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Refractive Index Sensing Performances of a Mid-Infrared
Asymmetric MZI Based on Suspended GaAs Waveguides
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Abstract—A novel mid-infrared (MIR) biochemistry sensor using two suspended GaAs waveguides
based on an asymmetric Mach-Zender Interferometer (MZI) is proposed. The propagation properties
and refractive index (RI) sensing performances of MZI are investigated by the finite element method
(FEM). The simulation results show that the maximum waveguide sensitivities (S,4) of the TE and
TM modes in the suspended GaAs waveguide are ~ 1.2 and ~ 1.0. This design of the GaAs waveguide
using the suspension structure is to enhance the interaction between the vanishing field and measured
material. The RI sensitivity of the asymmetric MZI structure increases with the length of the sensing
arm, which can reach 854.5nm/RIU with a @ of 208.2 after parameter optimization. The two arms of
the MZI are designed as width-asymmetric structures to make the sensor more sensitive to the measured
material. The asymmetric MZI sensing structure has high RI sensitivity and compact structure, which
provides a feasible scheme for biochemical sensing.

1. INTRODUCTION

Biochemical testing is an important process in many applications in healthcare, pharmaceuticals,
environmental monitoring, homeland defense, etc. [1]. Integrated label-free optical sensors are a
promising choice because they have many unique advantages in biochemical detection, including high
refractive index (RI) sensitivity, wide dynamic range, low cost, as well as low detection limits [2, 3].
In addition, they can be integrated with other micro-nano devices and placed in harsh environments.
These advantages make integrated label-free optical sensors a strong candidate for on-chip laboratory
technology.

Over the past few decades, integrated label-free optical sensors have been extensively studied,
such as micro-ring resonator sensors [4-6], MZI sensors [7, 8], Fabry-Pero resonator sensors [9], surface
plasmon sensors [10-12], slot waveguide sensors [13], and grating sensors [14]. The MZI structure
sensor is one of the well-known label-free optical sensing devices, which has the advantages of high
refractive index sensitivity, strong anti-interference ability, and high detection efficiency [15, 16], so we
chose the MZI structure design sensor and then observe the wavelength offset of the decay peaks in the
transmission spectrum.

Due to the vibrational transition of molecules, the MIR spectral region has many unique
characteristics, and it is a research hotspot in many fields, such as safety, medical treatment [17],
and environmental monitoring [18,19]. At the same time, the MIR spectral region shows its potential
in many applications, such as optical wireless communication and biological and chemical sensing [20],
to reduce transmission loss and improve sensitivity [15]. On the other hand, the MIR spectral region
is of great importance in optical detection [21]. This wavelength range contains many chemical and

Received 81 March 2022, Accepted 17 June 2022, Scheduled 13 July 2022
* Corresponding author: Tao Ma (matao@htu.edu.cn).
L College of Electronic and Electrical Engineering, Henan Normal University, Xinxiang 453007, China. 2 School of Physics, Henan
Normal University, Xinxiang 453007, China. 3 Henan Key Laboratory of Optoelectronic Sensing Integrated Application, Xinxiang
453007, China.



174 Wang et al.

biomolecular absorption fingerprints [15]. So it is obvious that the changes in the refractive index of
the matter are to be measured in this wavelength range, where studying MZI refractive index sensing
will achieve higher sensitivity and higher resolution.

With the increasing application of the MIR, many materials are used to make MIR sensors, such
as silicon (Si) [22], germanium (Ge) [23], and various polymers [24]. Gallium arsenide (GaAs) with a
wide transparency range (0.9-17 um) is a new material used in various electronic and optoelectronic
devices [25], compared to Si, SiO2, polymer, and Ge. In addition, GaAs has heat resistance, radiation
resistance, and sensitivity to the magnetic field. In particular, GaAs are considered to be a promising
material for the MIR optical devices due to their high nonlinear susceptibility, low absorption, high
laser damage threshold, and high thermal conductivity, as well as mature material technology [26].

In this paper, we conduct a preliminary study of the effective refractive index (n.sy) characteristics
and the waveguide sensitivity (S.4) characteristics of suspended GaAs waveguides. The height (h) and
width (w) of the core-layer GaAs waveguide are optimized to obtain a relationship diagram of Sy
changing with h and w. We select a suitable suspension GaAs waveguide to design the MZI RI sensor
with an operating wavelength of 5 um. The transmission spectroscopy and sensing performance of the
MZI sensor is simulated using the finite element method(FEM). The sensing performance of the MZI
sensor on the chemical gas and NaCl solution is studied, and the relationship between the sensing length
(L) and refractive index sensitivity (S) is discussed. The quality factor (Q)) and detection limit (LOD)
of the sensor are estimated.

