

=+
Q Qcouple Qloss

where Qcouple represents the lifetime, that is, light can decay from
the cavity into the waveguide, and Qs refers to materials

M
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Fig. 2. Steady-state electric field profile for the fundamental TE mode propagates
through the initial RDCR in (a) the x-y plane; (b) the y-z plane.
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the transmission of initial RDCR. To observe the shift of resonant frequency of
0.2646(2xc/a) surrounded by red dashed line when structure and RI are changed.
(For interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article.)

absorption and radiation loss from the cavity into the surrounding
air. We here alter the radius of air hole in the center of ring
resonator and the width of line defect waveguide to decrease Qjoss,
namely, we make the optical mode more localized in the wave-
guide medium so that higher Q factor can be obtained.

3. Ultra-high Q factor design in ring defect coupled resonator

In this paper, the Q-factor is enhanced by using heterostructure
ring cavity [32-35] which is further designed by two routes: one is
that altering the radius r. of red holes in ring resonator, and the
other one is that adjusting the width W of line defect waveguide.
The detail of the RDCR structure is shown in Fig. 4. The theoretical
results of 3D-FDTD simulation showing resonant frequencies and
Q factors as a function of r. are shown in Fig. 5(a). The transmission
spectra of TE-like polarized lightwave with different parameters
r.=0.34a, 0.40a and 0.45a are shown in Fig. 6. In Fig. 5(a), we
adjust the red air holes radius from 0.24a to 0.60a to optimize the
Q factor. In the process of adjusting the red air holes, we find that
the maximum Q factor of 6.93 x 10° is achieved when r. equals to
0.40a and resonance frequency  is 0.2672(2zc/a), and resonance
frequency is pushed to higher frequency, due to the decrease in
high-dielectric material and the increase in low-dielectric material
in the cavity region. Moreover, although the coupling strength
between ring resonant cavity and line defect waveguide is strong
enough, namely, we obtain sufficiently high Q factor, there is a

limitation when r. is adjusted from 0.24a to 0.60a. That is because
photons confined in ring resonant cavity is not enough and the
lifetime of photons is not enhanced enough.

In view of the problems above, the line defect width W is
locally modulated by shifting the position of blue air holes towards
the inside (outside) from 0.92W; to 1.01W;. This shift modulates
the line defect cutoff frequency and creates the light confinement.
Fig. 5(b) shows the resonant frequency and the Q factor as a
function of the waveguide width W from 0.92W; to 1.01W; when
r.=0.40a. As seen, the optimized Q factor of 1.86 x 107 is calcu-
lated when W=0.985W,. The simulation of electric field profile for
the fundamental quasi-TE mode in x-y plane and in y-z plane, and
output transmission spectrum of TE-like polarized profile light-
wave in RDCR are plotted in Fig. 7 when r.=0.40a, W=0.985W,
respectively, by employing 3D-FDTD simulation based on structure
design in Fig. 4. The inset shows that photons are confined
strongly in both in-plane direction (horizontally) and out-plane
direction (vertically). Therefore, the leakage of light becomes very
small and the lifetime of photons is largely enhanced in this
situation.

4. Sensitivity discussion for RDCR structure
4.1. Theory analysis

For the ring defect coupled resonator in Fig. 8, the detection of
the bulk RI change mainly relies on light density in the core of ring
resonant cavity. Therefore, increasing the fraction of light energy
in the core can enhance sensitivity. The resonant wavelength, 4, is
given by [10]:

27R - [y +n3n3 +12(1 =y —n3)l = 1- 2 (2)

where [ is an integer related to angular momentum, »3 and 5 are
the fractions of light energy in core and surrounding mediums,
and R is the effective inner radius of ring resonator. The dimen-
sions of wavelength shift are dependent on the change of effective
index of bound targets, namely, a change in RI, An, induces a
wavelength shift A2 is given by:

2zR
Aﬂ%LH3AnWii’]3An (3)
L ny
Considering the predominant fraction of light confined in ring
resonator, we here used L=2z1,R/A and ignored the redistribution

of light in core and surrounding environment. Where 73 represents
electric field decays exponentially in core and can be calculated as:

. 27h x j(’; 8083|E0|2 . ef(Rfr)/erT'N 27zRh x Son§|Eo|2L
B [ eoe(r) - [E(n)*dV [ eoe(r) - [E(n)|*dV

