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We propose a novel optical sensor based on a one-dimensional (1D) photonic crystal (PhC) single nano-
beam air-mode cavity (SNAC). The performance of the device is investigated theoretically. By introducing
a quadratically modulated width tapering structure, a waveguide-coupled 1D-PhC SNAC with a calcu-
lated high quality factor of 5.16 × 106 and an effective mode volume of Veff ∼ 2.18�λ∕nsi�3 can be achieved.
For the air mode mentioned above, the light field can be strongly localized inside the air region (low
index) and overlaps sufficiently with the analytes. Thus, the suggested PhC SNAC can be used for
high-sensitivity refractive index sensing with an estimated high sensitivity of 537.8 nm/RIU. To the best
of our knowledge, this is the first PhC single nanobeam geometry that features both high Q-factors and
high sensitivity, and is potentially an ideal platform for realizing ultracompact lab-on-a-chip applications
with dense arrays of functionalized spots for multiplexed sensing. © 2014 Optical Society of America
OCIS codes: (130.3120) Integrated optics devices; (230.5298) Photonic crystals; (230.5750) Resona-

tors; (280.4788) Optical sensing and sensors.
http://dx.doi.org/10.1364/AO.54.000001

1. Introduction

Over the past several years, optical resonances have
been widely used in optical sensors, which have at-
tracted considerable interest for lab-on-a-chip appli-
cations [1–3]. Many microphotonic devices based on
ring resonators [4,5], surface plasmon resonators
[6–8], interferometers [9–11], and photonic crystals
(PhCs) [12–15] have been proposed to realize optical
sensors. Among these, PhC-based sensors show ad-
vantages in integrated lab-on-a-chip applications
due to their small footprints, ultracompact size,
and high integrability with optical circuits [16,17].

As far as the use of PhC resonators as refractive
index (RI) sensors is concerned, a strong light–
matter interaction between the optical field and

the analytes is preferred. However, in typical 2D-
PhC-based sensors, the optical mode is the dielectric
mode (DM) [18], which is strongly confined to the
high-index material (dielectric region) to achieve a
high Q of ∼106 [19]. For such cavities, sensitivity
to analytes is prohibitively small because the analyte
is located in the hollow part (air or liquid region)
where the strength of the confined light field, and
therefore its overlap with the analyte, is low; the op-
timized RI sensitivities (S) of most geometries are
generally limited to around 100–200 nm/RIU (RIU,
refractive index unit) at telecom wavelengths
[20–29]. The motivation for a high Q is that this
corresponds to narrower resonance linewidths,
which allows resolving smaller shifts in the reso-
nance wavelength. Thus, the figure of merit (FOM)
of these sensors can be defined as FOM �
S ·Q∕λres [30], where S is the shift of resonance in re-
sponse to the surrounding index change, λres is the
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cavity resonance, and Q is the quality factor of the
cavity. However, the trade-off between S andQ limits
the FOM: to achieve a high S, the optical mode needs
to overlap strongly with the target substance (i.e.,
outside of the waveguide); yet in order to achieve a
higher Q, the optical mode should be more localized
in the wave-guiding medium [31,32]. For example,
Wang et al. [33] demonstrated a large S of 900 nm/
RIU in PhC slot nanobeam waveguides/cavities.
However, the Q was limited to 700 and the FOM
was ∼400. Lai et al. [28] demonstrated PhC sensors
with high Q-factors of ∼7000. However, the S was
limited to ∼60 nm∕RIU and the FOM was ∼300.

PhC nanobeam cavities patterned with a one-
dimensional (1D) lattice of holes have emerged as
an advantageous platform for enhancing light–
matter interactions [34–41]. If designed properly,
these cavities can provide both a small mode volume
(V) and a relatively high Q-factor. This promising
combination allows the enhancement of light–matter
interactions. Thus, in this paper, we propose a novel
optical sensor based on a 1D-PhC single nanobeam
air-mode cavity (SNAC). For the air mode (AM),
the light field can be strongly squeezed into the air
region and overlaps sufficiently with the analytes.
Thus, both an ultrahigh sensitivity (S) of
537.8 nm/RIU (at ∼1350 nm) and a high Q-factor
of 5.16 × 106 can be achieved. The sensor FOM will
remain high, at ∼4000, even when taking into consid-
eration water absorption in the telecom wavelength
range, where Q will be limited to 104 [42]. In addi-
tion, with a comparable FOM to those of the sensors
demonstrated in our previous work [31,32], the sen-
sor proposed in this paper has a much simpler struc-
ture, easier fabrication, and a smaller footprint, with
the sensing region being only 8.0 μm× 0.64 μm. This
means that the proposed 1D-PhC SNAC sensor is at-
tractive for the realization of on-chip sensor arrays.
Particularly, it is worth mentioning that the develop-
ment of nanofabrication technologies so far has
made it possible to fabricate much more complex
PhC waveguides, which have been demonstrated
previously to work in solution [33,43,44].

