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Highly sensitive sensor based on 4x4 multimode
Interference coupler with microring resonators
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This study proposes a novel optical integrated structure using only one 4x4 multimode interference (MMI) coupler with
support of two microring resonators for glucose and ethanol sensor. Due to the presence of the analyte, the wavelength
shift of the output spectrum is realized. The proposed structure can provide a high sensitivity of 721 nm/RIU, low detection

limit of 2.8x10~> and good figure of merit of 5x10'°
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for glucose sensing.
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1. Introduction

Optical sensors have been used widely in many
applications such as biomedical research, healthcare and
environmental monitoring [1]. In general, detection can be
made by the optical absorption of the analytes, optic
spectroscopy or the refractive index change. The two
former methods can be directly obtained by measuring
optical intensity. The third method is to monitor various
chemical and biological systems via sensing of the change
in refractive index [2, 3]. A number of refractive index
sensors based on optical waveguide structures have been
proposed such as Bragg grating sensors, directional
coupler sensors, Mach- Zehnder interferometer (MZI)
sensors, microring resonator sensors and surface plasmon
resonance sensors [4].

In recent years, optical microring resonators are
becoming versatile components for communication and
sensing applications. Many optical devices based on
microring resonators such as optical filters, optical
multiplexers and optical switches have been reported [5].
Optical sensors based on microring resonators have
attracted considerable attention due to their compactness
and high sensitivity. However, only optical sensors using
microring resonators based on 2x2 directional couplers or
2x2, 3x3 multimode interference (MMI) couplers have
been reported [6].

Multimode interference can be a versatile structure for
optical applications. There are a variety functional devices
based on MMI structures such as optical variable splitter
[7], filter [8], multiplexing [9], mode multiplexing [10],
switch [11], modulator [12], fast and slow light [13], Fano
shape generation [14], logic gates [15], sensor [16], optical
transforms [17], etc.

Gas detection is developed for miniaturization use
various principles such as electrochemical, catalytic or
optical detection [18]. Optical sensors advantages of
operating at room temperature and requiring no electrical

connections. In addition, Silicon on Insulator (SOI) was
recently proved to be a viable technology for a wide range
of integrated optical applications, from optical devices,
optical interconnects to biosensors [19]. The SOI devices
have ultra-small bends due to its high refractive index
contrast and are compatible with the existing CMOS
(Complementary Metal-Oxide-Semiconductor) fabrication
technologies. This has attracted much attention for
realizing ultra-compact and cheap optical sensors.

In recent years, a double Fano structure based on 4x4
MMI coupler has been studied. It is showed that MMI
based sensors have advantages of compactness, large
fabrication tolerance, small insensitivity to temprature
fluctuation and ease of fabrication [20].

In this study, a novel optical sensor structure based on
only one 4x4 MMI coupler integrated with two microring
resonators (MRRs) is further analyzed, developed and
proposed [21]. The structure can generate the Fano line
shape and therefore can provide a very high sensitivity,
low detection limit (DL) and a good figure of merit
(FOM). As an example, the proposed structure is applied
to glucose and ethanol sensing applications.

2. Sensor structure based on 4x4 MMI coupler
and two microring resonators

A schematic of the structure is shown in Fig. 1(a). The
proposed structure contains one 4x4 MMI coupler, where

a;, b, (i=1,...,4) are complex amplitudes at the input and

output waveguides. Two microring resonators are used in
two output ports. In our design, the silicon waveguide with
a height of 220 nm, width of 500 nm is used for single
mode operation. The wavelength is at 1550 nm. The silica
is used for cladding cover at the reference resonator. The
analyte is used as cladding at the sensing region. The field
profile of the waveguide is shown in Fig. 1(b) calculated
by finite difference method (FDM) [22]. The refractive
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index of silicon material is calculated by using the
Sellmeier equation [23]:
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and 4, =1.1071um. The refractive index of silicon for
wavelength from 1550 nm to 1600 nm is shown in Fig. 2.
At wavelength 4 =1550nm, the refractive index of silicon
is 3.455. For silica material, the refractive index is nearly a
constant of 1.444 for the given wavelength range [24].
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Fig. 1(a). Schematic diagram of a 4x4 MMI coupler
based sensor where input port a, =0 with no input

signal and (b) Waveguide structure profile with height of
220nm and width of 500 nm for TE (transverse electric)

mode
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Fig. 2. Refractive index of silicon for wavelenth from
1500 nm to 1600 nm

It was shown that this structure can create Fano
resonance, CRIT  (coupled resonance  induced
transparency) and CRIA (coupled resonance induced
absorption) at the same time [25]. The Fano line shape by
changing the radius R, and R, or the coupling coefficients

of the couplers used in microring resonators can be
changed. Here, microring resonator with radius R, is used

for sensing region and microring with R, for reference

region. The analyte will be covered around the cladding of
the optical waveguide and therefore causing the change in
effective refractive index and output spectrum of the
device. By measuring the shift of the resonance
wavelength, the concentration of the glucose and ethanol
can be determined.

