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We investigated the improvement in the sensitivity of a biosensor based on a silicon microring
resonator-loaded Mach—Zehnder interferometer (MRR-MZI). Thermo-optic-driven variable
optical attenuators (VOAs) were used to balance the optical power in one arm with that in the other
to obtain a high extinction ratio of the MRR-MZI. The change in the transmittance as large as
12.9 and 7.5 dB for the detection of 200 and 20 pM avidin, respectively, was successfully obtained.
These values are larger than those observed before the adjustment of the optical power balance by
4.8 and 5.3 dB, respectively. We discuss the characteristics of light power adjustment of the VOA
and confirmation of biotin modification of the surface of the silicon waveguide using fluorescein-
polyethylene glycol-N-hydroxylsuccinimide (fluorescein-PEG-NHS).

1. Introduction

Label-free optical biosensing is a highly important technology for the detection of specific
biomolecules such as DNA and proteins. As high-sensitivity label free sensors, surface plasmon
resonance (SPR) sensors'' ™ have been developed and used for various applications including
medical diagnostics. Lately, as more compact optical biosensors with simpler structures,
biosensors based on photonic devices have been proposed.“ !V In addition, microring resonator
(MRR)-based biosensors have also been intensively developed because of their compactness,
high sensitivity, and low cost.'>2% We have also proposed and developed a biosensor based on
an MRR-loaded Mach—Zehnder interferometer (MRR-MZI)®" that has a higher sensitivity than
conventional MRR sensors. Although avidin at a concentration as low as 20 pM was detected as a
change in light transmittance with the MRR-MZI sensor, a sufficient change in transmittance has
not yet been obtained.

In this study, we investigated the improvement of the sensitivity of the MRR-MZI by using
variable optical attenuators (VOAS) to balance the optical power in one arm with that in the other.
The change in light transmittance of the MRR-MZI was significantly increased. We discuss the
characteristics of light power adjustment of the VOA and confirm the biotin modification of the
surface of the sample using fluorescein-polyethylene glycol-N-hydroxylsuccinimide (fluorescein-
PEG-NHS).
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2. Structure and Sensing Principle of MRR-MZI Sensor

Figure 1 shows a micrograph of the MRR-MZI biosensor. The MRR is coupled with one arm
through a directional coupler (DC). The optical power coupling efficiency K is designed to be 0.2.
The waveguides are Si wires 210 nm high and 400 nm wide. The round-trip length is designed to
be 69.3 um. The Si waveguides, except for those of the MRR and DC, are buried in SiO, cladding
layers. Upper and side cladding layers of the MRR and DC are removed, and the MRR functions
as a sensing part. 1 x 2 multimode interference (MMI) 3 dB couplers are used in the Mach—
Zehnder interferometer (MZI) for input and output ports. The MZI has MZI-based VOAs in both
arms to adjust the balance between the optical powers in both arms for a higher extinction ratio.
Although each arm is also equipped with a phase shifter driven by a heater, the phase shifters were
not used in this experiment. The MRR-MZI sensors were fabricated on a silicon-on-insulator (SOI)
substrate using a CMOS-compatible process.

Figure 2 shows the calculated effective phase shift g, caused by the resonance in the MRR for
various values of K versus the single-pass phase shift ¢ for a silicon MRR with a round-trip length
of 69.3 um. The propagation loss in the MRR is assumed to be 1.22 dB/cm. The nonlinear change
in g is strongly enhanced in the vicinity of the on-resonance state ¢ = 0.2V The nonlinearity
in @g is enhanced as K decreases. Owing to the enhanced ¢ even a small change in the
environmental refractive index results in a large gy

By changing the difference in phases between the lightwaves in both arms, the transmittance
between input and output ports of the MZI is changed. When a protein is adsorbed on the top and
sidewalls of the waveguide of the MRR, the equivalent refractive index of the waveguide changes,
leading to a large change in ¢4 The transmittance of the MZI is markedly changed even by the
enhanced change in ¢, even if the change in the environmental refractive index is small. As a
result, the MZI functions as a high-sensitivity protein sensor.
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Fig. 1. (Color online) Micrograph of the MRR-MZI biosensor with VOAs.
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Fig. 2. Calculated effective phase shift g5 caused by the resonance in the MRR for various values of K versus
the single-pass phase shift ¢ for a silicon MRR with a round-trip length of 69.3 um.