2. PROPERTY OF SUSPENDED GAAS WAVEGUIDE

2.1. Schematic of GaAs Waveguide

Figure 1(a) shows a schematic cross-sectional diagram of the suspended GaAs waveguide. The waveguide
structure is symmetrical, and the production process is simple. The width of the waveguide cladding
is wl = 6 um, and the height is A1 = 5um. GaAs suspended core layer is covered with air coating,
and its original width of w = 0.7um and h = 0.5 um. The distance between the core layer and the
substrate is gap = 1 um. The waveguide substrate is silica (SiO2) with a height of h2 = 1.5 um, the
same width as the waveguide cladding. In the simulation work, the indices of SiO9 and GaAs were 1.45
and 3.3, respectively, while the air cladding was 1 and had a working wavelength of 5 um. Fig. 1(b) and
Fig. 1(c) are the TE mode and TM mode of the suspended GaAs waveguide core layer at w = 1.3 um
and h = 2 um, respectively.

GaAs
Si02 )
E
e I gap
(a) (b) (©

Figure 1. (a) Cross-section of the suspended waveguide. (b) Waveguide core layer TE mode.
(c) Waveguide core layer TM mode.
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2.2. Characters of Effective Refractive Index

In optical waveguide theory, the effective refractive index (n.s¢) is the basic physical parameter of
the waveguide [27]. n.s; mainly depends on the waveguide parameters, i.e., wavelength (\), w, h,
and cladding refractive index (ng.q). We set different heights and widths for the core layer of the
proposed suspension waveguide structure and studied the effect of the change of core height and width
on the effective refractive index. As shown in Fig. 2, Fig. 2(a) and Fig. 2(b) show the change of the
effective refractive index with the core layer height and core layer width in the TE mode and TM mode,
respectively. As can be seen from Fig. 2, nesy increases with the increase of w at the same height,
and n.yy increases with the increase of h at the same width. In addition, the increase in the effective
refractive index (An.sy) gradually decreases with the increase of h.
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Figure 2. The n.ss changes with » and w in TE mode (a), and for TM mode (b).

2.3. Characters of Waveguide Sensitivity

Most optical waveguide RI sensors work based on the fading field, whose light energy is not completely
limited to the waveguide core layer, and a small amount of energy is transmitted in the substrate and
external environment, which is called fading field. Fading field is sensitive to changes in the external
environment, and the sensing target can interact with the light through the fading field, thus causing
changes in the optical properties of the device [28]. We can qualitatively analyze the sensing targets by
detecting the changes in these optical properties.

Figure 3 is a diagram of S,,y with i and w. Fig. 3(a) and Fig. 3(b) show the relationship between
TE and TM, respectively. As can be seen from Fig. 3, S,y shows a gradually decreasing trend with
the increasing core layer area in both the TE mode and TM mode. This indicates that the core layer
area also increases with the core layer width and height, while the binding capacity of the core layer
to the light field is also larger. So the fading field outside the core layer decreases, and Sy, decreases
according to the fading field theory.

3. MZI DESIGN AND ANALYSIS

For MZI sensors, one arm must have a high S,,, (sensitivity arm), and the other arm must have a
low Syg (or better zero sensitivity) (reference arm) [15,28]. It is seen from Fig. 3 that the suspended
waveguide has a greater Sy,4 in the TE mode, so we chose the TE mode for the calculation. Our chosen
waveguide core layer size of the sensitive arm of the MZI was w4 = 700nm and A~ = 2100nm. For
the reference arm of the MZI, we need a larger width to reduce the S, to almost zero. We chose
the reference arm waveguide layer size of the MZI as w3 = 1500nm and h = 2100nm. The core layer
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Figure 3. (a) Waveguide sensitivity dependence of the TE mode and (b) waveguide sensitivity
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dependence of the TM mode on waveguide height (h) and width (w) at A = 5 um.

Cladding laver I:’G s

/ [ sio2

Reference arm

1 1 s
Lightin — A

",

F Light out

Figure 4. Schematic representation of the 3D and double-arm cross-sections of the MZI.

height is consistent to facilitate the use of plane manufacturing techniques. For the TM mode to reduce
the S,y from high to low value, we need to change the waveguide core layer height rather than its
width. Fig. 4 shows our three-dimensional (3D) schematic and two-arm cross-section of our MZI sensor
designed using a suspended GaAs waveguide.

