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We present a new method to study the diffusion of glucose with an opto-fluidic chip. A
silicon-on-insulator chip comprising a series of micro-ring resonators is combined with
micro-fluidics in poly(dimethylsiloxane) (PDMS). The ring resonators exhibit a shift in
resonance wavelength depending on the applied glucose concentration. Based on this ef-
fect, the micro-rings are employed as glucose sensors to monitor how the glucose concen-
tration in the microfluidic channels changes due to diffusion. The obtained concentration
profiles are compared with diffusion simulations. The good agreement indicates that the
opto-fluidic chip is a valuable platform to study glucose diffusion in a variety of settings.

Introduction

Glucose plays an important role in many physiological processes. Especially faulty blood
glucose levels have significant impact on the human health. Diabetes patients e.g. need
external regulation of their blood glucose level through insuline injections. However, be-
fore every injection, the exact blood glucose level needs to be determined. To achieve
this, we are developing an implantable glucose sensor based on evanescent near-infrared
absorption spectroscopy. The sensing method takes advantage of the unique absorption
spectrum of glucose in the near-infrared. The core of our implant is a miniature near-
infrared spectrometer, embedded in a biocompatible polymer to minimize body reactions.
The implant has a small cavity that will be filled with interstitial fluid, which is extracellu-
lar fluid that bathes most tissues. Based on the spectrum of this small amount of fluid, we
will determine the glucose level. Generally, the glucose concentration in interstitial fluid
has a close relation with the blood glucose level thanks to the omnipresent blood capil-
laries. Therefore, the glucose level in interstitial fluid is clinically relevant. However, the
cavity in our implantable sensor cannot be filled with blood capillaries due to its shape and
dimensions. Glucose molecules can only reach this cavity by diffusion. This setting led
us to explore diffusion of the small glucose molecule in water in micro-fluidic channels.
Glucose diffusion measurements are performed with an opto-fluidic chip that combines
a silicon-on-insulator (SOI) chip with micro-fluidics in poly(dimethylsiloxane)(PDMS).
The SOI chip comprises a set of micro-ring resonators that monitor, both in time and
space, how the glucose concentration evolves due to diffusion in a microfluidic chan-
nel. The obtained measurements are compared with simulations with the commercially
available software ANSYS Fluent®. Good agreement was found, indicating that this
opto-fluidic chip is a valuable test platform for diffusion studies of small molecules in
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micro-fluidic channels. The remainder of this paper is structured as follows: First, we
discuss the design and operating principle of the opto-fluidic chip. Secondly, we elab-
orate on the measurement set-up. We then present the results and discussion to finalize
with a conclusion and future outlook.

Design and fabrication of the opto-fluidic chip

The microfluidics are fabricated in poly(dimethylsiloxane) (PDMS) (Sylgard ® 184, Dow
Corning Corporation) using soft lithography [1]. The fluidic channels are 200 um wide
and 50 um high. It contains one main channel that connects the inlet with the outlet and
a diffusion channel that is a perpendicular branch of the main channel. This diffusion
channel is open on one side for glucose to enter, but is closed on the other side so as
to avoid flow. The microfluidics design is shown in figure 1(a). Both the silicon-on-
insulator chip and PDMS are given a short oxygen-plasma treatment before applying
direct bonding with a flip-chip machine.
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Figure 1: (a) Microfluidics design showing the main channel, from inlet to outlet, and
the perpendicular diffusion channel, that encloses the ring resonator glucose sensors. (b)
SOI design showing the top set of 4 micro-ring resonators that are enclosed by the micro-
fluidic diffusion channel

The SOI chip is fabricated in a CMOS pilot line on a 200 mm SOI wafer, comprising a
220-nm-thick Si waveguide layer on a 2 mm buried oxide layer[2]. It contains a set of
equally spaced ring resonators, with slightly increasing circumference, in add-drop con-
figuration (see figure 1(b)). The top set of four ring resonators is enclosed by the diffusion
channel. These resonators support optical modes with a wavelength A that satisfy the res-
onance condition %ng (ML =m-2m. In which n, s is the effective refractive index of
the circulating mode, L the circumference of the ring and m is an integer representing
the order of resonance. From the resonance condition and taking into account disper-
sion, a change in the refractive index of the environment, leads to a shift in the resonant
wavelength according to the following equation [3]:
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environment, expressed in refractive index unit (RIU) and n, is the group index, defined
as Ng = Neff — 7»5%’;{7'. Glucose changes the refractive index of an aqueous solution by
an amount of 2e-5 RIU per mMol [4]. When a glucose solution flows through the main
channel part of the glucose molecules will diffuse into the diffusion channel. The top
set of four micro-rings can thus be used to detect glucose at different positions along the
diffusion channel. As this channel is long but narrow, we essentially study the longitudinal

diffusion.

