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Abstract - We propose a highly sensitive hydrogen sensor
structure using silicon waveguide. Based on the Fano like effect
generated from the 4x4 MMI resonator structure integrated
with one microring resonator, the shift of resonance wavelength
with the presence of the hydrogen is achieved with 40 orders
higher than the typical sensor based on single microring
resonator and Mach Zehnder Interferometer (MZI). The
device is highly sensitive to low hydrogen concentration
variations of from 0-4% in the range of hydrogen's lower
flammability limit (EFL). We also optimally design the gap and
width of the palladium (Pd) covered in the sensing area for low
loss, but still achieve the low detection limit and high
sensitivity. This optical hydrogen sensor can provide
capabilities for ease of fabrication, ease of fabrication, low
fabrication tolerance compared with optical sensors based on
only directional couplers.

Index Terms - Optical sensor, multimode interference,
microring resonator, integrated optics, hydrogen detection.

INTRODUCTION

Hydrogen has found widespread use as a fuel source across
various industries, including chemical production, oil
refineries, gas refineries, aerospace, and the automotive
sector [1]. When hydrogen boasts a sufficiently high
calorific value, it can emerge as a competitive means of
energy transport. However, it's important to acknowledge
that public utilization and storage of hydrogen come with
inherent risks. An elevated concentration of hydrogen
exceeding the lower flammability limit (4%) can lead to a
severe explosion [2]. Therefore, the development of a fast
and dependable gas sensor for hydrogen detection is crucial
to ensure its safe storage, handling, and utilization.
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Some methods of hydrogen sensors has been proposed
in the literature such as encompassing catalytic,
electrochemical, metal-oxide semiconductor, and optical
hydrogen sensors [3]. Among these, optical sensors provide
several advantages because of compact size, safety features,
and immunity to electromagnetic interference. In recent
years, optical fiber-based hydrogen sensors represent
emerging technologies with notable sensitivity and
multiplexing capabilities. However, their bulkiness limits
their suitability for seamless integration [4]. The ability to
integrate these sensors offers numerous benefits, including
enhanced compactness and cost-effective large-scale
integration packaging.

The Silicon-on-Insulator (SOI) platform stands out as an
exceptional choice for integrating optical sensors due to its
remarkable  compactness and  compatibility  with
complementary metal-oxide-semiconductor (CMOS)
fabrication technologies [5]. This compatibility holds
promise for the seamless integration of electronic and
photonic devices on a single platform. Furthermore, SOI
offers an excellent foundation for consolidating numerous
sensing elements onto a single microchip.

Numerous optical hydrogen sensors based on Silicon-
on-Insulator  (SOI) technology have been created,
incorporating key sensing components such as microring
resonators, Mach Zehnder Interferometer [2, 6, 7]. One
noteworthy example is a Pd-based ridge-waveguide optical
hydrogen sensor that has been extensively documented in
scientific literature [8]. This sensor functions by detecting
the presence of hydrogen and quantifying its concentration
by tracking alterations in light intensity at a specific
wavelength.
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Its straightforward and dependable operation is
attributed to the direct measurement of intensity, negating
the necessity for an extra spectrum analyzer.

It's worth highlighting that in prior research endeavors,
exclusively transverse electric (TE) mode-polarized light
from a tunable laser was employed, and the underlying
principles governing this TE mode-based sensing approach
were not exhaustively investigated. In our current study, our
objective is to enhance the sensor's performance such as high
sensitivity. To accomplish this, we have introduced an
innovative sensor configuration while presenting an in-depth
exploration of the core sensing principles involved.

In our current design, the fundamental sensor element
utilized is a Surface Plasmon Interferometer (SPI), which
incorporates a thin Pd layer embedded within the Silicon-on-
Insulator (SOI) microring resonator's waveguide. Owing to
its exceptional integration and compactness, the SPI
hydrogen sensor possesses a competitive edge when
compared to other hydrogen sensors that rely on SOI
technology. We foresee that this pioneering approach will
pave the way for novel possibilities and significantly
enhance the adaptability of hydrogen sensing based on SOI
technology.

