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Sensitivities (S) and quality factors (Q) have been trade-offs in label-free optical resonator sensors, and optimal
geometry that maximizes both factors is under active development. In this paper, we demonstrate that the nanoslotted parallel multibeam cavity possesses unexplored high S and high Q. We achieve S > 800 nm∕ RIU (refractive
index unit) and Q > 107 in liquid at telecom wavelength range when absorption is neglected. To the best of our
knowledge, this is the first geometry that features both high S and Q factors, and thus is potentially an ideal platform for refractive index-based biochemical sensing. © 2013 Optical Society of America
OCIS codes: (130.3120) Integrated optics devices; (230.5298) Photonic crystals; (230.5750) Resonators;
(280.4788) Optical sensing and sensors.
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1. INTRODUCTION
Optical resonances have been widely used in biomedical labelfree sensors [1–3]. The most exploited schemes are based on
the principle of surface plasmon resonance [4–6], interferometry [7–9], and optical cavities [10–18]. Among these, photonic
crystal (PhC) cavities show advantages in integrated labon-chip devices due to the small footprints and high integrability with optical circuits [19,20]. A variety of optical cavity
sensors based on PhC waveguides, 2D PhC slabs, and 1D
nanobeam PhC cavities have been demonstrated [21–30].
The figure of merit (FOM) of these sensors can be defined as
FOM  S · Q∕λres [31], where S is the shift of resonance in
response to the surrounding index change, λres is the cavity
resonance, and Q is the quality factor of the cavity. However,
the trade-off between S and Q limits the FOM: to achieve
high S, the optical mode needs to overlap strongly with
the detecting target (i.e., outside of the waveguiding medium),
yet in order to achieve a higher Q, the optical mode should be
more localized in the waveguiding medium. Here, an extensive
comparison between different sensing systems is summarized
in Table 1. As seen, PhC-based sensors have overall larger
FOMs. The optimized S’s of most PhC geometries are generally around 100 ∼ 300 nm∕RIU (RIU  refractive index unit)
at around 1550 nm wavelength [22–30]. It is found that “slot”
structure [36,37]—the nanosize low index gap between high
index waveguides—can greatly enhance S while maintaining
the same level of Q. S in a slotted cavity is enhanced generally by twice (S ∼ 500 nm∕RIU) its nonslotted counterpart
[38–42]. In particular, di Falco et al. [43] demonstrated S of
1538 nm∕RIU in a slot heterostructure cavity, and Wang et al.
[44,45] demonstrated S of 900 nm∕RIU in slot double-beam
waveguides/cavities. However, Q factors are limited to 4000
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in [43] and 700 in [44]. In this paper, we propose the nanoslotted parallel multibeam cavity (NPMC). We demonstrated
that a NPMC sensor can possess ultrahigh S exceeding
800 nm∕RIU (at 1531 nm) and Q exceeding 107 . Taking water
absorption into consideration at telecom wavelength range, Q
of the sensor will be limited to 104 [30,46], resulting in FOM of
∼5000. This is, to the best of our knowledge, the first photonic
structure that has simultaneously ultrahigh Q and S.

2. NANOSLOTTED PARALLEL MULTIBEAM
CAVITY
The schematics of the NPMC are shown in Fig. 1. They consist
of multiple parallel PhC nanobeam cavities [12] with nanogap
separations. The gratings are the rectangular shapes in Fig. 1,
but we found that circular gratings can achieve similar performance. The cavity design follows our recently discovered
deterministic high-Q recipe [16,17]. Hence the center-tocenter distance of the rectangular gratings are the same (defined as “periodicity” a), and the widths of the gratings [wx i]
are tapered in a quadratic manner. A key advantage of this
method in the current application is that the cavity resonance
can be predicted by the band-edge frequency of its unit cell in
the center of the cavity. Therefore, the resonance shift in response to different refractive index background (i.e., S factor)
can be obtained from computationally low-cost band-diagram
simulations.