Experimental set-up

An infrared camera set-up is used to image the output of the drop ports of the ring res-
onators in the diffusion channel. Laser light is coupled in and out of the chip by us-
ing grating couplers (see figure 1(b)). By tuning the laser wavelength and capturing the
camera images, transmission spectra are continuously acquired. For every transmission
spectrum, we fit a lorentzian curve to the resonance to determine the resonance wave-
length. The wavelength shift of the resonances between consecutive measurements can
then be determined. The aqueous solutions are injected through a 25-cm long polymer
micro-tube in the micro-fluidics using a micro-fluidic pump. The pump speed is fixed at
10 uL/min. To switch between two solutions without generating air bubbles, we used a
valve and degassed the solutions in an ultrasonic bath with a vacuum pump.

Results and discussion

We performed two distinct experiments, one with stopped flow and one with continuous
flow in the main microfluidic channel. In the former case pure diffusion applies. In the
latter case, we study the effect of the flow in the main channel on the speed of mass
transport along the diffusion channel. The results are presented in figure 2. In the first
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Figure 2: Glucose concentration as calculated from the wavelength shift of the micro-
ring resonances in function of time at the discrete positions of the ring resonators. (a)
Experiment with stopped flow (b) Experiment with continuous flow in the main channel.

experiment we flow pure de-ionized (DI) water through the main channel and then switch
the valve to a glucose solution of 90 g/L. During transport in the micro-tube a parabolic
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flow profile induces a strong radial concentration gradient between the 0 g/L and 90 g/L
solution. As soon as the first ring resonator shows a shift of 0.5 nm, which corresponds to
a glucose level about 60 g/L, the pump is switched off. The glucose concentration at each
ring is then monitored for two hours. We clearly see the fast response to glucose of the
first ring, at a distance of 145 um of the main channel. The second and third ring at dis-
tances 1945 um and 3745 um respond slower and with a delay. The last ring at 5545 um
is used as a temperature reference for the other rings. The simulation curves are shown
in the same plot. The literature value of glucose diffusion in water ( 6.75x10~ 1922 /s at
25°C [5] ) and the exact geometry of the microfluidics and inlet tube are used. We can
see a close agreement between simulations and the experimental data.

In the second experiment, we switch between the pure DI water, a glucose solution of
70 g/L and back to DI water, while keeping a steady flow through the main channel. We
immediately note the faster mass transport in comparison to the first experiment. This can
be explained by the driven-cavity phenomenon that occurs in viscous incompressible flu-
ids [6, 7]. Although the diffusion channel is closed, the flow in the main channel induces
convective currents. The velocity of these convective flows decreases exponentially along
the diffusion channel. This situation resembles the cavity of our implant being in close
contact to a flow.

Conclusion and future outlook

We designed and fabricated an opto-fluidic chip to perform glucose diffusion experiments.
The results of the presented proof-of-principle experiments indicate a flexible platform to
study diffusion. Also the influence of temperature on diffusion can easily be studied
by using a temperature controller. A future design with more ring resonators along the
diffusion channel should allow for a precise measurement of the diffusion coefficient.
Furthermore, this method is not limited to glucose but paves the way for fast and accurate
diffusion measurements of a variety of small molecules that dissolve in water.
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On-chip one-dimensional Photonic crystal nanocavities, with a design based on the
mode-gap modulation approach, were fabricated in a 300mm silicon-on-insulator wafer
using a CMOS-compatible process with 193nm  immersion lithography.
Characterization of the transmission spectrum shows that a high quality factor of
6.8x10° is achieved in these cavities. The dependence of the resonant mode wavelength
and quality factor on the width of the cavity and the size of the holes was investigated by
sweeping the width, and by scaling the radius of the holes, respectively. These on-chip
nanocavities with high-Q, fabricated through a high-resolution and high-volume CMOS
compatible platform provide promising opportunities for integrated photonic
applications.

Introduction

One-dimensional (1D) photonic-crystal (PhC) nanocavities have easier fabrication and
compact structures compared to higher dimensional PhC cavities, and they have recently
attracted strong attention in potential applications of integrated photonics and innovative
optical devices [1-3]. More importantly, high-Q and extremely low-} have been
demonstrated in these 1D PhC nanocavities both numerically and in experiments [4-6].
In spite of their structural simplicity, the fabrication of 1D PhC nanocavities still
remains a challenge because of their nanoscale features and rigorous requirements with
respect to fabrication imperfections. Most successful demonstrations thus far relied on
high resolution electron beam lithography but because of its slow throughput this
approach is likely to be limited to research

In this paper, we have successfully realized on-chip 1D PhC nanocavities, fabricated in
a 300mm silicon-on-insulator (SOI) wafer using a complementary metal-oxide-
semiconductor (CMOS) compatible process with 193nm immersion lithography. We
experimentally demonstrate a high-Q in these on-chip 1D nanocavities. Furthermore, the
influence of geometrical parameters of the cavity on the resonant mode is presented.