Except for fiber optic sensors, many of the hydrogen
sensors discussed earlier face constraints on their operational
lifespan due to issues related to electrical corrosion.
Furthermore, certain sensors among these can present risks
in potentially explosive environments due to the potential for
spark generation. While fiber optic sensors effectively
mitigate most of these shortcomings, they are hindered by
limitations in terms of integration, primarily stemming from
their relatively large physical dimensions.

Furthermore, hydrogen-sensitive materials such as
palladium (Pd) and platinum (Pt) demonstrate exceptional
adhesion properties when integrated with silicon ring
resonators. These ultra-compact optical sensors not only
exhibit environmental compatibility but also excel in
challenging and combustible environments. In the realm of
hydrogen sensors, the selected materials must satisfy three
fundamental criteria: sensitivity, selectivity, and specificity,
all of which are met by palladium (Pd) and platinum (Pt).
Both Pd and Pt are ideal choices for hydrogen sensing due to
their propensity to engage in reactions with hydrogen,
resulting in Pd hydride-based hydrogen sensors integrated
with micro ring resonators. These sensors possess the
remarkable capability to detect low hydrogen concentrations
ranging from 0% to 4%.

Moreover, our sensor structure is based on multimode
interference (MMI) theory and is seamlessly integrated with
microring resonators. Consequently, this design achieves a
compact form factor, excellent fabrication tolerance, a high
free spectral range (FSR), and minimal optical loss. The core
of this design features a hydrogen-sensitive Pd layer
positioned within the inner layer of the micro ring resonator,
ensuring precise and efficient hydrogen detection.
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We present a new optical sensor structure for hydrogen
detection in this research. The new structure is based on
MMI coupler integrated with one microring resonator
covered with Pd material. Our structure can generate the
Fano line shape for sensing principles [9]. Therefore, it can
provide a ultra-high sensitivity compared with the sensing
structures based on microring resonator and MZI in the
literature. In our current research, we are introducing an
innovative solution—a silicon-based on-chip optical micro
ring resonator based on 4x4 MMI hydrogen sensor. This
sensor has the potential to address numerous limitations
associated with existing sensors. Notably, it boasts an ultra-
compact size, enabling effortless integration, and offers high
sensitivity. This advancement holds the promise of
revolutionizing hydrogen sensing technology, enhancing
both safety and performance in various applications.

DEVICE STRUCTURE AND SENSING PRINCIPLE

The new sensor structure is shown in Fig. 1(a). It consist of a
4x4 MMI coupler. Here, a, b; (i=1,...,4) are complex

amplitudes. A microring resonator covered with Pd material
for H2 sensing is used. For single mode operation, the
silicon waveguide has a height of 220nm, width of 500nm.
The wavelength is at 1550nm. The silica is used for cladding
cover at the reference resonator. The analyte is used as
cladding at the sensing region. The core structure consists of
a silicon-based micro-ring resonator featuring a thin layer of
hydrogen-sensitive material (palladium in this design),
applied to its inner surface. A microring resonator covered
with the Pd material is located at the arm of the MMI
coupler as shown in Fig.1(b).

The layer hydrogen sensitive material Pd of width
400nm is deposited on the inner surface of the ring
resonator. For MMI design, the locations of input and output
waveguides are located at special locations as follows [10]:

—(i 1 WMMI .
=1+ =) MM E -
x;=(i 2) N , (i=0,1,...,N-1) 1)

For mode propagation method, the length of 4x4 MMI
3L,
2
of the MMI is W,,,,, =6um for compactness. By using the
BPM (Beam propagation method), the optimal length of the

4x4 MM coupler is L, =138.9 pm.

coupler is of Ly, = [11-14]. In our design, the width
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Fig. 1 (a) Hydrogen sensor based on 4x4 MMI coupler with microring
resonator covered with Pd material, (b) microring resonator covered
with Pd material