Our proposed MZI sensing structure has different two-arm widths, so the vanishing fields of the
two arms of the MZI are different, and the waveguide sensitivities of the two arms are also different,
as shown in Fig. 3. When the RI of the MZI sensor cladding changes, the effective RI of the reference
and sensitive arms will also change. In our proposed sensing structure, where both arms of the MZI are
exposed to the analyte, the width of both arms is asymmetric, and the width of the reference arm is
greater than that of the sensing arm. The light field of the sensing arm interacts with the analyte better
than the reference arm. After the light field passes through the sensing arm, the light path changes



Progress In Electromagnetics Research M, Vol. 111, 2022 177

with the refractive index of the analyte, which leads to the phase difference between the two arms.
Interference stripes are formed in the transmission spectrum. The transmission spectrum appears to
redshift as the refractive index of the analyte changes. We can obtain the offset of the wavelength by
using the readout system [24].

For the common MZI structures, the output light intensities can be expressed as [27,29-31]:

I =1L+1++/I115cos (A(p) (1)

where [ is the output intensity; I; and Iy are the optical intensity propagating along with the sensitive
and reference arms, respectively; and Ay is the phase difference between the two beams. The phase

difference is: o Y
T int—n
A=) )

where L is the sensing length; A is the incident wavelength; n; and ng are the effective refractive indices
of the sensitive and reference arms. When the phase difference meets the conditions:

Ap = 2mm (3)
where m is the order of the MZI. The attenuation peak wavelength \A,, can be expressed as:
— L
Ay = ) b (1)

m

A suspended waveguide-based MZI sensor performs biochemical sensing in an optical waveguide
manner. The light field of the suspended waveguide interacts with the surrounding analytes and can
induce a change in the effective RI of the MZI [15]. Thus the attenuation peak wavelength is movable [24].
Finally, we can obtain the wavelength offset through the readout system. RI sensitivity is one of the
main evaluation indicators for sensing based on the decay peak wavelength offset. Here we intuitively

define the refractive index sensitivity as [32]:
A
Anclad

()

To evaluate the performance of our proposed sensor, we introduce the quality factor (Q)) and the
limit of detection (LOD). @ is defined as the ratio of the resonance wavelength and the full width half
maximum(FEHM) to the transmission spectrum:

S

Am
9= Fwinv ©)

The limit of detection is defined as: \
LOD = ™ 7
o (7)

4. THE SIMULATION RESULTS

The FEM is widely used to simulate the resonator electromagnetic behavior in various photonic devices
due to the accurate and fast simulations of light interaction with nanostructures [32]. The FEM was
therefore used to simulate the performance of the MZI. The calculation was performed in the wave
beam envelope, and the boundary pattern analysis was used to calculate the pattern of the port. The
regions are closed using the scattering boundary conditions.

Figure 5 shows the top view of our proposed MZI and a light-field transport diagram made with a
suspended GaAs waveguide structure. As can be seen from Fig. 5(a), the MZI consists of an input direct
waveguide, two Y-type branches, two arms of equal length but different widths and an output direct
waveguide. The reference arm is transitioned by narrow width with a gradually tapered waveguide to
reduce loss. Because the widths of the MZI arms are different, the transmission intensities of light in
the two arms are also different, as shown in Fig. 5(b).

Figure 6 shows the transmission spectra of the MZI of different sensing lengths. Fig. 6(a) is a
transmission spectrum of L = 10 um, with approximately 10 decay peaks in the wavelength range of
4.5 um-5.5 um. The decay peaks in the MZI transmission spectrum at L = 23 um are about 11 as
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Figure 5. (a) Top view of the MZI. (b) MZI light-field transport diagram.
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Figure 6. MZI transmitted spectrum (a) L = 10 um, (b) L = 23 um, (c) L = 90 um.

shown in Fig. 6(b). The decay peaks in the MZI transmission spectrum at L = 90 um also significantly
increase the interference stripes of the transmission spectrum.

Comparing Fig. 6(a), Fig. 6(b), and Fig. 6(c), the MZI of longer sensing length shows more
interference stripes in the spectrum. The reason may be that the longer sensing length leads to larger
phase differences resulting in shorter interference periods [30]. The simulation work results show good
agreement with the relationship between the phase difference and the sensing length of the MZI, as
shown in equation (2).

The sensing properties of the MZI are achieved by changing the n..q, namely, changes in the
peripheral RI. To perform the bulk biochemical sensing, we chose sodium chloride (NaCl) and chemical
gas as samples. Nacl and a chemical gas at different aqueous concentrations are listed in Table 1.

