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Abstract: 

We propose a new highly sensitive hydrogen sensor based on a ring resonator (RR) assisted 
Mach Zehnder Interferometer (MZI) in silicon waveguides. Based on the Fano like effect 
generated from the resonator structure, the sensor's sensitivity is achieved with 10 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. 
Keywords: Multimode interference (MMI), ring resonator, integrated optics, optical sensor, 
hydrogen sensor, silicon photonics. 
 
1. Introduction 
 Hydrogen has been widely employed as a fuel source in a variety of applications, 
including chemical industrial production, oil and gas refineries, aerospace, and automobile 
industries [1, 2]. If the calorific value of hydrogen is high enough, it will become a competitive 
energy transporter. However, the public use and storage of the hydrogen is also dangerous. A 
higher hydrogen level higher than lower flammability limit (4%) of hydrogen can cause a 
serious explosion. As a result, developing a fast and reliable gas sensor for hydrogen detection 
is critical for its safe storage, handling, and use. 
Numerous hydrogen sensors are readily accessible in today's market. Many of these sensors 
are grounded in principles of hydrogen detection that have been established for several decades 
[3]. Nevertheless, in the pursuit of aligning with the demands of an emerging hydrogen-centric 
economy, significant ongoing research endeavors are focused on the continuous enhancement 
of sensor performance. This improvement encompasses facets such as selectivity, sensitivity, 
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and response time, alongside the goals of reducing sensor dimensions, cost, and power 
consumption. 
Various types of hydrogen sensors have been developed including catalytic, electrochemical, 
metal-oxide semiconductor, and optical hydrogen sensors [4]. Among those, the latter provides 
a number of advantages owing to their compact size, safety, and immunity from 
electromagnetic interference. Particularly, optical fiber-based hydrogen sensors are amongst 
emerging devices. They have good sensitivity and multiplexing capabilities. Unfortunately, 
they are less suitable for integration due to their bulk, thus limiting their potentials in densely 
integrated on-chip applications. The capability of integrating the sensor provides more 
advantages such as high compactness and cheap large-scale-integration fabrication. 
In addition, recent hydrogen sensors based on single ring resonator on silicon on insulator 
(SOI) technology with Pd/Pt cover [4], ZnO cover [5] or MZI structure with WO3/Pt covering 
[6]. These structures are limited in sensitivity. The aim of this research is to find out a new 
structure in order to provide a high sensitivity. In this paper, we present an MZI with a ring 
resonator structure to generate the Fano effect applied for hydrogen detection. Two multimode 
interference couplers (MMI) are used. We showed that MMI based sensors have advantages 
of compactness, large fabrication tolerance, small insensitivity to temperature fluctuation and 
ease of fabrication [7, 8]. Our structure can generate the Fano line shape. As a result, it can 
provide an ultra-high sensitivity compared with the conventional structures. 3D EME 
(EigenMode Expansion) and FDTD (Finite Difference Time Difference) simulations are used 
for the whole design of the sensor. 
2. Proposal of the new high sensitive hydrogen sensor 
 The proposed structure based on two MMI couplers integrated with a single ring 
resonator is presented in Fig.1(a). In this design, we use an SOI waveguide with the following 
parameters: the height of 220nm and the width of 500nm. At operating wavelength around 
1550nm, the waveguide is single mode waveguide. The structure parameters of the ring 
resonator integrated with one arm of the MZI are shown in Fig.1(b). 
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Fig 1.  Hydrogen sensor structure 
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In order to generate the Fano effect, at another output port of Fig.1(a), we use a phase shift 
based on wider waveguide to create a phase shift of 0.5  (rad). 
In this research, we use a ring resonator fully covered with the Pd layer as shown in Fig.1(b). 
The complex refrective index of the Pd at 1550nm is n=3.605 + 8.498i [9]. The variations of 
the real and imaginary parts of the Pd RI with wavelength are given in Fig. 2. The real and 
imaginary parts of the Pd refractive index vary with the thickness of the layer. With the 
presence of hydrogen, the refractive index of the Pd layer changes, leading to changes in the 
resonance characteristics of the ring resonator and therefore chainging in the normalized output 
power of Fig.1(a). The experimentally reports showed that both real and imaginary parts of 
the permittivity of the Pd films decrease with the adsorption of hydrogen [9]. The real and 
imaginary parts of the RI (n and k) as a function of the real and imaginary parts of the 
permittivity (ε1 and ε2 ) are given as: 

2 2
1 2 1n

2

   
 ,      

2 2
1 2 1k

2

   
                                           (1) 

Thus when ε1 and ε2 decrease, the real part n will also decrease and the imaginary part k may 
increase or decrease depending on the value of the permittivity. Thus the real part of the Pd 
refractive index decreases on hydrogen adsorption.  