MMI coupler can characterized by a matrix [15]. The
phase ¢;; associated with imaging an input i to an output j in
an MMI coupler. These phases ¢;; form a matrix Savs

with i representing the row number, and j representing the
column number [10]. The proposed MMI coupler in this
research has the following transfer matrix [14]

1-j 0 0 1+j
S _1] 0 1-j 1+j O
HAMMIZ S o L 10 0
1+j 0 0 1-j

()

When the concentration of hydrogen in the surrounding
environment rises, palladium undergoes a chemical change
that leads to the creation of palladium hydride. This
transformation induces alterations in the effective refractive
index of the palladium layer. Notably, both the real and
imaginary components of the refractive index experience
variations in response to fluctuations in hydrogen
concentration within the surrounding environment. When
measuring the refractive index of palladium hydride, it
becomes evident that both the real and imaginary
components of this index undergo changes when the
concentration of hydrogen gas ranges from 0% to 4%. It is
worth highlighting that for every 1% modification in
hydrogen concentration, the corresponding adjustment in the
refractive index of palladium hydride follows a nearly linear
pattern.

In this design, we use the Pd film thickness of 60. The
field profile of the waveguide is shown in Fig. 2(a)
calculated by finite difference method (FDM)[16]. Fig. 2(b)
shows signal propagation via the microring resonator
covered with the Pd material.
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Fig. 2 Mode profile of the waveguide covered with Pd material and
propagation via a microring resonator

At the specified palladium (Pd) thickness, the complex
refractive index (RI) for the Pd layer at a wavelength of
1550 nm is determined to be 3.605 + j8.498. Fig. 3 illustrates
the variations of both the real and imaginary parts of the Pd
refractive index with respect to wavelength. It's important to
note that the real and imaginary components of the Pd
refractive index exhibit significant fluctuations with changes
in film thickness. This phenomenon is particularly
pronounced for film thicknesses where the film becomes
partially transparent. In such cases, the imaginary part of the
refractive index tends towards 'zero," signifying reduced light
absorption, while the real part tends towards '1," indicating a
trend towards transparency, as the film thickness approaches
very small values. This behaviour reflects the complex
optical properties of the Pd layer, especially in the context of
its interaction with light at a specific wavelength of
1550 nm.
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Fig. 3 Refractive index of Pd material at different wavelengths

Fig. 4 shows a plot of real and imaginary parts (n, k)
Pd refractive index versus thickness for a wavelength
1550 nm.
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Fig. 4 Refractive index of Pd material at different wavelengths

The adsorption of hydrogen onto the palladium (Pd)
layer results in changes to its refractive index (RI), which, in
turn, causes shifts in the resonance wavelength. However,
there exist varying reports regarding the percentage change
in the refractive index of the Pd layer in response to
hydrogen adsorption.

It is established that as hydrogen is adsorbed, both the
real (el) and imaginary (€2) parts of the permittivity of the
Pd films decrease. These changes in permittivity are directly
associated with the alterations in the real (n) and imaginary
(k) parts of the refractive index:

2 2 2 2
n= /—VSHZW and k = —\/81+282‘81 ©)

Thus if €1 and €2 decrease, n will also decrease and k
may increase or decrease depending on the value of the
permittivity. The real part of the Pd refractive index will
decrease on hydrogen adsorption. The complex permittivity
of the Pd after hydrogen exposure can be modelled as the
following simple equation

Copyrights @ Roman Science Publications

of
of

e(Pd, %H,) = h(%H,)xe(Pd,0%H,)  (4)

Where ¢(Pd,0%H,) is the complex permittivity of the
pure Pd layer and h(%H,) is the function depending on

hydrogen concentration, temperature and humidity. The real
and imaginary parts of Pd refractive index hydrogen from 0-
4% are simulated in Fig. 5(a). Fig. 5(b) shows the loss
factor, respectively.
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Fig. 5 (a) Refractive index of Pd with different concentration of H2, (b)
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3