3 4)
where Ej is the electric field at ring resonator inner surface and h
is an arbitrary length along ring resonator longitudinal direction.
Specially, Eq. (3) is also valid when 73 equal to 0 or 1. The light
intensity decay constant is L which is given by:

-—— A )

/12 _ 12
4z, /n5 —ng

Therefore, in order to intuitively analyze sensitivity, based on
Egs. (2)-(5), the sensitivity S of sensor is given by [36]:

AL A
5=E:n—2 13 (6)
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Fig. 4. The 3D illustration of a sensing element in the RDCR structure, where a=348 nm, r=0.34a, T=0.55a.

a
0.290
; 2
—Quality Factor@) | A 5x10°
= 0285 - —m—Quality Factor(Q) /
] -
= 0.280 - R ) . At 10° O
z z
5 0275 4 g
) F3x10° =
@ b
£ 0270 - =
= =
5 0265 - ; / '/'/ o o2x10® @
£ 0.265
g /' /
S 0260 - ,y‘/. L 1x10°
v S
0.255 ‘
: 0

020 025 030 035 040 045 050 055 0.60 0.65

Radius of the red air hole r --[a]

0276 4 ! —e—Normalized Frcquc'nt_\‘--['.’nc/a‘] F 2.0x107
\ —u—Quality Factor (Q) \ L 1.8x107
= ] A
g 0274 ~. / L 610’
T 02m2 | \'\-\ st &
o e 7
H SRS (U
2 0270 4 1
g Foroxio” £
% 0.268 - - 8.0x10° ;E'
£ ., 60x10° 5
g 0266 - N i P
s \ 4.0x10
-—
L 0.0
0.262 T T T T T
0.92 0.94 0.96 0.98 1.00 1.02

W waveguide width--[V3a]

Fig. 5. (a) Results of 3D-FDTD calculations showing resonance frequencies and Q factors as a function of radius of the red air holes r. in the ring resonator. (b) Results of
3D-FDTD calculations showing resonance frequencies and Q factors as a function of line defect waveguide width W when r.=0.40a. (For interpretation of the references to

color in this figure legend, the reader is referred to the web version of this article.)

—re=0.34a

—re=0.40a

0.8 ——re=0.45a
g

E 0.6 1
E

E 0.4 | 1
[=

0.2+ 1

0 - | h - 1\ :
0.255 0.26 0.265 0.27 0.275
Nor lized Fr q Y |wa/2ne|

Fig. 6. The transmission spectra of TE-like polarized lightwave with different
parameters r.=0.34qa, 0.40a and 0.45a.

We here employ detailed 3D-FDTD simulations that permit us to
analysis the sensitivity of this sensor and how to obtain lowest mass
limit of detection. We assume that molecules in glycerol solution
are infiltrated into air holes around the resonant cavity area, thus
the specific capture of glycerol solution molecules at the sensor
surface results in a local change in R, inducing a sensing signal that
enables good quantification of the biomolecules in the sensor.

4.2. Simulate calculations
4.2.1. Sensitivity of one hole inner ring resonator

In this paper, as shown in Fig. 7, there is a significant amount of
light confined within the ring resonator. Considering the evanescent
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Fig. 7. The transmission spectrum of TE-like polarized profile light-wave when

r.=0.40a, W=0.99W;. The inset shows the electric field profile for the fundamental
quasi-TE mode.

field at side wall of the ring resonator, most of the surrounding holes
of ring resonator should have a stronger optical field. This situation
makes the resonator to be more sensitivity to refractive index changes
within these holes due to large degree of light-matter interaction.
Therefore, we alter the number of holes (N=N;,+N;) being functio-
nalized to analyze the mass sensitivity S, (S,,=A4/N), which is defined
as a function of the number of functionalized holes. Where Ny,
represents the number of air holes inner ring resonator, and Nj is
the number of air holes surrounding the ring resonator. Simulations
are performed in Fig. 9(c) with one hole, 13 holes, 31 holes, 55 holes,
and up to 83 holes. The mass sensitivity (S,,=A4/N) as a function of N
is shown in Fig. 9(a), and the wavelength shift (A2) as a function of N is
shown in Fig. 9(b), where A, is the shift in the resonant wavelength
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Fig. 9. (a) The mass sensitivity as a function of the number of functionalized holes. The blank squares indicate values of the mass sensitivity calculated from 3D-FDTD
simulations. The red curve shows an exponential fit of the form a+b-e V¢ where a, b and c are arbitrary constants. The values a, b and c are equal to 3.6349, 97.442 and
6.35, respectively, and the regression coefficient equal to 0.9958. The inset shows the schematic illustration of number of functionalized holes N=13, 31, and 83. (b) Plot
illustrating the dependence of the shift resonant wavelength and the number of functionalized holes. The blue curve is a best-fit curve of the form a+be V¢, The values of a,
b, c used here are 236, —169.5195 and 7.7364, respectively, and the regression coefficient is 0.9945. The inset shows the schematic illustration of number of functionalized
holes N=1, 13, and 55. The functionalized holes number (N=N;,+N;), N;,; represents the number of air hole inner ring resonator, and N is the number of air holes
surrounding the ring resonator. (c) Based on the number N;;,=1, simulations are performed for the cases with one hole, 13 holes, 31 holes, 55 holes, 83 holes. (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