3. OPTIMIZE SENSITIVITY IN THE
NANOSLOTTED PARALLEL MULTIBEAM
CAVITY
In order to compare the sensitivity of the cavities at different resonances, we define normalized sensitivity as
© 2013 Optical Society of America
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Table 1. Sensitivity, Q Factor, and FOM of Various Optical Sensing Schemes
Sensing System
Interferometry
WGMb based
PhC based

a

MZI
Microdisk
Microring
1D nanobeam
2D slab
PhC slot

Sensitivity (nm/RIU)

Q Factor in Water (At Telecom Range)

FOM

Ref.

∼2000
∼70
70–200
∼100
100–300
490–1500

∼500
∼103
∼103
∼104
103 –104
∼103

∼645
∼45
45–142
∼645
200–645
300–1000

[7]
[32]
[33–35]
[30]
[22–28]
[41–45]

a

Mach–Zehnder interferometer.
Whispering-gallery mode.

b

S norm  S∕λres . The multibeams are made of silicon, and the
surrounding media have indices that vary around the index
of common liquid at telecom wavelength (nsi  3.46,
nliquid  1.315). The thickness of the beam is 220 nm. In the
following discussion and simulation, we only consider the
TE-polarized modes, as the TM band does not have a bandgap
at small beam thickness. From the band-diagram calculation,
we obtained S norm versus N nb [as shown in Fig. 2(a)]. The
sensitivity increases by 4 as N nb increases from 1 to 4 and
gradually saturates
beyond
N nb  4. This
P
P
P result is also valid
for different
the
wvg ∕
slot proportions.
wvg represents
P
P
sum of all nanobeam widths ( wvgP
 b × N nb ), and slot represents the sum of
Pall slot
P widths [ slot  w × N nb − 1]. For
instance, when
∕
wvg
slot  8∕3, the normalized sensitivity is as high as 0.583 at N nb  6. This translates S of
903 nm∕RIU at 1550 nm resonance wavelength. To explain

this phenomena, we simulated the TE-like mode and the major
field (E field in plane, perpendicular to the beams)
distribuP
P
tion of the NPMC for N nb  1, 2, 3, 4, 5, and 6 at wvg ∕ slot 
8∕3 [Fig. 2(b)]. The red dashed lines indicate the structure.
The optical field is mainly localized in silicon when
N nb  1. As N nb increases, light is forced into the slot region
as a result of the refractive index discontinuity [36,37]. When
N nb ≥ 4, most light has been strongly squeezed in the slot region, and thus, high S is achieved. In Fig. 2(c), we summarized
the normalized sensitivity versus other geometrical parameters, including periodicity a, single beam width b, slot width
w, and the central rectangular hole length wx and width wy .
We conclude that N nb is the most critical reason for high S.
Next, we designed a high-Q cavity based on the quadrabeam (N nb  4) configuration, since S begins to saturate at
N nb  4. The design process is introduced in detail in

Fig. 1. Schematics of the NPMC that consists of multiple waveguides with nanoslot separations. The structure is symmetric with respect to its
center (dashed line). N nb is the number of beams, a is the center-to-center distance between the gratings (periodicity), b, h are the width and
thickness of each beam, and w is the width of the nanoslot between adjacent beams. wx i are the lengths of the gratings that are tapered quadratically from center to both ends; wy is the width of the grating and is kept constant.

P
P
Fig. 2. (a) Normalized sensitivity (S∕λres ) as a function of the number of nanobeams N nb when the proportion of wvg ∕ slot is 5/1, 4/1, 3/1, and 8/3,
(b)
FDTD simulation of the
respectively. The total width of the multibeam structure is kept constant [wt  b × N nb  w × N nb − 1  1.1 μm].
P
P
major field profile (E field in plane, perpendicular to the beams) distribution when N nb  1, 2, 3, 4, 5, and 6 at wvg ∕ slot  8∕3. Unit of the
x∕y axis is μm. (c) General change of the normalized sensitivity as different parameters change including the number of beams (N nb ), width
of each single nanobeam b, width of rectangular grating wy , width of slot w, periodicity a, and the length of rectangular grating wx .
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Fig. 3. 3D FDTD simulation of the major field distribution profile (Ey) in the NPMC. Here the number of Gaussian mirror segments N taper  40,
with an additional 20 mirrors on both ends of the tapering section. The calculated Q factor is 3.2 × 107 and the S factor is 808.7 nm∕RIU.
wt  1.1 μm, a  500 nm, b  200 nm, w  100 nm, h  220 nm, wx 1  300 nm, wy  140 nm, wx i  wx 1  i − 12 wx i − wx 1∕
imax − 12 , I  1; 2…40, and nsi  3.46, nwater  1.315. Unit of the x∕y axis is μm.