Design of 1D SOI Cavity

The design of the 1D nanocavity is based on the mode-gap modulation approach (or
Bloch-wave engineering) [4,6], in which the mode gap of the 1D PhC waveguide is
gradually modified by tapering structural parameters such as the lattice constant, the
hole size (e.g., for a circular hole cavity) or the width of waveguide. Through this mode
gap modulation, the cavity modes arise from the lower dielectric band edge. Moreover
the radiation losses caused by the mismatch between the Bloch mode of the PhC and the
dielectric waveguide mode are effectively suppressed due to the gradual tapering,
resulting in cavity modes with high Q.
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Fig. 1. Schematics of 1D circular hole PhC nanocavity embedded in SOI substrate, consisting of mirror
and tapered section. The whole structure is symmetric with respect to the cavity center. (a) Top view and
(b) xz-plane cross section of the cavity.

Fig. 1(a) and (b) show the whole view of the 1D SOI cavity, which is composed of a
PhC lattice of circular holes etched in a 220nm-thick silicon layer lying on top of a 1pm
buried silicon oxide layer. The lattice constant of the PhC, defined as the center-to-
center distance between two holes, is fixed at a=400nm, and the total number of holes is
29 in the design. The radius of the holes is parabolically tapered by reducing the radius
from 0.3a for the center hole to 0.22a for the edge holes, leaving four holes as PhC
mirror with constant radius of 0.22a at each side of the cavity. We varied the width of
the cavity from 460nm to 580nm and also scale the radius of the holes with factors from
0.8 to 1.1, in order to study the dependence of the resonant mode wavelength and Q on
the width of cavity and the size of the holes. Three-dimensional finite-difference time-
domain (FDTD) simulations were performed, using a freely available software package
[7], to analyze the cavity numerically. We found that these 1D cavities can support the
fundamental mode localized at the wavelength of around 1400-1600nm and that a Q as
high as 2.5%10° and ¥ of 0.6(4/n) can be readily realized with appropriate geometrical
parameters of the cavity. We present the electric field profile of £, component and
intensity |E]* in Fig. 2(a) and (b), respectively. It can be clearly seen that the
fundamental cavity mode is a transverse electric (TE)-like mode where Ey is dominant.
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Fig. 2. (a) Normalized electric field (£y), and (b) field intensity (|E ") of the fundamental cavity mode.

Measurement Results

The complete fabrication process was carried out in a 300mm SOI wafer employing a
CMOS pilot line with 193 nm deep ultraviolet immersion lithography. To allow
straightforward characterization, the 1D PhC nanocavities are connected at both sides
with around 500um-long silicon waveguides and grating couplers optimized for TE
polarization. We measured the transmission spectra of the cavities with a resolution of
Ipm by using a tunable laser covering a wavelength range from 1470 to 1570nm. The
experimental Q values of these nanocavities were extracted by fitting the transmission
spectra with a Lorentzian line shape, namely, O=A./I", where . and " are the associated
wavelength and linewidth of the cavity mode, respectively. The input power was
minimized to eliminate nonlinear effects (mostly due to temperature increase).
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Fig. 3. (a) Transmission spectra and (b) the fitting results for the fundamental modes of the cavities with
different SF. Peak position (4.) and Q factor of the fundamental modes of the cavities as a function of (c)
SF of radius of holes, and (d) the width of cavities. Note that the width of the cavities in (a), (b), and (¢) is
480nm; and the SF is 1.1 in (d).

