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Dual-microring Resonator Sensor for Nanoparticle Detection
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Abstract: An optical sensing structure was designed to detect the single Nanoparticle. The structure
consists of a dual-ring, a nanopore in the coupling area and a straight waveguide, and the Fano effect is
introduced. The proposed structure could further amplify the change of coupling effect due to the
presence of nanoparticle. Nanoparticles flowing through a nanopore between microrings could change
both the coupling coefficient and the optical intensity at the output. An ultrahigh precision method for
coupling coefficient sensing was proposed based on a dual-microring resonator structure. The counting
and sizing of nanoparticle could be achieved by detecting the change of optical intensity and coupling
coefficient. The theoretical results show that the sensitivity of the dual-ring design is calculated to be
around two orders of magnitude greater than a single-ring design under 1dB/cm loss condition. The
propose structure can improve the sensitivity effectively with reducing the waveguide loss.
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0 Introduction

Nanoparticle detecting is of great importance in

areas such as nanotechnology, virology, disease

diagnosis and biomedical research”™. An amount of

methods have been proposed for the nanoparticle

such as microring resonators and slot

[3-5]

detecting

structure Particle sizing by wusing Electron

microscopes such as Scanning Electron Microscope
(SEM) and Transmission Electron Microscope (TEM)
is a mature method, but the devices are expensive and
bulky. Dynamic laser scattering is a much simpler way
for measuring the particle size which is down to the
order of 10nm, however, this method requires
relatively large sample concentration.

The optical whispering-gallery mode has been

Foundation item: The National Natural Science Foundation of China (Nos. 61228501, 61475137), the Zhejiang Province Natural Science

Foundation (No. LY14F050005)

First author: LI Yu-bo(1977— ), male, associate professor, Ph. D. Degree, mainly focuses on detection based on nano structure device and

broad—band gap semiconductor device. Email:lilinear@ zju. edu. cn

Received: Mar. 16, 2016; Accepted: May 12, 2016

http : // www . photon . ac. cn

0923001-1



P/ R S 4

under intensive investigation for highly sensitive

[6-8]

biomolecular detection in the past decade The ring

resonator was also employed for nanoparticle detection,

[9-10]

counting, and sizing Recently, our team proposed

a single microring resonator with flow-through

nanopore to detect single NP*'". A dielectric microring
resonator and an adjacent waveguide bus are embedded
in a low-index medium. A flow-through nanopore is
created in the coupling region between the ring and the
waveguide, When a single NP of interest is presented
in the nanopore, the coupling coefficient between the
ring resonator and the waveguide changes, resulting in
the variation of intensity at the output. The method
does not require the NP to adhere to the surface of the
device, avoiding the uncertain diffusion and
accumulation of NPs that make it difficult to accurately
detect the size of single NP. However, the sensitivity
and resolution of the single-ring-resonator method is
not high enough for the detection of NPs which are
smaller than 20nm.

In this paper, a designing of dual-ring resonator
structure was proposed for the coupling coefficient
sensing. It can bring an ultrahigh sensitivity for a
single nanoparticle detection. The coupling coefficient
between rings is independent of waveguide loss so that
the sensitivity of the dual-ring structure can be
improved significantly by reducing the loss. Compared
with the single-ring structure, the sensitivity is
expected to be improved by around two orders of
magnitude using the state-of-art low loss silicon
microrings-'?!. Based on Ref. [117], the scattering loss
of the single NP can be neglected. The analysis will
focus on the variation of coupling coefficients induced
by nanoparticles. We will discuss the design and the
characteristics of dual-ring structure and compare it

with the single-ring structure.