[16,17]. The thickness of the cavity is 220 nm, periodicity
a  500 nm, the nanobeam width b  200 nm, the slot width
w between adjacent nanobeams equals 100 nm, and the total
width of the NPMC is 1.1 μm. The rectangular gratings are
quadratically tapered from wx−start  300 nm to wx−end 
225 nm, i.e., wx i  wx 1  i − 12 wx i − wx 1∕imax − 12
(i increases from 1 to imax ). wx−end  225 nm is obtained from
band-diagram simulation, at which maximum mirror strength
[16] is achieved. The final cavity structure is symmetric to its
center, and on each side, there are 40 gratings (imax  40) in
the Gaussian mirror region [16] and an additional 20 segments
that have the same dimension as the last grating in the
Gaussian mirror region. The total Q factor is 3.2 × 107 and resonance is at 1531.159 nm obtained from 3D finite-difference
time-domain (FDTD) simulation. Figure 3 shows the field profile. It is clearly seen that the optical field is strongly localized

in the slotted region. We also calculated S in the full cavity
structure and obtained S  808.7 nm∕RIU. This agrees very
well with S  810.2 nm∕RIU obtained from the band-diagram
simulation. In addition, we also consider the effect of the fabrication roughness (e.g., sidewall roughness) in our design.
Our simulation was done in a water environment (neglecting
water absorption), assuming a random distribution of roughness from 0–5, 0–10, 0–15, and 0–20 nm, respectively. It can be
seen from Fig. 4 that Q of 104 –105 is achievable with fabrication accessible quality. If the water absorption is taken into
account, the absorption Q is limited to the order of 104
[30,46] at telecom wavelength range. To further increase Q,
water can be replaced by deuterium water (that has same refractive index but weaker absorption in telecom range) as the
carrier fluid for sensing applications.

4. NANOSLOTTED PARALLEL MULTIBEAM
CAVITY SENSOR

Fig. 4. Effect of fabrication roughness to the Q factors. A random
distribution of roughness from 0–5, 0–10, 0–15, and 0–20 nm, respectively, are simulated. The cavity is immersed in an environment with a
refractive index of 1.315.

The above NPMC sensor can be easily excited with resonant
scattering [15] from a microscope. Alternatively, NPMCs can
also be coupled to on-chip optical networks for higher integration and multiplex detection. Therefore, we carried out a coupler design in Fig. 5 inspired by [47]. The coupler consists of a
bus waveguide with width wC  900 nm, and three triangular
fingers extruding to the NPMC. Each beam of the NPMC is
also tapered in a triangle shape that “bites” with the coupler.
Here wtaper  300 nm. The taper angle in the coupler is the
same as that in the NPMC. The thickness is kept at 220 nm.
The lengths of the taper in the NPMC and in the coupler are
coupler
LNPMC
taper  10 μm and Ltaper  15 μm, respectively. With 3D
FDTD simulation, we obtained the transmission of the NPMC,
as light is launched from the bus waveguide (fundamental TElike mode) coupled into the NPMC by the above-designed coupler and finally collected from the output bus waveguide. In
order to save the simulation time of the transmission calculation, we used a high transmission but low Q geometry: the
number of gratings was chosen to be N taper  30, and there

Fig. 5. Schematic diagram of the coupler used for the NPMC sensor in/out coupling. The dark red dashed line area represents the cavity. The
structure is symmetric with respect to its center.
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