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Abstract- We propose a label-free biosensor based on
concentric micro-ring resonators in silicon on insulator (SOI).
The concentric micro-ring resonators offer another freedom to
obtain deeper notches for higher detection sensitivity. The
expanded modes also provide larger sensing area. A resonant
frequency shift of ~1.37 nm is demonstrated, by numerical
simulations, between the situation of using a single strand DNA
and a double strand DNA.

I. INTRODUCTION

Currently the commercialized microarrays usually require
labeled molecules detection. However, the labeling step
complicates the sample preparation and detection process as
the labels can alter the molecules’ binding properties and
therefore decrease the reliability. Label-free biosensors using
direct detection methods attempt to address the stability and
reliability issues. Different approaches of direct detection
have been reported, such as surface plasmon resonator (SPR)
[1], interferometers [2], and resonant cavities [3]. The direct
detection of bio-molecular can be used in the monitoring of
the molecular dynamics reaction, the quantitative
concentration measurements and the determination of affinity
contacts.

The silicon-on-insulator (SOI) micro-ring resonator is a
promising building-block for ultra-compact and highly
integrated photonic circuits. The SOI structure offers high
refractive index contrast for nano-scaled photonic circuit
fabrication with mostly CMOS-compatible processing
techniques.

However, for SOI micro-ring resonators, it is still
challenging to achieve deep notches in the transmission
spectra for the single-waveguide- single-ring structure. For
critical coupling, the resonator intrinsic factor (Qi) and the
coupling quality factor with the waveguide (Qe) must be
equal. The resonant channel is then completely dropped.
Usually, the width of the ring and waveguide and the air gap
between them has to be tuned carefully for that purpose. The
sensing area is also limited by the small cross-section of the
single-mode ring/waveguide. In this paper we propose a
two-concentric ring structure to effectively increase the notch
depth and increase the sensing area at the same time.

II. CONCERNTRIC RING

A. Coupled mode theory for concentric ring

WO: width of the waveguide
WL width of the first ring
W2: width of the second ring
Ro : outer ring Radius

Ri : inner ring radius

did: waveguide/ring airgap
dl: ring/ring airgap

Fig. 1 Schematic of the two concentric ring resonators and a waveguide
coupled system.

Fig.1 is the schematic of the device proposed. Here we
define the energy of the resonant mode in the outer ring as
a(t), and similarly defined is the inner ring resonant mode
b(?). The coefficients for the waveguide-ring coupling and the
ring-ring coupling are denoted as k and u, respectively. The

transfer function can be expressed by [4]
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where o, is the resonant frequency, 7 is the photon life time.
1/==1/t+1/t;, where 1/z, is the decay rate into the waveguide
and 1/1; is decay rate due to intrinsic loss. The quality factor
(Q) is decided by the photon life time, i.e., Q=wyt/2. The
waveguide-ring coupling coefficient and the power decay rate
are related by [|’=2/t.. To simplify the analysis, we only
consider the case when the two rings happen to resonate at the
same frequency, which can be realized by fine-tuning the
free-spectrum-range of the individual rings. For complete
drop, the mutual coupling coefficient must satisfy
2
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From Eq.(2), when conventional critical coupling takes
place, i.e., when Q,~=0Q,., there is no mutual coupling between
the rings. When Q,+#0,., the complete drop situation can be
achieved with u’=u,,’.

With the help of the inter-ring coupling, it is possible to
attain the improved transmission notch depth and reach new
critical coupling. Thus, concentric ring structure opens up
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another freedom when designing deep-notch transmission
devices.

B. The Simulation confirmation of mode coupling
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Fig. 2 Transmission results of the single ring resonator and double ring
resonators. Solid curve: the 21 um single ring with 0.1 um waveguide/ring
airgap; dashed curve: the concentric rings with 0.1 um waveguide/ring and

ring/ring airgap
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Fig. 3 Field distribution of the 21 um single ring (up) and double concentric
rings (down) at the resonant wavelengths 1564.027 and 1564.394nm,
respectively, with the same structural parameters as those in Fig. 2. The left
ones are the whole view and the right ones are zoom-in pictures.