In this paper, the access waveguides are identical
single mode waveguides with width W, . The input and

output waveguides are located at positions [26]:

Want | (i=0,1,... N-1)

2

where N is the number of output ports. By using the
analytic and numerical methods, it is shown that at these
positions of input waveguides and the length of 4x4 MMI

o1
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L
coupler of Ly = T" , the 4x4 MMI coupler acts as two

3dB (50:50) couplers [27].
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Fig. 3(a). Transmissions at the bar and cross ports of the 4x4 MMI coupler; (b) power transmission through the 4x4 MMI at the
optimized length 138.9 um when input signal is at port a and phase difference between two arm lengths of 180 degrees; (c)

power transmission through the 4x4 MMI when input signal is at port a; and phase difference of 0 degree and (d) transmissions
through the whole device with the presence of two microring resonators
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In order to create a compact device, it is showed that

the width of the MMI is optimized to be W, =6um. The

calculated length of each MMI coupler is found to be

Ly =138.9 um as shown in Fig. 3(a) when input signal

is at port a, . Fig. 3(b) and (c) show the transmission

through the structure when the phase difference between
two arms of 0 and 180 degree. It is assumed that the signal

is at input port a,. When signal is presented at input port
a, or a,, the device behaviour is similar to that of input
port a, or a,. Without loss of generality, only input port

a, for input signal is used. Input port a, can also be used

for input port equivalently to input port 1 as shown in Fig.
3(d) by using finite difference time difference (FDTD)
with a grid size AX = Ay = Az =20nm[28].

In this study, homogeneous sensing mechanism is
used, where x; and T, are the cross coupling coefficient

and transmission coupling coefficient of the coupler 1; o,

is the loss factor of the field after one round trip through

the microring resonator; 9, =2mn gL, /A is the round
1

eff
trip phase, N, is the effective index and Ly, is the

microring resonator length.

The design procedure of the coupler parameters used
for microring resonators to achieve the required coupling
coefficients are similar to that presented in the recent work
[13]. In this study, a gap of 90 nm for 3dB coupling is
used.

The normalized transmitted power at the output
waveguide is [29]:

2
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- 20,7, cos(@) + 0,1

When light is passed through the input port of the
microring resonator, all of the light are received at the
through port except for the wavelength which satisfies the
resonance conditions:

T

mh, =n4L, =ng(TR) (4)

1’117\'r = neffLR2 = neff(n R2) ®)

where A, is the resonance wavelength and m is an integer
representing the order of the resonance. The operation of
the sensor using microring resonators is based on the shift
of resonance wavelength. A small change in the effective
index n.y will result in a change in the resonance
wavelength. The change in the effective index is due to a
variation of ambient refractive index (n, ) caused by the

presence of the analytes in the microring. The sensitivity
of the microring resonator sensor is defined as [16, 30]

oL, O\ O Ok
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where S = is the waveguide sensitivity, that
a
depends only on the waveguide design and is a constant
for a given waveguide structure. RIU is refractive index
unit.
Another important figure of merit for sensing

applications is the detection limit (DL) o6n,. It can be
defined as

L R
DL =8n ~—L~—9A[RIU] 7
1°8Q S

where Q is the quality factor of the microring resonator,
Rpgs 1s the resolution of optical spectral analyzer [29,

31, 32]. It is desirable to have a small refractive index
resolution, in which a small ambient index change can be
detected. Therefore, high Q factor and sensitivity S are
necessary.

The effect of ring radius on the sensing performance
is now investigated; the ratio of the two ring radii is

defined as a=—2, where a<l. The sensitivity of the
1
proposed sensor is calculated by

An, 1-aAn,
LOD=Aneff=l—a A

)

Negr a 27mR, N

It is obvious that the sensitivity of the proposed
structure is 1/(1-a) times than that of a sensor based on
single microring resonator [33]. When the ratio factor

R . e
a=—2 approaches unity, the sensitivity of the proposed
1

structure is much higher than that of the conventional one
as shown in Fig. 4.
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Fig. 4. Comparison of sensivity of the proposed structure
with the sensitivity of the single microring sensor at
different ratio between two ring radii
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After some calculations, the transmissions at the
output port 2 (bar port) and 3 (cross port) of Fig.1 are
given by
2

T bar=

cos(%) (10)

2

T cross = sin(%) (11)

The transmissions of the bar and cross ports are
shown in Fig. 5, where R, =10um and a=0.5. The

simulations show that the Fano resonance can be achieved.
It has been suggested that optical Fano resonances have
many important applications in highly sensitive chemical
and biological sensing, optical switching, modulating and
filtering [34, 35]. It is because the sensitivity of the sensor
based on this structure can be greatly enhanced by
steeping the slope of the transmission.
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Fig. 5. Transmissions at the bar and cross ports of the
proposed sensor structure in Fig. 1

3. Simulation results and discussions

The refractive index of the glucose (n) can be
calculated from the glucose concentration (C%) by [20]

n=0.2015x[C]+1.3292 (12)

The refractive index of the glucose is shown in Fig. 5.
By using the finite difference method (FDM), the effective
refractive index of the waveguide at different glucose
concentration is shown in Fig. 6.

