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Abstract:

This work introduces a design and analysis for a new photonic crystal ring resonator (PCRR) for gas
sensing in the mid infrared (MIR) region. By combining a photonic crystal slow light waveguide and a
photonic crystal resonator, we demonstrate a new method for optical absorption sensing. For this
purpose, we propose a PCRR with higher interaction between guided mode and analyte. This can be
done in a PCRR consisting of dielectric silicon rods surrounded by air. We present the design and
modeling of a suitable PhC structure utilizing silicon thus enabling fabrication in MEMS technology.
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Introduction

An optical sensor operates by measuring the
changes in a property of light as it passes
through an analyte. In this framework, photonic
technology has been significantly enhanced
fluid sensing performance. Over the past few
years photonic crystal have been subject of
intensive research for lab-on-chip optical
technology owing to their attractive properties
such as the confinement of light in a small
volume, the possibility of convenient integration
with waveguides and achievable ultra-high
quality factors in case of resonators [1].
Photonic crystals have been proposed and their
feasibility has been demonstrated for various
applications including chemical and biochemical
sensors [2] [3], as well as in the area of
telecommunication [4]. Photonic crystal cavities
can feature both, high Q-factors and small
mode volume [5]. This combination together
with a high filling factor (i.e. the fraction of
guided light intensity interacting with the sample
analyte) and low group velocity allows the
enhancement of light-matter interaction, which
makes these devices perfectly suitable for
sensing applications. In this work, we provide a
potential application for real-time detection with
high  sensitivity. The strategy is to
simultaneously enhance the maximum field
intensity and to generate the maximum field
intensity of the guided mode in the region
occupied by the analyte.
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Photonic crystal structure

A photonic crystal (PhC) can be described as a
periodic modification of a dielectric medium
featuring a period, which is in the order of the
wavelength. This periodic array can be realized
in a one-dimensional (1D), two-dimensional
(2D) or three-dimensional (3D) fashion [6].
Using photonic crystals one can engineer
dispersion properties of electromagnetic waves,
propagating through it. This enables to realize
strong electromagnetic interaction with an
analyte for a specific wavelength A, which is
adapted to the periodicity of photonic crystal.
Photonic crystals support a number of other
phenomena including photonic band gap and
slow light propagation. Another feature of PhC
is the existence of local states in band gap by
locally adding or removing material [7]. Ability of
PhCs to control the flow of light, confine light in
small volume, and enhance light-matter
interaction makes them promising candidates
for sensor applications. Researchers found that
slow light (i.e. guided waves propagating with a
comparatively small group velocity) can
enhance light-matter interaction to realize high
sensitive and miniaturized sensors [8].

In optical absorption spectroscopy, an analyte
can be detected by the variation of light
intensity due to absorption in analyte. The
enhancement of interaction among analyte and
light in the infrared range leads to enhancement
of effectively detected gas absorption.
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Achieving strong confinement of light intensity
in the low index region — i.e. the region filled
with the analyte — is the goal of this work. This
can be, e.g., obtained by utilizing a mode with
low group velocity. To maximize the sensitivity,
the portion of electromagnetic field associated
with the mode located in the low index region
has to be as large as possible. In that manner,
the interaction of light and analyte, which can
be a liquid or a gas, will be enhanced. The
dispersion band structure of a PhC provides
complete information about the position and the
width of the band gap(s) in the relevant
frequency range. In addition, the velocity and
the propagation direction of electromagnetic
waves in the PhC can be determined using the
dispersion band diagram. The PhC parameters
should be designed to create a mode whose
wavelength matches the absorption peak of
analyte and yields high electric field strengths in
the region filled by the analyte.

Photonic crystal ring resonator

In our work, we use photonic crystal featuring
hexagonal lattices. A photonic crystal ring
resonator (PCRR) is created by removing
elements from the regular photonic crystal grid
to form a hexagonal defect. In ring resonator
based devices, the choice of ring size can be
adjusted to the desired resonance frequency
and leads to a tradeoff between the Q-factor
and mode volume. PCRRs yield several
advantages including flexibility in mode design
and scalability in size due to their multimode
nature [9]. They can be applied as filters, lasers
and sensors [10]. The proposed structure is
shown in Fig.1. These types of PCRRs consist
of an array of silicon rods in a hexagonal lattice,
see Fig.1(a). The period and radius of the
silicon rods are denoted by « and r,
respectively. The height of the silicon rods is in
the order of several uym. The silicon rods are
residing on a silicon membrane. The lattice
constant and radius of the rods is tuned to
obtain a resonance peak in desired wavelength
range. Fig 1(b) shows a top view of the PCRR
and a waveguide to couple light into it.

The band diagram in Fig.2(a) gives the
propagation modes and photonic band gap
(PBG) of the photonic crystal structure, which
supports quasi TE polarized modes (electric
field dominantly aligned along the silicon rods).
The guided modes inside PBG region are
related to the PCRR cavity (red lines), where
the band gap ranges from 0.2812 to 0.4526 a/A.
The flat PCRR modes feature a low group
velocity. When the PhC slow light structure is
introduced to the sample, the interaction of the
light and matter will be enhanced so the
absorption coefficient can be greatly increased
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[8]. The Finite Difference Time Domain (FDTD)
method is used to calculate the photonic band
gap and propagating modes of the structure. A
photonic crystal waveguide is formed by
removing one line of silicon rods creating a
series of defects. If the waveguide passes close
to the PCRR, coupling is achieved. There are
two lines of silicon rods separating the
waveguide and PCRR, see Fig. 1(b). The
optimum values for the height of the silicon rods
and membrane are depended to the desired
resonance mode. In this work, the mode we
selected for sensing is the forth-created band
inside the gap (M4), which is rather flat. The
simulation results show that the optimum height
for silicon rods and silicon membrane for M4
mode are 9um and 0.8um, respectively. This
mode is well separated from neighboring
bands, which has the advantage that impinging
light with specified frequency has less
possibility to couple to other modes with the
same frequency, which would spuriously
decrease the amount of energy coupled to the
desired mode.
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Fig.1. (a) A layout configuration of a PC structure of
silicon rods with r=0.2a, where r is radius of rods and
a is lattice period. (b) Proposed PCRR structure. The
radius of 6 silicon rods at the comers of the outer
PhC, indicated by biue circles, and six silicon rods at
the comers of inner PhC, indicate by cyan circles, is
tuned to obtain higher Q factor.