 
Fig 2. Real and imaginary parts of Pd 

 
Due to the presence of the Pd layer around the SOI waveguide, the loss factor will be 
significantly increase. Therefore, we need to optimally design the gap between the Pd layer 
and the SOI waveguide to reduce the loss, but still keep the hydrogen absorption large enough. 
By using the 3D EME simulation, we calculate the complex effective index of the TE like 
mode at different gaps for 0%H2 and 2%H2 for example. The real part of the effective index 
and the loss factor are shown in Fig.3(a) and (b), respectively. Therefore, we can choose a gap 
of 10nm for loss reduction. 
At the optimal gap of 10nm, the mode profile of the waveguide in the ring resonator is shown 
in Fig.4(a) and Fig.4(b) shows the field propagation via the ring resonator at the operating 
wavelength of 1550nm. The ring radius is 5 m . In Fig.1(a), the sensing area is within the ring 

resonator. 
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(a) 

 
(b) 

Fig 3. (a) Real effective refractive index and (b) loss factor at different gaps between the Pd 
layer and the SOI waveguide 

 
For a single ring resonator, we use this region for sensing region in Fig.1(a). The coupling 

element for ring resonator is a directional coupler, where   and   are the cross-coupling 
coefficient and transmission-coupling coefficient of the microring resonator coupler;   is the 
attenuation factor of the field after one round trip through the ring waveguide. The complex 
electric fields at output of the ring resonator in the sensing area of Fig.1(b) is expressed by 
using the Yariv's model [10]: 
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Fig 4.  (a)  Field profile and (b) field propagation through the sensing area 
 

where i2 t2E exp( j )E   , effn  is the effective index and RL   is the microring resonator 

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

exp( 0.5 L )exp[ 0.5 (2 R L )]Pd Pd Si Pd                                         (3) 

where R is the radius of the microring and [dB / cm]Si is the loss coefficient of the Si 

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

t1 i1 * j

e
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e
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The round trip phase  of the ring resonator is calculated by: 

Pd Si
eff Pd eff Pd

2
[n L n (2 R L )]


 


                                                     (5) 

For sake of simplicity, we choose the gap of the directional coupler 90nm to design a 3dB 
coupler [7]. The normalized transmitted power at the output waveguide of the single ring 
resonator is expressed by [10]: 

2 2 2
t1

2 2
i1

E 2 cos( )
T

E 1 2 cos( )

   
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 

 
                                                      (6) 

From equation (4), the phase of the single ring resonator is 
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where   is the angular frequency. 
Based on matrix calculation approach, we can find out the intensity  of the sensing structure 

is 
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3. Simulation Results and Discussions 
  
In this study, we use the intensity mechanism for hydrogen detection. With the presence of 

H2, the effective index effn  will be changed due to the presence of the Pd layer around the SOI 

waveguide. This results in a change in the output intensity. 
The complex permittivity of the Pd after hydrogen absorption can be expressed by [11]: 

2 2 2(Pd,%H ) h(%H )x (Pd,0%H )                                                (9) 

where 2(Pd,0%H )  is the complex permittivity of the pure Pd layer and 2h(%H )  is the 

function depending on hydrogen concentration. 
 The sensitivity of the hydrogen sensor of Fig.1(a) is expressed by [12, 13] 

 
eff

1 3 3
a eff a

nI I
S S S S (nm/ RIU)

n n n
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  
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where I  is the intensity change of the optical signal and  is the wavelength shift; 

2
eff eff

S
n n

 
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 is the resonant wavelength range which enabled by the resonance lineshape. 

In the intensity mechanism, it is almost a constant and is determined by the working 
wavelength. In our design, we choose the working wavelength of 1550nm for compatibility 
with fiber-optic communication systems. Therefore, the sensor can be connected to current 

optical communication systems for long distance monitoring applications. 
eff

3
a

n
S

n




  is 

defined as the shift in effective refractive index caused by the change in sensing region and 
can be optimized by waveguide cross-section design.  

Therefore, the aim of most important studies is to find the way to increase 1
I

S





. Our 

proposed structure can create the Fano lineshape, therefore factor 1S can be increased 

compared much with the MZI configuration or single microring resonator. In literature, the 
Mach Zehnder interferometer and ring resonator can be used, but the slopes of these structures 
are low. The responses of the sensor structure at 0%H2 and 1%H2 for example are shown in 
Fig.4 



 

 

Semiconductor Optoelectronics, Vol. 42 No. 02 (2023) 
https://bdtgd.cn/ 

444 

 
 

Fig. 5. The slope of the transmission 
 
We compare the proposed structure with conventional structures based on MZI and microring 
resonators as shown in Fig.6. It is shown that the slope of the proposed structure is higher than 
10 times compared with the conventional structure. As a result, this sensor can provide a higher 
sensitivity of 10 times compared with sensor structures based on the conventional MZI and 
microring resonator. 

 
Fig. 6. The slope of the transmission 

 
Finally, we use the FDTD to simulate the responses of the sensor for different %H2. The 
simulations are shown in Fig.7 for 0%H2, 1%H2, 2%H2 and 3%H2 respectively. The FDTD 
simulations also show that a high sensitivity can be achieved. 
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Fig. 7.  FDTD simulations for the working principle of the sensor 

 
For the intensity based sensor, the LOD (Limit of Detection) represents the minimal detectable 
amount of %H2. In intensity-based detection, LOD can be expressed as: 

I
LOD

S


                                                                   (11) 

where I  is the intensity uncertainty of the sensor limited by the systems noises, which consist 
of thermal noise, intensity noise and spectral noise [13]: 

2 2 2
Thermal Spectral IntensityLOD LOD LOD LOD                                 (12)                   

4. Conclusions 
We have presented a new hydrogen sensor structure based on intensity mechanism for ultra-
high sensitivity using the MZI integrated with a microring resonator. The sensor can provide 
a higher sensitivity order of 10 times compared with the MZI and ring resonator conventional 
structures. The sensor was designed using silicon waveguide that is cheap and compatible with 
the current existing CMOS technology.  The proposed sensor structure can be integrated with 
fiber-optic communications for real time and online applications in the future. 
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