The gap between the silicon waveguide and the Pd layer
is strongly effects on the performance of the sensor. If the
gap is too small, the loss shall increase but the sensitivity is
reduced. As a result, we need to optimize the gap. The
effective index calculated by the EME method at different
gap is shown in Fig. 6(a). The loss factor at different gaps is
simulated in Fig.6(b). The simulation results show that the
optimal gap is should be at around 10nm.
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Fig. 6 Effective refractive index of Pd sensing with hydrogen and loss
factor at different gap distance between the silicon waveguide and Pd
layer

For a microring resonator, the fields at output of the
microring resonator in the sensing area of Fig.1(b) is
expressed by using the Yariv's model [17]:

Eu (T x Ei
(Etzj_(—K* TJ(Ein ©

where k and t coefficients of the directional coupler;
Ep = aexp(j¢)Et2, o is the loss factor of the field after

one round trip through the microring resonator; N and

Ly is effective refractive index and length of the resonator.

The loss factor of the Pd covered microring resonator
can be expressed by:

o =exp(=0.5ap4Lpq)exp[-0.50g;(2nR - Lpy)] (6)

Copyrights @ Roman Science Publications

where R is the radius of the microring and
og; (dB/cm) is the loss coefficient of the Si waveguide.

The output field and input field of a single microring
resonator is:

—a+te it
= i )

Ew=Eq Z
—at +e

Where
E., = aexp(jp)E .,
2 .
p= %[nepg Lpg + N3t (27R —Lpy)] is the round trip phase.
As a result, the output power is [17]:

2 2
o —2atcos(p)+t
_ () ®)

1—2atcos(¢) + a’t?

2
Eu
Eil

The phase of the resonator is [18]

aKZSin (a)) )

(1+a2)r—(1+ rz)acos(a))

is the angular frequency. For the ring

=artan

¢sing|e

where - S
A

resonator, resonance conditions meet

requirement:

the following

MA, =NggtLg =Negr (rR)  (10)

where A, is the resonance wavelength and m is an integer

representing the order of the resonance.

The operation of the sensor using the proposed MMI
resonator is based on the shift of resonance wavelength. The
evanescence field, which represents the portion of light that
is penetrating inside the surrounding material in the sensing
area, can interact with the analytes. A small change in the
effective refractive index ng will result in a shift in the

resonance.
The alteration in the effective index occurs as a
consequence of fluctuations in the ambient refractive index
(n,) brought about by the presence of analytes within the
microring. The sensitivity of the sensor, based on the shift in
resonance wavelength, can be expressed as follows [19, 20]
s Ok, _ Ok, ONg O

_ O Sy (nm/ RIV)
on, Ongg ON,  ONg

(11)

where Sw = fINerr i the sensitivity of the waveguide
n,
and RIU is refractive index unit.
We find out the transmittance of the structure in
Fig.1(a) as follows:

Vol. 5, No. 3, September 2023

International Journal of Applied Engineering and Technology

110



A Silicon-on-Insulator 4x4 Multimode Interference (MMI) Based Microring Structure for Highly Sensitive Hydrogen

Detection
2
2. 1 B 1
1 ox“sin(o | i |
T =|cos(=artan 5 (2) ) (12) S oA | /?

2 (1+(1 )’E—(1+‘E )OLCOS((D) 08l ® 4/ 1' [
R o / i " | 9’

Using equation (8), the spectral transmission of the 8 o6 | }!F’ /ﬂ?’
sensor is shifted when the analytes are presented. By é | P | | ﬂf’ "

measuring the shift of the resonance wavelength, the @ o s i

concentration of the analyte solutions can be detected. L 04r v »_’/\ ‘ |

Ho ) SR

SIMULATION RESULTS AND DISCUSSIONS L4 4/ :
02 |4 o — & ~R=10um
The transmission characteristics of the sensor configuration [ ] W fﬁ;;gﬂ
in Fig.1(a) are presented in Fig.7 for different coupling 0 B C

1.545 1.55 1555 1.56 1.565

coefficients of the microring resonator and Fig.8 for
different ring waveguide radii respectively. For a larger
coupling coefficient, the steeper Fano shape can be
achieved. However, the fabrication is much more difficult
for the ring resonator due to the requirement of smaller gap
of the directional coupler. Therefore, the 3dB coupler can be
used for practical applications.