1 Theory

1.1 Dual-microring structure

The dual-ring resonator sensor scheme is shown in
Fig. 1. In this sensing structure, there are two bus
waveguides and two microrings in which three
couplings exist; coupling between ring A and the top
bus waveguide, coupling between ring B and the
bottom bus waveguide, and coupling between ring A
and ring B. A nanopore exists in the coupling region
between the rings, allowing NPs in the liquid to flow
through. The coupling coefficient changes when a NP
is presented in the nanopore. Sizing and counting of the
NPs can be realized by detecting the intensity of the

transmitted light at the output port.

————————
Ka Input port

Knp @

K
e —
Output port
Fig. 1 The structure of dual-ring resonator sensor device
1.2 Design for coupling coefficient between ring A and
ring B

The nanoparticle presented in the nanopore
changes the normalized field distribution in the coupling
region, inducing the variation of the coupling
coefficient. Larger evanescent field in the coupling
region results in a larger coupling coefficient and a
higher susceptibility to particle disturbance. According
to Ref. [11], for the same nanoparticle of interest, the
ratio between the variation of coupling coefficient Ax
and the initial coupling coefficient x remains the same,
no matter how the gap between ring A and ring B
changes. As a result, a nanoparticle can induce a larger
Ak when x becomes larger. Thus the value of , the
coupling coefficient between ring A and ring B, is a
direct factor influencing the sensitivity of dual-ring
structure,

The transmission characteristic of the dual-ring
structure is analyzed firstly. Fig. 2(a), (b) show that
the transmitted light intensity varies with A and R,
when k,; =0. In this condition, the dual-ring structure
is equivalent to a single ring structure, whose
resonances have a redshift with the increasing of R,. In
Fig. 2(c), (d), the resonance peaks split, and k,; is
set to be 0. 3. Mode splitting occurs near the
wavelength which sets both ring A and B in resonance.
The splitting varies with value of k.

As shown in Fig. 3, the splitting distance between
resonance peaks increases with the increasing of kyy.
Therefore, a particle passing through the nanopore
which changes k,;» can induce a resonance shift. At a
given wavelength near the resonance, the resonace shift
can result in a significant variation of the transmitted
light intensity. As a result, nanoparticles can be
detected by measuring the transmitted light intensity.
In order to make the dual-ring structure eligible for
resonance shift, the operating wavelength should be
chosen at the split resonance peaks. For example, in
the case of Fig. 2(d), the resonance at 1 548 nm occurs

when x,;,=0. 3
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Fig. 3 Splitting distance between two resonance peaks
normalized by the FSR(The FSR of dual-ring
structure is noted in Fig. 2 (d))
1.3 Sensitivity of dual-ring sensor
For simplification, we assume the two rings are
identical, and ks =&, =«. The normalized transmitted
E-field E, at the output port of the dual-ring structure

can be obtained as following™*!

E‘d = ((12 m_._ iV lilcz 6129*20 A/ 1716';2\1; e+
ak’ 1=k @) /(o — o'k —2ae" 11—k o
V1—kw) @b

where @ is the round-trip phase and 1—¢’ is the round-

trip energy loss of the rings. If a nanoparticle passes

through the nanopore and causes a variation of k.. the

intensity change of output port is

aT~2T 2)

OKap

According to Ref. [11], for the same particle,

AV

when the gap between ring A and B changes, Axay/kas
denoted as C in this

context. It describes how strongly a coupling system

almost remains a constant,

reacts to the perturbation of a particle. We can rewrite
Eq. (2) as

oT

T~C
A C 3 (3)

KA
KAB

When we design the nanoparticle sensor without
changing C, the sensitivity for nanoparticles can be
evaluated by ka; © 9T/kas. In our design, we define
the sensitivity of nanoparticle sensor as
oT
O
where C, is the Axas/kas induced by a nanoparticle with

S=C, 9]

K aB

a lateral size of 10 nm and T is the normalized

transmitted light intensity. The item |97/ | shows
how sensitive the transmitted light is to the change of
the coupling coefficient. The item k,; represents how
large the Ak, can be made by the presence of a certain

particle. The goal of our design is to optimize the

0923001~ 3



sensitivity of the nanoparticle sensor.