We perform two-dimensional finite difference time domain
(2D FDTD) simulations to study the transmission spectra of
the concentric ring resonators. Fig.2 shows the improvement
of the transmission notches with one more ring placed
concentrically in the single-ring-single-waveguide system.
The notch enhancement at 1564 nm is about 6 dB.

Fig.3 indicates the field distributions. It is clearly seen that
the light is almost evenly distributed in the double ring
structure, offering larger sensing area.

C. The device fabrication and results

We use commercial SOI wafers for the device fabrication.
The top silicon layer is 250-nm thick and the silica buffer
layer is 3 um. The device pattern is firstly defined in electron
beam lithography (Raith 150, 25kV) and then transferred to

the silicon layer by reactive ion etching. The waveguide width
starts with 10 pm and gradually tapers down to 480 nm. The
ring cross-section is 500 nm (wide) by 250 nm (thick). The
width of the air gap between the ring and waveguide is ~110
nm to ensure good coupling with the waveguide.
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Fig. 4 SEM photos of (up) a single 21-um-radius ring side coupled to a
waveguide and (down) concentric double-ring structure with outer ring

radius 21 um, inner ring radius 20.02 um, and airgap width 480 nm between

the rings. The left ones are the whole view and the right ones are zoom-in
pictures.
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Fig. 5 Transmission measurement results: the full spectrum scans for the
single ring (solid curve) and double ring (dashed curve) structures shown in
Fig.4.

The SEM photos of the 21-pm-radius-outer ring structure
are shown in Fig. 4. The transmission measurement results are
shown in Fig. 5. Around 1568.14 nm, the notch depth
improvg:s about 15 dB. The intrinsic Q is estimated to be ~
5.1x10%

1.  LABLE-FREE DETECTION USING CONCENTRIC RINGS

For label-free biosensors based on the optical resonators,
the sensing of the DNA hybridization is realized by the
detection of the resonance shift of the micro-rings. This is
based on the fact that the effective refractive index of the
waveguide changes after the DNA hybridization, i.e., when
single strand DNA (ssDNA) becomes double strands DNA
(dsDNA). The magnitude of the resonant frequency shift
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depends on factors such as the bio-layer thickness, the
changes of the effective refractive index of the bond targets,
and etc.

We assume that the ssSDNA is initially functionalized on top
of the air gap in the ring resonators as the detection probe.
When complementary DNA strands appear in the detection
process, they will hybridize with the functionalized capture
probes forming dsDNA.

When the concentric ring resonators are used to detect the
DNA strands, the detecting areas are enlarged due to the
expanded field distribution. The refractive indexes of ssDNA
and dsDNA layers are around 1.456 and 1.53, respectively
[5]. To model this, we perform 2D FDTD simulations to study
the transmission of different conditions. The transmission
spectra (Fig .6) show the resonant frequency shift of the
double ring resonators detector. In Fig.6 (b) the resonant shift
around 1560 nm is 1.37nm.
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Fig. 6 (a) Simulation results of transmission spectra before (dashed curve)
and after (solid curve) detection in double ring resonators device with outer
ring radius 5 um, width of the waveguide and rings 0.5um, ring/ring airgap
0.3um,waveguide/ring airgap0.lum .(b) is the zoom-in picture of the
transmission of (a) around the second notch.

IV. CONSLUSION

In this work we have proposed a method to detect the DNA
hybridization. We analyze, fabricate and demonstrate
concentric micro-ring resonators in the SOI structure for
enhanced transmission notches. FDTD simulations confirm
the enlarged modal area for concentric ring resonators. When
the complementary strand DNA attaches with the probe DNA,
the refractive index of the resonators changes and causes a
significant resonant frequency shift.
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