APPLIED PHYSICS LETTERS 97, 131110 (2010)

Integrated silicon optofluidic ring resonator
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The feasibility of an integrated silicon optofluidic ring resonator is demonstrated. Liquid core
antiresonant reflecting optical waveguides are used to realize a rectangular ring resonator with a
multimode interference liquid core coupler between the ring and the bus waveguide. In this
configuration the same waveguide used to confine the light is able to deliver the liquid sample
without the need for any additional microfluidics, resulting in a very compact device with a required
liquid volume of about 0.11 nl. Optical characterization shows that ring with a good quality factor
(Q~800) can be achieved in good agreement with the numerical results. © 2010 American Institute

of Physics. [doi:10.1063/1.3496027]

Optical ring resonators have been used as high sensitiv-
ity miniaturized biological or biochemical sensors. Several
devices geometries as microspheres,l microrings,2 and
microdisks® have been investigated. The high sensitivity of
these devices relies on the interaction length between the
light and sample that is not limited by the physical length but
is related to the number of revolutions of light in the resona-
tor, characterized by the quality factor Q. Basically, all the
resonator-based sensors proposed are based on following two
major sensing mechanisms: refractive index sensingl’ and
absorption sensing.4 In order to achieve high performance
these structures require an optimized integration of the opti-
cal and microfluidic parts. In many cases, the design of op-
tical part has been privileged respect to microfluidic one sac-
rificing the feasibility and the multiplexing capability of the
device. Recently, a great effort has been devoted to find new
integration strategies like liquid core ring resonator’ or to
realize effective fluidics in high sensitivity integrated ring
resonator.® However, until now a fully integrated ring reso-
nator has not yet been proposed. In this paper, we demon-
strate the feasibility of an integrated silicon optofluidic ring
resonator. The device is based on liquid core antiresonant
reflecting optical waveguides (ARROWS). Light propagation
in these waveguides occurs within the inner liquid-filled
core, thanks to a surrounding multilayer stack designed to
operate as a high reflectivity Fabry—Perot mirror.” Using
this approach, the waveguide used to realize the ring resona-
tor is also used for delivering the sample under analysis; this
results in a strong light-liquid coupling regime that makes
the ARROW waveguides very attractive for sensing applica-
tion. However, because of ARROWSs are leaky waveguides,
an accurate design is necessary in order to minimize the op-
tical losses and achieve good performances.

The layout of the proposed device is shown in Fig. 1.
Four 90°-bent ARROW waveguides are used to form a rect-
angular ring resonator and a multimode interference (MMI)
liquid core ARROW coupler with a 50:50 splitting ratio acts
as coupling element between the ring and the bus waveguide.

In comparison to conventional arch-shape waveguide,
the use of 90°-bent ARROW waveguides permits to strongly
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reduce the bending losses™!* improving the ring quality fac-
tor. The rectangular waveguide’s core has a width d.
=2 um and a height of 10 um in order to support a TE-
polarized optical mode with respect to the lateral confine-
ment. In fact, since in an ARROW waveguide the guidance
mechanism relies on the Fresnel reflection from multiple
cladding layers, different light polarization states undergo
different propagation losses. In particular, the losses for the
TE-polarized light result significantly lower than that for a
TM-polarized light, especially at high incidence angle, as it
happens in the bent region.

The width Wypg=4 wm and the length Ly
=2nCW§,[MI/ A=67.17 pm of the MMI ARROW coupler
were properly chosen for a balanced splitting ratio, at the
working wavelength of A=635 nm and for a water-filled lig-
uid core (n,=1.33). This results in a rectangular ring resona-
tor with a total round-trip length Lrr=174.4 um. In order to
provide a high coupling efficiency with single mode optical
fibers, linear tapered waveguides were used to connect the
input and output ports of the MMI coupler with the input and
output straight access waveguides of 5 wm width.

Liquid core ARROW waveguides were realized to en-
able low-loss single mode propagation at the wavelength of
A=635 nm and for a core refractive index of n.=1.33. The
waveguide channels were defined by silicon dry etching fol-
lowed by the realization of the antiresonant cladding layers
by depositing a silicon dioxide (n,=1.46) layer by low pres-
sure plasma-enhanced chemical vapor deposition, and a tita-
nium oxide (n;=2.49) layer by atomic layer deposition
(ALD). Further details of the fabrication process are reported
elsewhere.® The resulting layout provides a very compact
device with a total length of only 2.5 mm and with a required
liquid volume of about 0.11 nl. A scanning electron micro-
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FIG. 1. Schematic geometry of the ring resonator.
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FIG. 2. (Color online) SEM picture of the fabricated device.

scope (SEM) image of the device is depicted in Fig. 2. The
image illustrates the bottom wafer before adding the upper
wafer on top of it 310

Two-dimensional (2D) finite-difference time-domain
method (OmniSim,©Photon Design) was used to analyze the
spectral response of the ring resonator. The input mode
profile was calculated with a 2D mode solver (FIMMWAVE,©
Photon Design). In particular, the fundamental TE-mode of a
2 um wide ARROW waveguide was assumed as input field;
it was modeled as a light pulse centered at A ~ 640 nm with
a full width at half maximum (FWHM) linewidth of
ANpwam ~ 5 nm. The refractive index of the core was set to
n,=1.32 (methanol) and perfectly matched layer (PML)
boundary conditions were used at the edge of the computa-
tional domain. In order to evaluate the influence on the
splitting ratio of a slight different core refractive index, we
first have simulated the MMI coupler by considering A
=640 nm and n.=1.32, obtaining a 49.6:50.4 splitting ratio
between the two output ports of the MMI coupler.