2 Structure design

The device in Fig. 1 can be fabricated on a Silicon-
On-Insulator (SOI) wafer. R, and R, are designed as
20 pm. Fig. 4 shows the cross-section of the coupling
region. The size of the waveguide cross section is
450 nm X 220 nm. The effective refractive index of the
waveguide mode is 2. 303 at A= 1550 nm according to
Finite Element Method (FEM) The gap
between ring A and ring B is 250 nm and the coupling
coefficient x,y is 0. 1759 by Coupled Mode Theory
(CMT). is etched in the SiO,/Si

substrate. Particles in liquid solution can pass through

analysis.

A nanopore

the nanopore by controlling nanofluid system™. We
assumed the nanoparticles have a very low density in
the solution so that the single nanoparticle detection

can be implemented.

250nm 450nm
Water Ring 4 Particle Ring B 1
Si o Si ' 220nm
SiO,
NN
Nanopore \

Si

\é
N~—

Fig.4 The cross-section near the coupling region of
dual-ring nanoparticle sensor

In order to obtain the optimized sensitivity, & and
5, should be equal to the round-trip loss of ring A and
ring B respectively. Therefore, &3 and «j, are set to be
0. 005 776, which is the round-trip loss of microrings
when the loss is 1 dB/cm. In this condition, the gap
between ring A and bus waveguide, as well as the gap
between ring B and waveguide is 390 nm.

In practice, the microring can be covered with a
cladding layer to prevent the particle attachment,

which may induce resonance wavelength shift.

3 Discussion

3.1 Comparison with single-ring sensor

The single ring sensor has only one coupling
between a ring and a straight waveguide!!., A
nanopore is presented in the coupling region between
the ring and the waveguide. When the NP passes
through the pore, x will change as well as the light
transmission intensity.

According to Ref. [137, the normalized E-field of

the transmitted light of single ring structure is
-

E=1"%_ (5)

1—tae
Single ring structure reaches critical coupling when

intrinsic loss is equal to the coupling loss of the ring.

That is ¥ =1 —4a’. The slope | 9T/dk | reaches the
maximum value in under-coupled region where x*<1—
o’ as shown in Fig. 5(a). |9T/dk| can be improved
by decreasing the loss of the ring, which refers to the
waveguide intrinsic loss in this paper. However, if the
loss is reduced, the x of the maximum |97T/3k| in the
Tk curve decreases simultaneously. Therefore, we
can’ t increase | 8T/ok | and in the same time by
reducing loss, which dramatically limits the sensitivity

of the single ring structure.

o e
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(b) The sensitivity, which is defined in Eq.(4)

Fig. 5 Sensitivity property of single ring structure

According to Fig. 5(b), the largest sensitivity of
single ring structure is about 1 X 10™° for both loss of
10 dB/cm and 1dB/em. The 1 dB/em curve in Fig. 5
(a) has a larger slope, however the sensitivity doesn’t
get better because k is lower. The dual-ring structure
can solve the problem mentioned above. For dual-ring
structure, the critical coupling condition depends on
both K s
approximate to the round trip loss of ring A and B

kp and the ring loss. &% and «; should
respectively, but the value of k,; is independent of the
loss, which contributes to the sensitivity S. In general,
the sensitivity can be maximized at the critical coupling
off this
condition for our design. We can adjust k,; to obtain a
(4). In fact, the

sensitivity of the dual-ring structure can be improved

condition, however, the device can work
higher sensitivity based on Eq.

significantly by reducing the loss, as shown in Fig. 6.
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(c) Shows the optimal sensitivity of dual-ring and single
ring structure varies with the ring loss

Fig. 6 Sensing property of dual-ring structure
Table 1

The optimal sensitivity of dual-ring structure is
about two orders of magnitude larger than the
counterpart of single ring structure sensor when the
ring loss is 0.76 dB/cm, which is feasible for silicon
microrings-'*.

