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Abstract—In this work, the three-dimensional finite-difference time-
domain (3D-FDTD) method is used to design and analyze a refractive
index sensor based on a slotted photonic crystal nanobeam cavity. These
type of cavity support a high quality-factor and a small volume and
therefore is attractive for optical sensing. We demonstrate that when
immersing our proposed sensor in water it can possess a high-quality
factor of 2.0 x 106, high sensitivity of 325 nm/RIU, and a detection
limit of 2.4 x 1077RIU. We believe that our proposed sensor is a
promising candidate for potential applications in sensing like
optofluidic- and bio-sensing.

Amongthe currently available optical sensors, photonic
crystal-based sensors [1,2] are very promising for
biosensing due to their small mode volume and high
quality-factor (Q). In particular, LD nanobeam photonic
crystalcavities [3,4] canhave ultrahigh Q and confine
light into ultrasmall volumes. However, the electric field
is usually maximized in the dielectric region, which
reduces the interaction with the analyte. On the other
hand, by introducingan air slot to the cavityregion, the
obtained structure confinesthe electric field strongly in
the airregion [5-7], which results in optimal light-matter
interaction. Here, we presenta slotted nanobeam cavity as
a high-sensitivity refractive indexsensor, which can be
used in various applications like optofluidic sensing and
biosensing.

Optical cavity sensingschemes are based onmonitoring
shifts of the resonances of high-Q cavities, due to the
induced refractive index changes in the near-field of the
structure [8]. The sensitivity ofa photonic crystal cavity
is defined as wavelength shift per refractive index unit
[9]: Providing the proper reference to the formula, for
instance: https://doi.org/10.1364/OE.460318:

AA
= €Y)

where A 1 isthe shift of the resonant wavelength due to
the change of the refractive index (An) of the
environment.

A smallermode volume V andstronger light confinement
in the cavityregion canleadto a larger AAandthenresult
in higher sensitivity [10]. Another factor to assess the
performance of thesensor is the detection limit (DL). The
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DL is the minimum RI change thatcan be measured and
is given by [10,11]
Ao
DL = To0s” 2)

where A, is the resonant wavelength. Therefore, high
sensitivity and high Q are essential for improving the
sensing properties of the sensor.

The first step in designingthe sensoris the calculation of
the photonic band structure (PBS) of an unperturbed 1D
nanobeamphotonic crystal. The photonic band gap (PBG)
should be centered around the desired resonance
frequency, which isin our case the telecom wavelength ~
1550 nm. Forthis purpose, we used the FDTD method to
calculate the PBS. Figure 1 shows the transverse electric
(TE) photonic bandstructure ofa 1D nanobeam photonic
crystalwith the following parameters [5]: Lattice constant
a =510 nm, air hole radius r = 0.365a, and thickness
t =220 nm. The dielectric constant for silicon is set to
€ =12.1. The PBG extends from 0.26 to 0.33, which
correspondsto1270to 1750 nm.
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Fig. 1. TE photonic band structure of a 1D nanobeam photonic crystal
with lattice constant @ = 510 nm, air-hole radius r = 0.365a, and
thickness t = 220 nm.

The design of optimizedgeometry of a slotted NPCC is
illustrated in Fig. 2(a). The cavity is formed by
introducing an air slot to the middle of a rectangular
waveguide structure with periodic air holes. Light
confinement isachieved bydistributed Bragg reflection
alongthe waveguide (x-direction) and by thetotal intemal
reflection in the y- and z-directions. For unmodified
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structures, the cavity mode terminates abruptly at the
mirror boundaries, which leadsto large radiation losses
and consequently to a low Q (use abbreviation).
Fortunately, a proper design of the cavity and its
surrounding canimprove the Q factorsignificantly. The
optimizationmechanism is based on impedance matching
between the waveguide mode and the Bloch mode
[12—13]. In the design, the photonic crystal mirror, the
taper, and the cavity length are engineered to ensure a
smooth change in the mode field that penetrates the
mirror region. This modification reducesthe impedance
mismatch betweenthe waveguide mode and the Bloch
mode. Therefore, the radiation loss is drastically reduced
anda high Qis realized.
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Fig. 2. a) Schematic representation of the optimized slotted nanobeam
cavity with @ = 510 nm, w =550 nm, ¢ = 220 nm, and I =486 nm. b)
Electric field intensity (|E|?) distribution of the fundamental mode at the
plane of z = 0. The resonant wavelength in this case is 1581 nm.