Achieving strong confinement of light intensity
in the low index region is the goal of this work.
In general, for enhance light-matter interaction
phenomena there is a balance between (1)
modifying the dispersion (compared to
propagation through the homogeneous analyte)
and (2) still maintaining a reasonable optical
overlap with the analyte. In that manner, the
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interaction of light and analyte, which can be a
liquid or a gas, will be enhanced. Slow light
could greatly enhance light-matter interaction
[11]. The theoretical basis of optical absorption
is based on the Lambert-Beer law [12]. When a
PhC slow light structure is introduced to the
sample, it turns out that the interaction of the
light and matter will be enhanced therefore the
absorption coefficient can be enhanced by
factory = appc/a = f ¢ /v,.
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Fig. 2: (a) Band structure of the PhC (symbol *)
shown together with the PCRR cavity modes (red
lines) and dispersion curve of the PhC waveguide
(blue line). (b) The simulated E, intensity profiles for
the PCRR cavity modes
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Here y is the dimensionless parameter of slow
light enhanced absorption, ap,. is effective
absorption factor of gas in PhC, f is the filling
factor of optical field in the analyte, which is
related to the geometries of PhC, c is the speed
of light in vacuum and v, is group velocity of
input light in PhC [13]. The filling factor can be
expressed as
E ana e

f= EI€|E|8|E Lyt (1)
where ¢ is the permittivity of the analyte and E
is the electric field of the resonant mode. The
integral in the nominator of the filling factor is
restricted to the region contained the analyte
while the integral in the denominator extends
over the entire cross section of photonic crystal.
To maximize the sensitivity, the portion of
electromagnetic field associated with the mode
located in the low index region has to be as
large as possible. Table 1 summarizes the
simulated value for filling factor and normalized
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frequency for all six PCRR modes. The forth
mode (M4) has the highest filling factor. The
corresponding electric field profile confirms that
the cavity mode is strongly confined within the
PCRR, the overlap between electric field
intensity and the fluid medium to be sensed, is
0.758, calculated using Eq. (1). This mode has
most of the electromagnetic field energy in the
region of the low-index material, see Fig. 2(b),
yielding the above mentioned enhanced
interaction. 3D FDTD simulations show that the
electric field of the mode is more confined in the
middle height of the silicon rods.

In our design, the radius of the twelve silicon
rods at the corners of the outer photonic crystal,
indicated with blue circles, and at the corner of
inner photonic crystal, indicated with cyan
circles in Fig. 1(b), is tuned to obtain the higher
Q factor for PCRR modes in vacuum (this
optimization was done in 2D). The Q-factor of
forth mode (M4) rises up to more than 3.8x10°
for the radii, dry=0.22um and dr,=0.19um. In
these simulations, the absorption in the silicon
rods is not considered, i.e. this value for the Q-
factor characterizes the PCRR as a non-ideal
cavity resonator [14]. The Q-factor decreases
by about one order of magnitude when the
PCRR is coupled to waveguide. With this
optimization the slow light enhanced parameter,
v, of corresponding mode goes up to the
2.127x10*. In this way, the absorption is
maximized and the linewidth of the absorption
peak is kept narrow.
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Fig.3. Simulated spectral position of the PCRR
resonance modes (red curve) and transmission
spectra of the PhC waveguide (blue curve)

The transmission spectra of the photonic crystal
waveguide (blue curve) and spectral position of
the PCRR resonance modes (red curve) are
shown in Fig.3. A Gaussian input signal is
launched into input port and at resonance
frequency, the propagating mode is coupled
from input waveguide into ring and finally to the
output waveguide. The transmission efficiency
is detected by monitoring the E-field intensity at
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output port of waveguide. The full 3D FDTD
method was used to calculate transmission
spectra of the waveguide coupled to the PCRR.
The sharp dips in the transmission spectrum
can be utilized to sense the absorption taking
place in the PCRR, which will be the subject of
future research.

Conclusion

We have presented a design for a PCRR
featuring a very high Q factor. A simulated Q
factor of 3.8x10° and the slow light enhanced
parameter y=5.93><104 has been achieved by
slightly tuning of radius of twelve silicon rods in
the inner and outer corners of the PCRR. The

Tab. 1. Frequency and filling factor of PCRR modes
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PCRR is simulated by using the 3D FDTD
methods. The large overlap of the high Q and
low group velocity photonic crystal ring
resonator mode with the analyte indicates the
potential for highly effective absorption sensing.
The small size of the PCRR makes it suitable
for parallel or multiplex detection.
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Mode M1 M2 M3 M4 M5 M6
Frequency(a/}) 0.3451 0.349 0.3676 0.3822 0.395 0.4233
Filling factor 0.585 0.637 0.658 0.758 0.71 0.697
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