and N is the number of functionalized holes. In Fig. 9(a), the values of changes as opposed to the air holes that are further away from ring
calculated S, are marked out with black squares, as expected all along, resonant cavity. These results can also be explained by noticing that
and the values are decreased exponentially with the increase of the evanescent field in Fig. 7. This is very important to notice that
number (N) of functionalized holes, which show the center hole inner targeting only the center hole for functionalization allows lowest
ring resonator responding to most sensitive to any refractive index possible limit of mass detection.
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of the references to color in this figure legend, the reader is referred to the web version of this article.)
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We notice that an exponential function fitting the black squares
in Fig. 9(a) can be expressed by [20]:

AL
W=a+b'€ @)

where a, b and c are arbitrary constant parameters. The values a, b
and c are equal to 3.6349, 97.442 and 6.35, respectively, and the
regression coefficient equals to 0.9958. This shows that the
analytical express shows quite good agreement with the 3D-

FDTD simulation results and explains well that how the mass
sensitivity varies with the variation of the functionalized holes.
Based on the Eq. (7), we can enhance the mass sensitivity of the
sample when we decrease the number of the functionalized air
holes. Similarly, Eq. (7) can also exponential fitting the black
squares in Fig. 9(b), and the values a, b and c are equal to 236,
—169.5195 and 7.7364, respectively, and the regression coefficient
is 0.9945. As shown in Fig. 9(b), the wavelength shift A2 is larger
when the functionalized holes increase and a demarcation point
N=13 can be seen. In the left of N=13, the mass sensitivity
(Sm=A/N) is higher, whereas the sensitivity (S=A1/An) is lower.
Similarly, in the right of N=13, we can implement higher sensi-
tivity, but the mass sensitivity is lower. Therefore, we make a
tradeoff between the refractive index sensitivity and the mass
sensitivity and determine the functionalized air holes N=13,
namely, we alter the refractive index of the center and one round
functionalized holes near the ring resonator to obtain a tradeoff
between the refractive index sensitivity and the mass sensitivity.

4.2.2. Sensitivity of multiple holes inner ring resonator

Based on the above discussion, in view of possessing higher
sensitivity of air holes inner ring resonator, we change the
structure and adjust the radius of the ring resonance cavity
(namely, it can contains the number of holes (N;,) ). We therefore
increase the number of the air holes inner the ring resonator by
adding one round (N;;=7 holes). The S,, as a function of the
functionalized holes (N) inner ring resonator is shown in Fig. 10(a),

Please cite this article as: L. Huang, et al., Optics Communications (2014), http://dx.doi.org/10.1016/j.optcom.2014.06.033
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and the A2 as a function of the functionalized holes (N) is shown in
Fig. 10(b). Simulations are performed in Fig. 10(c) with 7 holes, 25
holes, 49 holes, 79 holes, 113 holes. As shown in Fig. 10(b), the
wavelength shift A2 is larger and a demarcation point N=25 can
be seen when the number of functionalized holes is increased. In
the left of N=25, the mass sensitivity S, is higher, whereas the
sensitivity S is lower. However, in the right of N=25, the mass
sensitivity S,, is lower, but the sensitivity S is higher. Therefore, we
alter 25 functionalized holes in this situation to obtain optimal
properties when we consider the complexity of fabrication and the
tradeoff of the sensitivity S and the mass sensitivity S,,.