Figure 3 shows the simulation results. The spectral in-
formation has been derived by performing a discrete Fourier
transform of the time domain data. Resonances can be ob-
served in the normalized transmitted spectrum at the output
of the bus waveguide. In fact, due to constructive interfer-
ence in the resonator, light couples into the ring and causes
the transmission to drop at a well defined wavelengths. The
resulting free spectral range (FSR) evaluated from the simu-
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FIG. 3. (Color online) Experimental (solid lines) and simulated (dashed
lines) normalized transmitted intensity for methanol filled ring resonator
(n,=1.32).
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FIG. 4. (Color online) Experimental (solid lines) and simulated (dashed
lines) normalized transmitted intensity for DMF filled ring resonator
(n,=1.43).

lated spectrum is FSR;~1.65 nm around A=640 nm.

For the optical measurements, light from a diode laser
(A=640 nm, FWHM=35 nm) was end-coupled via a single
mode optical fiber (4.3 wm core diameter) into the liquid
core bus waveguide. The transmitted light were collected by
another single mode optical fiber and sent to a high reso-
lution spectrometer. For an optimized coupling efficiency, an
accurate optical alignment between the bus waveguide core
and optical fiber has been achieved by employing a mi-
crometer translation stage. Optical measurements were per-
formed by filling the entire device through the open-ended
hollow core bus waveguide with methanol (n.=1.32) by cap-
illary action. The measured total loss of the device is
~22 dB.

In Fig. 3 the measured normalized transmitted spectrum
from the device is shown. From measurements a FSR(
~1.62 nm around A=640 nm and an extinction ratio (ER)
of 3.42 dB were estimated. For comparison, in Fig. 3 the
simulated spectrum is also reported. As can be seen, there is
a good agreement between experimental and numerical re-
sults, which give an extinction ratio of ER,~5.74 dB.

The measured resonance linewidth (FWHM) is 0.88 nm,
leading to a quality factor Q ~ 740, while from simulation it
results Q,~ 1150. This difference is mainly due to the 2D
geometry of the simulated device that does not take into
account for modal attenuation of ARROW waveguide due to
the vertical confinement. For this reason from simulations it
results a reduced round-trip ring losses and a larger quality
factor Q with respect to the experimental results.

In an ARROW waveguide the propagation losses can be
made lower by employing a higher refractive index fluid
filling the core.'" This also slightly reduces the bending
losses, giving rise to an overall improving of the perfor-
mances of the resonator. For this reason we have repeated the
optical characterization of the device by filling the hollow
core with the dimethylformamide (DMF), having a refractive
index n.=1.43. The measured transmitted spectrum is de-
picted in Fig. 4. As expected, there is an improvement in
terms of ER, which became ER~7.64 dB, and also the
quality factor Q~ 821 results slightly increased. Moreover,
since a higher refractive index is used, a reduced free spec-
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tral range FSR;~ 1.55 nm results from the interference ef-
fect in the resonator. In Fig. 4, the simulated spectrum ob-
tained by modeling the device with n.=1.43 is also shown.
From the spectrum we have estimated ER ~7.65 dB,
FSR;~1.53 nm, and Q,~ 1380. These results are in agree-
ment with the experimental ones and confirm that by reduc-
ing the attenuation losses due to the ARROW confinement,
an improvement of the ring performances can be obtained.
However, in order to get higher Q factor, further improve-
ment of the round-trip losses with respect to the DMF-filled
core ring configuration is required. Thanks to the well-
known ARROW properties, this can be obtained if only one
more bilayers is added during fabrication procedure to the
multilayer stack composing the Fabry—Perot mirror; in this
case the attenuation losses of the waveguides are reduced by
a factor of 7."

Finally, we have evaluated the bulk refractive index sen-
sitivity. The wavelength shift was deduced using the follow-
ing relation: AN=NAn/n, where An/n was deduced from the
free-spectral range measurements. The obtained sensitivity is
approximately 260 nm/RIU. This value is comparable with
the theoretical sensitivity of 480 nm/RIU obtained by the
simulations. This high value can be explained by considering
that the refractive index sensitivity is governed by the
achievable partial sensitivity S,,=dn.g/ dn, that takes into ac-
count of the optical mode fraction that interacts with the
sample. In a liquid core ARROW waveguide the mode field
is almost completely confined into the liquid core of the
waveguide (S,,~1), so the interaction of the sample and
field is strongly enhanced as compared to solid core
waveguides in which only the evanescent part of the field is
sensitive to the surrounding liquid medium.

As concerning the surface sensing by numerical simula-
tion we have estimated a shift AN/\ of about 2e-8 for a 1 nm
thick layer (n=1.45). This value is quite low compared to
conventional solid core 1resonat0r,12 and can be explained
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taking into account that, in an ARROW waveguide, the mode
field intensity at the core-cladding interface is very low and
only a very small fraction of the optical mode interacts with
the sample.

In conclusion, we have demonstrated the feasibility of an
integrated optofluidic ring resonator. In the proposed device
the optical part, used to realize the ring, and the microfluidic
part, used to deliver the sample, are integrated together. This
configuration avoids the need for any additional microfluid-
ics, resulting in a very compact device with a required liquid
volume of about 0.11 nl. The numerical simulations and the
experimental results show that ring resonator with good
quality factor can be achieved with interesting application
especially in the sensing field.

The authors thank the IC Process Group of DIMES for
help in device fabrication.
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