3. Experimental Results

First, the attenuation characteristics of the VOA were measured. The VOA consists of an MZI
with a TiN heater on top of the Si waveguide. Owing to the thermo-optic (TO) effect of Si, the
refractive index of the waveguide of one arm is changed by the heater, and the transmittance of the
MZI can be adjusted. Figure 3 shows the dependence of the transmittance on the electric power
supplied to the heater. The transmittance is successfully changed by an electric power of a few
tens of watts. Note that it takes some time for the VOA to attain a stable state. Figure 4 shows the
temporal change in transmittance spectra after light power adjustment using the VOA. The stable
state is obtained in approximately 15 min. Even though isolation trenches are formed around the
VOAs, the heat generated at the VOAS is slightly leaked and conducted to the MRR. This results
in the temporal change in the transmission characteristics. In the following experiments, the
sensing characteristics were measured after the VOA became stable.

We investigated the sensing characteristics for avidin solutions to demonstrate protein detection.
Biotin-polyethylene glycol-N-hydroxylsuccinimide (biotin-PEG-NHS) is fixed on the surface of the
Si waveguide followed by the adsorption of avidin on the surface of the waveguide through host—
guest specific binding between avidin and biotin. The detailed procedure is described in Ref. 21.

To confirm the modification of the surface of the sample with biotin, the surface was modified
with fluorescein-PEG-NHS and observed by fluorescence microscopy. First, fluorescence at
a wavelength around 520 nm from the surface was observed, as shown in Fig. 5(a). Next, an
octagonal excitation light was shone on the surface. As a result, fading of the fluorescence was
observed, as shown in Fig. 5(b), demonstrating that the surface of the sample was successfully
fixed by fluorescein-PEG-NHS. This result indicates that it is possible to fix biotin-PEG-NHS, in
which fluorescein is replaced by biotin, on the sample.

The transmittances of laser light with transverse electric (TE) polarization before and after
adsorption of avidin on the surface of the MRR waveguide were measured using an optical
spectrum analyzer. The MRR-MZI chip has silica spot size converters (SSCs) with Si inverse taper
waveguides and deep trenches as input and output ports. The width and height of the SSCs are
both 4 mm. Single-mode optical fibers (mode field diameter: 10.5 pm) are aligned with the SSCs.
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Fig. 3. Dependence of the light transmittance of the Fig.4. (Color online) Temporal change in
VOA on the electric power supplied to the TiN heater. transmittance spectra after light power adjustment
using the VOA.
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Fig. 5. (Color online) Micrographs of (a) fluorescence at a wavelength around 520 nm from the surface of the
sample and (b) fading of the fluorescence after irradiation by an octagonal excitation light.

Figures 6(a) and 6(b) show the measured transmission spectra of the MRR-MZI for 200 and
20 pM avidin solutions, respectively. In both cases, the optical power balance was adjusted using
the VOAs. The spectrum before adjustment by the VOA is also shown in Fig. 6(a). In the case
of the 200 pM solution, the resonant wavelength was shifted by 122 pM and the transmittance at
1535.79 nm was changed by 12.9 dB. In the case of the 20 pM solution, the resonant wavelength
was shifted by 92 pM after avidin adsorption, and the transmittance at 1552.97 nm was changed
by 7.5 dB. The changes in transmittance were increased by 4.8 and 5.3 dB, respectively, compared
with that before the adjustment of the optical power balance.?" These results indicate that the
MRR-MZI is very promising as a biosensor, and sensitivity as high as 1 pM may be expected if the
power balance is adjusted more precisely using both the VOAs and phase shifters. The coupling
efficiency K and the Q factor of the MRR evaluated from the transmission spectra are 0.07 and
1.247 x 10, respectively. This coupling efficiency was smaller than the designed value of 0.2
because of fabrication errors, leading to better performance of the fabricated device than that of the
designed one. We selected the designed value of K as a sufficiently large value for satisfying the
overcoupling condition where K needs to be larger than 0.02.
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Fig. 6. (Color online) Measured transmission spectra of the MRR-MZI for avidin solutions with the
concentrations (a) 200 and (b) 20 pM. The spectrum before adjustment by the VOA is also shown in (a).

4. Conclusions

We investigated the improvement in the sensitivity of an MRR-MZI using TO-driven VOAs.
To balance the optical power in one arm with that in the other using the VOAs, the change in
transmittance of 12.9 and 7.5 dB for the detection of 200 and 20 pM avidin, respectively, was
successfully obtained. These values are larger than those before the adjustment of the optical
power balance by 4.8 and 5.3 dB, respectively. These results show that a Si MRR-MZI is
promising as a highly sensitive biosensor.
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