4.2.3. The discussion of optimal FOM by adjusting the number Ny,

We increase air holes (Nj,) again inner ring resonator round
and round according to the above steps, namely, by adding two
round (19 holes), three round (37 holes), four round (61 holes),
respectively. The optimal Q factor and sensitivity with water
absorption and random roughness of fabrication as a function of
N;, inner ring resonator in different structures are shown in Fig. 11.
As shown in Fig. 11, the sensitivity is enhanced with increasing of
N;, inner ring resonator, whereas the Q factor is declined. There-
fore, we choose a tradeoff between Q factor and sensitivity, the
maximum product of Q factor and sensitivity can be obtained
when the number Nj, equal to 7 inner ring resonator, resulting in
optimal FOM.

5. Ring defect coupled resonator design and simulation results

Through the discussion about high Q factor and sensitivity S,
the label-free biochemical sensor is made up of N;,=7 air holes
inner the ring resonator. Fig. 12(a) and (b) shows the 3D schematic
view of the RDCR structure and fundamental quasi-TE mode
through ring defect coupled resonator, respectively. The results
of numerical simulations show that the total Q factor is about
8.2 x 10° and resonant wavelength is at near 1500 nm obtained
from 3D-FDTD simulation. In addition, we also consider the effect
of fabrication roughness (e.g., random roughness) in our sample
when water absorption is considered. The simulation was per-
formed in a water environment (neglecting water absorption),
assuming a change of the air holes of roughness from 0 to 5, 0 to
10, 0 to 15, and 0 to 20 nm. The Q factor as a function of roughness
of the air holes is shown in Fig. 13. We can obtain minimum
Q=35,517 when the random roughness of air holes is about
20 nm. In order to quantitatively well analyze RI sensitivity of
the sensor, we here alter the refractive index with n=1.315, 1.330
and 1.345 corresponding to deuterium water (n339) and glycerol
solutions (ny34s5), and the transmission of TE-like polarized light-
wave with different parameters of refractive index as a function of
wavelength is shown in Fig. 14.

Monitor

From the simulation results shown in Fig. 14, taking water
absorption and random roughness of fabrication into considera-
tion at telecom wavelength range, the sensitivity is equal to
330 nm/RIU. In order to analyze quantitatively sensing of glycerol
solution, the sensitivity (S) and the resolution (Rg) combine to
calculate the detection limit (DL) of the sample giving by [37]

_Ro
-s
where the DL describes the minimum amount of glycerol molecule
that the sensor can accurately quantify, and the sensor resolution
characterizes the smallest possible spectral shift that can be
accurately measured. Here we can assume a minimal resolvable
wavelength shift to a linewidth Ry giving by [21,37]:

%

ROZ]O'Q )

DL (8)

where 1o and Q are the wavelength and quality factor of the
resonance peak, respectively. We calculate the minimal resolvable
detectable change DL=1.24 x 10~°. Besides, compared with the
techniques like SPR, the ability to drastically confine the detection
volume by targeting the inner most air holes in our sample allows
us to lower the mass limit of detection. The figure of merit (FOM)
of the sensor can be define as [3,26,30,31]:

FOM=5-Q /4o (10)
Based on the Eq. (10), we obtain the figure of merit FOM of
8000. This is, to the best of our knowledge, the first photonic
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Fig. 13. The Q factors of the sample with change of random roughness from 0 to 5,
0 to 10, 0 to 15, and O to 20 nm.
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Fig. 12. (a) Schematic view of ring defect coupled resonator structure. Under the yellow shaded area there are 25 functionalized holes (N=25). (b) The electric field profile
for fundamental quasi-TE mode through ring resonator in x-y plane. (For interpretation of the references to color in this figure legend, the reader is referred to the web

version of this article.)
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crystal structures that have simultaneously high Q and S and
supply an ideal platform for biochemical sensing.

6. Conclusion

In this paper, we have designed a novel ring defect coupled
resonator, which has been characterized by the structure adjust-
ment and simulations. The sample consists of a ring resonator
cavity and line defect waveguide with high Q factor and sensitivity.
The resonant cavity results in a shift in the resonant wavelength
when we alter the refractive index of surrounding air holes by the
RI of deuterium water and glycerol solution. According to the
simulation results, we have achieved high Q of 10”. Even though
the simulation considers the random roughness of fabrication of
the air holes and water absorption at telecom wavelength range,
the Q factor can achieve 35,517 and the sensitivity can be
enhanced to 330 nm/RIU simultaneously, resulting in FOM of
~8000. Moreover, this sample can also detect a minimal change
as good as DL=1.24 x 10~>. Therefore, this sensor is a potentially
ideal platform for refractive index-based medical diagnoses and
life sciences.
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