2. PhC SNAC Design

Figure 1(a) shows the schematic of the 1D-PhC
SNAC described in this work. It consists of a single
1D-PhC nanobeam cavity [36]. The cavity design fol-
lows our recently discovered deterministic high-Q
recipe [31,41]. Here, we design the PhC SNAC for
fabrication on a silicon on insulator wafer with the
nanobeam undercut (surrounded by air or fluid
above or below) along its length where it has etched
holes. The thickness of the silicon device layer and
the insulating layer are 220 nm and 2 μm, respec-
tively. The RI of silicon is nsi � 3.46. As shown in
Fig. 1(a), the thickness of the proposed 1D Si-PhC
SNAC is 220 nm and the periodicity a � 480 nm.
The nanobeam width at the center of the cavity is
wy-center � 640 nm, with the hole radii (r) kept
constant at 155 nm. To create a Gaussian mirror,

the nanobeam width is quadratically tapered
from wy-center � 640 nm in the center to wy-end �
475 nm on both sides, i.e., wy�i� � wy-center�
i2�wy-end −wy-center�∕�imax�2 (i increases from 0 to
imax, imax � 30). Here, wy-end � 475 nm is chosen
from band-diagram simulations [Fig. 2(a)] as it
gives maximum mirror strength [Fig. 2(b)]. This
procedure involves calculating the mirror strength
for several different beam widths, as shown in
Fig. 2(b). Here, the mirror strength γ, for different
nanobeam widths, can be calculated by����������������������������������������������������������������������������������������
�ω2 − ω1�2∕�ω2 � ω1�2 − �ωres − ω0�2∕ω2

0

q
, where ωres

is the PhC SNAC target resonance, and ω2, ω1,
and ω0 are the air band edge, dielectric band edge,
and midgap frequency of each segment, respectively
[45]. Figure 2(a) shows the TE band diagram for the
PhC SNAC with wy � 640 nm (green dashed line)
and wy � 475 nm (red solid line), also calculated
by the 3D finite difference time-domain (FDTD)
method (Lumerical Solutions Inc.).

In order to achieve a radiation-Q-limited cavity, 15
additional mirror segments, which have the same
nanobeam width wy-end � 475 nm, are placed at both
ends of the Gaussian mirror. By using the 3D FDTD
method, a total calculated Q-factor as high as 5.16 ×
106 and an effective mode volume of Veff ∼
2.18�λ∕nsi�3 are obtained, and the resonant wave-
length is 1349.58 nm. Figure 1(b) shows the top view
of the major field distribution profile (Ey) in the pro-
posed PhC SNAC. It can be seen clearly that the op-
tical mode (namely, air mode) is strongly localized in
the air region. This means the optical field can over-
lap sufficiently with the analytes within the air re-
gion, allowing a strong light–matter interaction.
Thus, the 1D-PhC SNAC proposed in this work is
potentially an ideal platform for high-performance
RI sensing.

3. Simulated Transmission and RI Sensitivity of the
Optimized SNAC Sensor

Based on the optimization of the 1D-PhC SNAC
above, the schematic diagram of the 1D-PhC SNAC
sensor is shown in Fig. 3. As shown and as described

Fig. 1. (a) Schematic of the silicon PhC SNAC. The structure is
symmetric with respect to its center (black dashed line). The perio-
dicity a � 480 nm and the air hole radii are kept constant at
r � 155 nm. The nanobeam width is quadratically tapered from
wy-center � 640 nm in the center to wy-end � 475 nm on both sides,
i.e., wy�i� � wy-center � i2�wy-end −wy-center�∕�imax�2 (i increases from
0 to imax). (b) 3D FDTD simulation of the major field distribution
profile (Ey) in the SNAC. Here the number of Gaussian mirror seg-
ments imax � 30, with an additional 15 mirrors on both ends of the
tapering section. A calculated Q-factor as high as 5.16 × 106 is ob-
served. The unit of the x∕y axis is micrometers.
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already, the sensor device structure is symmetric
with respect to its center, where the periodicity
a � 480 nm, and the air hole radii are kept constant
at r � 155 nm, and the nanobeam width is quadrati-
cally tapered from wy-center � 640 nm in the center to
wy-end � 475 nm on both sides. The silicon thickness
is maintained at 220 nm. In this work, as demon-
strated in Ref. [46], the computations take into ac-
count the deviation of the device thickness, and
show that the thickness variation results only in a
modification of the wavelength shift, not a change
in the shape of the transmission characteristic.