When an airslot is introduced at the center of the cavity,
the electric field is strongly localized in the air region.
Thisis a consequence of theboundary condition on the
normalcomponentof the electric displacement [5,14].
The normal component of the electric displacement (D)
across the silicon-air interface is continuous, thus,
EairEqirs = €iEsi 1, Where e, and  ggare the
permittivities of air and silicon, respectively. The
direction of the electric field is predominantly
perpendicular to the silicon-air interface. The electric
field intensity distribution of the fundamental mode is
shown in Fig. 2(b). It is clear that the electric field
intensity is strongly confined in the slot region and
therefore can interactwith the analyteefficiently. Thus,
this type of cavity is a promising device for optical
sensingapplications.

First, we showthe optimizationprocess of the Q factor
fora slotted cavity. The periodicity of theairholesin the
mirror region is a = 510 nm, and the waveguide width
(w) and thickness (t)aresettow =550nmand t =220
nm, respectively. Inthe simulations, we included 15 air
holes pairs on either side of the cavity to increase the
photonic mirror strengthand reduce theradiation loss.
The five holes closest to the cavity are linearly tapered in
both radius and spacing to 67% of their value in the
mirror region. In the mirror section, the ratio of the air-
hole radius to the periodicity r/a is fixed to 0.36. The
refractive index of silicon is set to n = 3.48. The slot
width is setat 40 nm. The chosen parameters center the
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photonic bandgap aroundthe telecom wavelength (~ 1550
nm). With the specified parameters, the cavity supports
five quasi-TE modes with resonant wavelengths of 1380,
1554,1600,1685,and 1720 nm. Here, we consider only
the fundamental mode at 1554 nm due to its better
response for Q factor optimization. Moreover, theelectric
field is highly localized in the slot region, which results in
higher interaction with theanalyte. The mode volume in
thiscaseis V,;,~0.01(1/n)*.

The optimization process is based onscanningthe cavity
length I to find the optimal condition, which that resultsin
matching betweenthe waveguide mode and the Bloch
mode. We scan thecavity length over the range from 481
nm to 492 nm. Fig. 3(a) shows the results of the
calculation. Amaximum Qof 6.6 x 10° is realized foran
optimal cavity lengthof [ =486nm.
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Fig. 3. Q-factor and the resonant wavelength of the fundamental mode
as a function of the cavity length [ when the background material is (a)
air and (b) water.

To investigatethe performance ofthe optimized slotted
nanobeamcavityasarefractiveindexsensor, we test the
resonance shiftof thefundamental modes due to different
salinity concentration of seawater. It isimportantto note
that changing the environment surrounding the sensor
from airto seawater will change the optimized parameters
for the Q-factor. Also, a redshift in the resonant
wavelength is expected. For the water environment
(n =1.333) we used the same parameters (a =510 nm,
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w =550nm,andt =220nm)mentionedearlierfor air.
In a waterenvironment, the maximum Q of oursensor is
2.0 X 10° at cavity length [ =235 nm,as can be seen
from Fig. 3(b). A small change in the refractive index
resultsin a shift in the resonantwavelength. To compute
the sensitivity of the sensor, we monitored the wavelength
shift for different concentrations (0, 10, 20, and
30 g/mole) of seawater salinity. The corresponding Rl
values forthese concentrations are n = 1.33300, 1.33485,
1.33670, and 1.33851, respectively [15]. Figure 4(a)
shows the wavelength spectra of the fundamental mode of
a slotted cavity and theresonant wavelength as a function
of the refractive index calculated for different salt
concentrations. By increasing RI from 1.33300 to
1.33851, theresonant wavelength shifts from 1568.37 to
1569.33 nm. The sensorexhibitsa linear dependence of
wavelength shift on the RI. Using Eq. (1) and theresults
in Fig. 4(b), the calculated sensitivity of the slotted
nanobeamsensor is 325 nm/R1U. According to Eq. (2),
the detection limit of ourdevice is 2.4 x 1077,
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Fig. 4. @) Spectral response of a slotted cavity immersed in seawater
with different salinity. Here n=1.333, 1.33485, 1.33670, and
1.33851 correspond to salt concentrations of 0, 10, 20 and 30 g/mole.
b) Resonant wavelength as a function of the refractive index.

In conclusion, we presented a slotted nanobeam photonic
crystal cavity for refractive index sensing. The
performance of thesensorwas tested for seawater with
different salinity. For an optimized slotted cavity, we
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demonstrated a high Q-factor of 2.0x 10°, high
sensitivity of 325nm/R1U,anda lowdetection limit of
2.4x 1077 RIU. Owing to the small mode volume, a
slotted cavity would allow the detection of single
particles. Therefore, this type of cavity is an attractive
platform for biosensing or other applications where a
smallmode volume is required.
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