The FDTD simulations of field propagation through the
device at the peak and dip wavelengths of the Fano
resonance are shown in Figure 5(b) and (c), where the Fano
resonance shape can be expressed by the universal formula
for a scattering cross section [21]:

2
F(g) = (E:-—q) (13)
£ 4q
Where q is the shape parameter, £is the reduced
energy. The proposed structure can produce the Fano profile
(transmission input port 1, output port 1) compared with the
Fano resonance profile for g=+1. Now, we consider the ring
resonator. The transmittance of the resonator is obtained by

0.8

<
s3]
T

Transmission
o
:b .

0.2

0
1.545 1.65 1.555 1.56

Wavelength A (um)

1.565

Fig. 7. The Fano shape of the sensor configuration achieved at different
coupling coefficients of the directional coupler at the microring
resonator
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Wavelength A (um)

Fig. 8. The Fano shape of the sensor configuration achieved at different
radii of the ring waveguide of the microring resonator

The simulations presented in Fig. 8 reveal that as the
radius of the ring structure increases, the Fano resonance
shape becomes steeper. Furthermore, larger ring radii result
in reduced optical losses within the ring, making fabrication
of the device more feasible. However, there is a trade-off to
consider. While larger ring radii create steeper Fano
resonances and offer advantages in terms of fabrication and
reduced optical losses, they also lead to a limitation in the
detection range. This limitation arises from the reduced free
spectral range (FSR) of the device when used for sensor
applications. The FSR essentially represents the range of
wavelengths over which the device can operate effectively
without overlapping resonances. To strike a balance between
these factors, a suitable radius (likely neither too small nor
too large) is chosen for the ring structure. This choice aims
to optimize the device's performance, taking into account
factors such as sensitivity, fabrication feasibility, and the
desired detection range for specific sensor applications.

In Fig.9, the transmission characteristics of the device
are simulated. This simulation provides valuable information
regarding the relationship between the concentration of
hydrogen gas (H2) and the shift in resonance wavelength.
By carefully analyzing the data from this simulation, it is
possible to establish a direct relationship between the
concentration of H2 gas in the environment and the
corresponding shift in the resonance wavelength of the
device. This shift in resonance wavelength is influenced by
the interaction between the H2 gas and the device, causing
changes in its optical properties.
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Fig 9. Transmission of the H2 sensor

Finally, we compared our design with the conventional
design based on MZI structure in Fig.10. The sensitivity of
the sensor based on the conventional microring resonator is
also presented in Fig.10. We can see that the sensitivity of
the proposed configuration is much higher than the
conventional one (about 10 times). The sensitivity is about
4nm per 1% hydrogen compared with 0.35nm per 1%
hydrogen in the literature.

In this study, we use the resonance wavelength shift
based mechanism for sensor, the sensitivity of the sensor can
be calculated by

s=2* _ 2g5(m/RIV)
An

(14)

The new sensor can provide higher sensitivity compared
with the published sensor with sensitivity of 170nm/RIU
[22]. If we use the optical refractometer with a resolution of
20pm, the detection limit of our sensor is about 2.1x107,
compared with a detection limit of 1.78x10™ of single
microring resonator sensor.

To evaluate the performance of the proposed sensing
configuration, the figure of merit is presented. The FOM of
the sensor is

S
FWHM

Where S the sensitivity of the sensor and FWHM is the
fullwidth at half maximum. Therefore, we can calculate the
FoM=52.This FOM s greater than that of the previous
reports [23].

FOM

(15)
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The overal simulations of the sensing structure are
shown in Fig. 8 at different wavelengths.

Fig 11. Transmission of the H2 sensor

CONCLUSION

This study has presented a new structure for hydrogen sensor
based on only one 4x4 MMI coupler integrated with a
microring resonator covered with the Pd material. The high
sensitivity of 285 nm/RIU and low detection limit of 2.1x10°
® can be achieved. The sensor was designed using silicon
waveguide that is cheap and compatible with the current
existing CMOS technology.
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