In order to save the simulation time of the trans-
mission calculation, we used a high-transmission but
low-Q geometry: the number of grating periods is
chosen to be Ntaper � 20 and there are no additional
mirrors outside of the Gaussian mirror region. The
total transmission spectrum is shown in Fig. 4(a).
A high Q of about 104 and nearly 100% transmission
were obtained from the simulations. The resonant
wavelength of the fundamental mode used for sens-
ing is 1350 nm (nair � 1.0), which agrees very well
with the resonant wavelength obtained at
1349.58 nm from the band-diagram simulations
shown in Fig. 2(a). However, as shown in Fig. 2(a),
the target resonant wavelength is located close to
the middle of the PBG of the unit cell with nanobeam
width wy � 475 nm, whereas the transmission spec-
trum in Fig. 4(a) shows the resonant wavelength
close to the band edge, not in the middle. This is
due to the tapered profile of the nanobeam width,
with the width toward the center being larger than
the one at the end. With a larger width, the PBG
tends toward a longer wavelength, which results in
the target resonant wavelength being close to the
band edge of the transmission. The modes at wave-
lengths lower than 1330 nm and higher than
1800 nm are the band-edge modes, which agrees well

Fig. 2. (a) TE band diagram for the PhC nanobeam AM cavity with fixed widths wy � 640 nm (green dashed line) and wy � 475 nm (red
solid line). In both cases, the air hole radii and periodicity are maintained at r � 155 nm and a � 480 nm, respectively. The gray region is
the photonic bandgap (PBG) for the nanobeamwidth wy � 475 nm. The blue dot indicates the target resonance frequency (ωres). The inset
shows the major field distribution profiles (Ey component in plane, perpendicular to the beam) of two band-edge modes: the air mode
(AM-1) and the dielectric mode (DM-1). (b) Mirror strengths obtained using 3D band-diagram simulation for different nanobeam widths,
while keeping the hole radii and the periodicity the same as in (a).

Fig. 3. Schematic of the 1D-PhC SNAC sensor obtained from 3D
FDTD optimization. The structure is symmetric with respect to its
center, where the periodicity a � 480 nm and the air hole radii are
kept constant at r � 155 nm, while the nanobeam width is quad-
ratically tapered from wy-center � 640 nm in the center to wy-end �
475 nm on both sides. The thickness of Si is 220 nm for the entire
device. The number of grating periods is chosen to be Ntaper � 20.

Fig. 4. 3D FDTD simulation results for the optimized structure with Ntaper � 20 grating periods in the taper region and no additional
mirrors. (a) The transmission spectrum of the 1D-PhC SNAC sensor. (b) Transmission spectra of the 1D-PhC SNAC sensor when the RI
changes from RI � 1.300 to RI � 1.345. (c) Resonant wavelength shift (red shift) as a function of increasing RI.
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with the band diagram [Fig. 2(a)]. Figure 4(b) shows
the shift of the fundamental mode when the back-
ground index changes from RI � 1.300 to RI �
1.345. The resonant wavelength shift is 24.2 nm.
Therefore, the calculated RI sensitivity S is
537.8 nm/RIU. Figure 4(c) shows the resonant wave-
length shift (red shift) with increasing RI. As water is
used as the carrier fluid inmost sensing applications,
the absorption of water at telecom wavelengths im-
poses a limitation of the order of 104 on the total Q of
the sensor [42], resulting in a FOM of ∼4000. There-
fore, the current design has a sufficiently high Q for
the purpose of most sensing applications. In addition,
with a comparable FOM to those of the sensors dem-
onstrated in our previous work [31,32], the structural
simplicity of the 1D-PhC SNAC sensor proposed in
this paper lends itself to easier fabrication, and
the size of the sensing part is much smaller, making
it an ideal platform for on-chip multiplexed sensing
applications.

4. Conclusion

Sensitivities (S) and quality factors (Q) have been
trade-offs in optical resonator sensors, and active re-
search is ongoing to find the optimal geometry that
maximizes both factors. In this work, with 3D FDTD
simulations, we have demonstrated that 1D-PhC
SNAC sensors possess an unexplored high S of
537.8 nm/RIU and a high Q of 5.16 × 106 at a reso-
nant wavelength near 1350 nm. Therefore, the sug-
gested 1D-PhC SNAC sensor is potentially an ideal
platform for RI-based biochemical sensing. In addi-
tion, the small footprint of the sensing part is attrac-
tive for the realization of integrated sensor arrays
and multiplexed sensing.
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