Since the measured wavelength range is limited to only 100nm by our tunable laser, we
selected the cavities that their fundamental mode lies in this scanning wavelength range.
Firstly, we plot the transmission spectra and the associated fits for the fundamental
modes of cavities with the same width of 480nm but various scaling factors (SF) for the
radius of the holes in Fig. 3(a) and (b), respectively. Note that from the transmission
spectra, it is obvious that at least three orders of modes can be supported by these 1D
PhC cavities. Here we only focus on the fundamental modes. Fig. 3(c) shows
dependence of the mode position 4. and Q on the SF from the results of (a) and (b). It is
clearly seen that the resonance peaks of the cavities shift to shorter wavelength when
increasing the radius of the PhC holes. This is explained by the fact that the band gap of
the 1D PhC shifts towards higher frequency (shorter wavelength). As shown in Fig. 3(c),
in our measured region of SF, an approximately linear dependence of the resonance
wavelength on the SF can be observed, exhibiting around 2nm peak wavelength-shift
per nanometer of radius change. From Fig. 3(b) and (c), one can also see that the
maximal Q is obtained at the SF of 1.0, which can be understood in terms of band gap
of the 1D PhC. When scaling the radius of the holes, the band gap of the 1D PhC as well
as the resonance position will change and thus at a proper radius size (i.e., SF) the
resonance mode might be located at the midgap frequency where the mode is expected
to be confined maximally by the PhC gap, giving rise to the maximal Q. From Fig. 3(a),
it can be seen that, compared to those with the SF of 0.9 and 1.1, the mode at SF of 1.0
indeed lies within the minimum transmission window that best corresponds to the
middle of the gap.

We also investigated the effect of the width of the cavities on the resonance wavelength
A and Q factor of the cavity modes, as presented in Fig. 3(d). Obviously, with
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increasing the cavity width, the resonance peaks are nearly linearly red-shifted at a rate
of around Inm-redshift per nanometer of increasing width, since the band gap is pushed
to lower frequency. Similarly like the scaling radius of holes, certain width results in a
maximal Q. From Fig. 3(c) and (d), it is obvious that the resonance wavelength of the
cavity mode is very sensitive to and can by widely tuned by varying the radius of holes
and the width of the cavity, while still sustaining a large Q (above 1.5x10%), which in
turn demonstrates the accuracy and robustness of the fabrication process using advanced
CMOS technologies. With an appropriate scaling for the radius of holes and the width of
the cavities, a O of as high as 6.8x10* has been achieved in our cavities. We further
would like to emphasize that these on-chip SOI cavities are embedded in a silicon oxide
matrix and that an expected higher Q can be realized by removing the surrounding oxide
of the cavities.

Conclusions

We fabricated on-chip 1D PhC nanocavities on a 300mm SOI wafer using a CMOS-
compatible process. Through measuring the transmission spectra high O factors were
experimentally demonstrated, and the dependence of the cavity mode on the structural
parameters of the cavities has been studied, which further demonstrated the accuracy
and reliability of this CMOS process for fabricating on-chip PhC nanocavities with high
resolution and high volume. These on-chip nanocavities open up new opportunities for
integrated photonic applications.

Acknowledgements

This work is supported by the EU-commission through the ERC-starting grant ULPPIC
and the Belgian Science Policy Office (IAP P7/35). The authors wish to thank the imec
p-line for the fabrication of the silicon photonics wafers. This work was also supported
by imec’s Core Partner Program.

References

[1] M. Eichenfield, R. Camacho, J. Chan, K. J. Vahala, and O. Painter, "A picogram- and nanometre-
scale photonic-crystal optomechanical cavity," Nature, vol. 459, pp. 550-U79, May 28 2009.

[2] L. D. Haret, T. Tanabe, E. Kuramochi, and M. Notomi, "Extremely low power optical bistability in
silicon demonstrated using 1D photonic crystal nanocavity," Optics Express, vol. 17, pp. 21108-
21117, Nov 9 2009.

[3] R. Ohta, Y. Ota, M. Nomura, N. Kumagai, S. Ishida, S. Iwamoto, and Y. Arakawa, "Strong coupling
between a photonic crystal nanobeam cavity and a single quantum dot," Applied Physics Letters, vol.
98, Apr 25 2011.

[4] P. Lalanne, C. Sauvan, and J. P. Hugonin, "Photon confinement in photonic crystal nanocavities,"
Laser & Photonics Reviews, vol. 2, pp. 514-526, Dec 2008.

[5] E. Kuramochi, M. Notomi, S. Mitsugi, A. Shinya, T. Tanabe, and T. Watanabe, "Ultrahigh-Q
photonic crystal nanocavities realized by the local width modulation of a line defect," Applied
Physics Letters, vol. 88, Jan 23 2006.

[6] E.Kuramochi, H. Taniyama, T. Tanabe, K. Kawasaki, Y. G. Roh, and M. Notomi, "Ultrahigh-Q one-
dimensional photonic crystal nanocavities with modulated mode-gap barriers on SiO2 claddings and
on air claddings," Optics Express, vol. 18, pp. 15859-15869, Jul 19 2010.

[7] A.F. Oskooi, D. Roundy, M. Ibanescu, P. Bermel, J. D. Joannopoulos, and S. G. Johnson, "MEEP:
A flexible free-software package for electromagnetic simulations by the FDTD method," Computer
Physics Communications, vol. 181, pp. 687-702, Mar 2010.

186