3.2 Detection for nanoparticle passing through the
nanopore

As mentioned above, when a single NP passes
through the pore, the coupling coefficient between ring
A and B change. For convenience of calculation, we
assume that the particle is a cube with a lateral size of d
and presented at the coupling region as shown in Fig. 4,
the variation of the total coupling coefficient Ax can be
calculated according to the coupled mode theory™!" ",
ke Gl — P ER(r D d?
B 28 1217 | Exx ‘ “dady
where &, is the wave transmission constant in vacuum,

B is the

waveguide. ny 1s the refractive index of NPs, n,,. is

Ak (6)

wave transmission constant in optical
the refractive index of water, E (r,) is normalized
electric at the NP's position, and Ex is the normalized
electric field of waveguide's cross-section. According to
the Eq. (6), Ak is proportional to d*, which is the
volume of the NP.

For particles of various size, their d and Ax has
the relation as shown in Table 1. For calculation near a
wavelength of 1. 55 pum, the refractive index of the
microring ng = 3. 45, the refractive index of the
bottom cladding ny = 1.46, n,. = 1.33, Ry, =R, =
20 pm, and the size of waveguide
450 nm X 220 nm.

According to the data above, we can calculate the

cross-section

change of normalized transmitted light intensity AT, as
shown in Fig. 7. In this case we choose several x,; and
calculate the variation of light intensity caused by
different NPs. It is obvious that the sensitivity is high
near kr; — 0. 175 9, which was proposed in the

Structure Design Section.

Results for coupling coefficient and normalized intensity changing by different nanoparticles

(nyp =1.55, Kkap=0.1759)

d/nm 50 40 30

20 10 5 1

Ak 3.8303X107° 1.9611X107° 8.2735X10°°
[AT| 2.7414X107° 1.4051X107° 5.9316X10""

2.4514X10°°
1.7581X10"

3.0643X 1077 3.8303X107% 3.0643X10°"
2.1979X107°  2.7473X107°% 2,1979X107*

The state-of-the-art low noise detection system
has a noise floor with a normalized standard deviation
on the 1 X 107° level™, allowing for detection of 10
nm nanoparticle according to Fig. 7. One advantage of

our design is that the sensitivity scales with ring quality

factor. With lower waveguide loss and higher quality
factor, we expect that the sensitivity can be further
increased, enabling detection of smaller particles below

10 nm.
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Fig. 7 Caused by particles passing through the pore

4 Conclusion

We can obtain a higher sensitivity for the
nanoparticle detection by utilizing a dual-ring structure
instead of the single-ring structure. The sensitivity of
the dual-ring design is calculated to be around two
orders of magnitude greater than a single-ring design
under 1 dB/cm loss condition, taking advantage of the
state-of-art low loss single microring. Compared with

the the

decouples coupling

single-ring  structure, dual-ring design

the the

coupling coefficient between rings, allowing for the

critical condition and
sensitivity to scale up with reducing the waveguide
loss. Tt is essential to choose a proper and operating
wavelength to ensure that the dual-ring structure is
working at a split resonance peak as shown in Fig. 2.
The loss of rings should be as low as possible by
fabrication in order to reach higher sensitivity. This
paper also proposes a method to evaluate the sensitivity
of the nanoparticle sensors in design procedure, which
(4). Both | 9T/ | and kg

influence the sensitivity S of nanoparticle sensors. For

is summarized in Eq.

single ring structure, x changes with the decreasing of
the ring loss, thus the sensitivity of single ring
structure is limited. For dual-ring structure, «,; iS no
longer dependent with ring loss. Its sensitivity can be
improved dramatically by proper design, making it
possible to detect sub-10nm nanoparticles. For future

the

investigated to etch nanopore in the coupling area. The

study, micro fabrication technology 1is being

current technology would cause loss to microring
transmission. We hope this technology could be further

improved to develop the prototype device.
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