Refractive index of glucose
~
[4)]
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Fig. 6. Refractive index of the glucose verus concentation

Now the behavior of our devices is investigated when
the radius of two microring resonators is different. For

example, the radii of microring resonators R, =20um and

R, =10um, loss factor a=0.5 and o, =0, =098 are

chosen, respectively. It is assumed that 3dB couplers are
used at the microring resonators 1 and 2. The glucose
solutions with concentrations of 0%, 0.2% and 0.4% are
induced to the device. Fig. 7 shows the effective refractive
index of the waveguide calculated by the FDM with
different glucose concentration. Here the electrical field
profile when C=0% and 1.2% is presented.

The resonance wavelength shifts corresponding to the
concentrations can be measured by the optical
spectrometer as shown in Fig. 8 and Fig. 9. For each 0.2%
increment of the glucose concentration, the resonance
wavelength shifts of about 800 nm is achieved. This is a
double higher order than that of the recent conventional
sensor based on single microring resonator [6, 36].
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Fig. 7. Effective refractive index at different glucose
concentration (field profiles are shown in the boxe with
scaled dimensions)



268 Trung-Thanh Le

06

Bar transmissicns
= e = =
ra L - o

=

ol y .. . . R
153 1535 154 1545 155 1555 156 1565 157
Lamda A{um)

1575 158

Fig. 8. Transmissions at different glucose concentrations

By measuring the resonance wavelength shift (AA),
the glucose concentration is detected. The sensitivity of
the sensor can be calculated by

S=A—7L=721 (nm/ RIU) (13)
An

Our sensor provides the sensitivity of 721 nm/RIU
compared with a sensitivity of 170 nm/RIU [6]. If the
optical refractometer with a resolution of 20 pm is used,
the detection limit of our sensor is about 2.8x107,
compared with a detection limit of 1.78x10” of single
microring resonator sensor.
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Fig. 9. Resonance wavelength shift at different glucose
concentrations

To better evaluate the performance of the proposed
sensor, the figure of merit (FOM) is studied. The FOM of
the sensor is defined by

AT

FOM =
(TAn)

(14)

Where T is the transmittance at the output of the sensor.
The calculated FOM is shown in Fig. 10. It is shown that a

very high FOM of 5x10'° at wavelength of 1576 nm can
be achieved. This FOM value is significantly greater than
that of the previous reports [37].
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Fig. 10. The FOM at different wavelengths

Next, the proposed structure used for ethanol sensor
mechanism is studied. The refractive index of the ethanol
(Ngthanol ) can be calculated from the ethanol concentration

(Cethanol %) by [20]

rlethanol =1.3292 + a[Cethanol] + b[cethanol]2 (15)

where a=84535x10" and b=-4.8294x10°. The
normalized transmissions at bar port for ethanol
concentrations of 0%, 3% and 6% are shown in Fig. 11.
The resonance wavelength shifts of the structure at
different concentrations of ethanol are shown in Fig. 12.
The sensitivity of the ethanol sensor therefore is to be

A
E)\'=2OO (pm/RIU). 1t is clear that the

ethanol —

sensitivity of the ethanol sensor is much smaller than that
of the glucose sensor. As a result, the proposed structure
has a better performance for glucose sensing.
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Fig. 11. Transmissions at the bar port for different
concentrations of ethanol
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Fig. 12. Wavelength resonance shifts for different
concentrations of ethanol

In recent years, for sugar concentration sensing based
on MMI couplers, a sensitivity of 169 nm/RIU has been
achieved [6]. The proposed sensor can provide a four
times higher sensitivity compared to that of the sensor in
the literature.

The disadvantage of the proposed sensor comes from
the working principle of the sensor based on resonance
wavelength shift. Because silicon material is highly
sensitive to temperature fluctuations due to a high thermo-
optic coefficient (TOO) of silicon

(TOC =1.86x10*K™), the resonance wavelength shift

will be affected by the fluctuation of temperature. In order
to overcome these fluctuations, some approaches including
of both active and passive methods can be used [3]. For
example, the local heating of silicon itself to dynamically
compensate for any temperature fluctuations, material
cladding with negative thermo-optic coefficient, MZI
cascading intensity interrogation, control of the thermal
drift by tailoring the degree of optical confinement in
silicon waveguides with different waveguide widths, ultra-
thin silicon waveguides can be used for reducing the
thermal drift.

4. Conclusion

This study has presented a new structure for glucose
and ethanol sensing based on only one 4x4 MMI coupler.
The high sensitivity of 721 nm/RIU and low detection
limit of 2.8x10™ can be achieved for glucose and 200
pm/RIU for ethanol sensing. The sensor was designed
using silicon waveguide that is cheap and compatible with
the current existing CMOS technology.
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