Table 1. Average refractive indices of the samples (at temperature of 20°C).

Concentration
Sample Navr
%
Pure water 1.3330
Sodium chloride 0.5~ 15 1.3592

Chemical gases 1.00 ~ 1.03
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Figure 7. Transmission spectrum of the MZI at different sensing length, (a) L = 10 um, (¢) L = 90 pm,
(e) L =100 pm, (b), (d) and (f) simulation results and linear fitting.

Figures 7(a), 7(c), and 7(e) are the transmission spectra of a chemical gas (ngqq = 1.00 ~ 1.03)
at an MZI sensing length of 10 um, 90 um, and 100 um, respectively. Linear fitting of the simulation
results was introduced to discuss the RI sensitivity and linear fitting as shown in Fig. 7(b), Fig. 7(d),
and Fig. 7(f). We can learn from Fig. 7 that the transmission spectrum moves in the direction of the
wavelength, namely the transmission spectrum shows a red shift [24]. The decay peak of the transmission
spectrum moves from 4.989 pm to 4.992 um in Fig. 7 (a). The decay peak of the transmission spectrum
moves from 5.0377 pm to 5.0417 um in Fig. 7(c). The decay peak of the transmission spectrum in
Fig. 7(e) moves from 4.9834 um to 4.9874 um. In addition, the slope of the linear fitting (s) also
increases as the length of the MZI sensing increases, indicating that a higher sensitivity of RI can be
achieved at a longer sensing length. The sensitivity of RI S = 140.70352 nm/RIU when L = 100 pm.

To explore the sensing properties of MZI on the liquid RI change, we changed the value range of
Nelad from 1.333 to 1.3592. This range is the RI of different concentrations of NaCl solutions. Fig. 8
shows the transmission spectra of the MZI at different sensing lengths as well as the linear fit of the
simulation results.

As can be seen from Fig. 8, as n..q increases, the transmission spectra at different sensing lengths
appear at red shift, namely, the transmission spectrum moves to the direction of the wavelength increase.
The peak of the decay in the transmission spectrum moves from 4.912 um to 4.917 um in Fig. 8(a). The
peak of the transmission spectral decay in Fig. 8(c) moves from 4.884 um to 4.890 pm. The transmission
spectral decay peak in Fig. 8(e) moves from 4.842 um to 4.865 pm.

As seen from the linear fitting of Figs. 8(b), (d), and (f) simulation results, the longer sensing
length can obtain a better fit and higher RI sensitivity. S = 854.50788 nm/RIU when the sensing length
is L = 48 um. We can see from Fig. 8 that the RI sensitivity of MZI is greater than that of MZI when
the envelope is a chemical gas. This shows that MZI senses Nacl solution better than chemical gas.
A comparison of Fig. 7 and Fig. 8 shows that a higher RI sensitivity and a longer sensing length are
required when the coating is a chemical gas. In addition, the size of the sensor should also be increased,
which is not conducive to device integration. However, when the coating is a NaCl solution, the sensing
length of the MZI compared to the chemical gas is not very long to achieve higher RI sensitivity, making
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Figure 8. Transmission spectrum of the MZI at a sensing length of 11 um (a), 36 um (c), and 48 um
(e), respectively. (b), (d) and (f) simulation results and linear fitting.

it possible to make a low-cost and highly integrated Nacl solution RI sensor using our designed MZI.

In Table 2, the performance parameters of the MZI sensors are listed in the different sensing
lengths. As shown in Table 2, the optimal sensing length of the MZI sensor when the substance tested
is a chemical gas should be L = 100 um, at which the MZI sensor has the largest RI sensitivity, largest
Q@ value, and minimum detection limit. When the measured material is a NaCl solution, the optimal
sensing lengths of the MZI sensor are 36 um and 48 um. Because the maximum @ value of the MZI
sensor was found at L = 36 um and the maximum RI sensitivity of the MZI sensor at L = 48 um, the
detection limit difference in the upper two cases was small and smaller than the detection limit of the
MZI sensor at L = 11 um.

Table 2. Performance parameters of the MZI sensor at different sensing lengths (L).

Substances Chemical gases Sodium chloride
to be testd
L (pm) 10 90 100 11 36 48
S (nm/RIU) 100.5025 | 130.62327 | 140.70352 | 200.61798 | 240.66078 | 854.50788
Q 943 1214 3078.5 548.8 892.4 208.2
LOD (RIU) | 0.05263103 | 0.03176 0.011505 | 0.044607 | 0.022737 | 0.027215

In Table 3, a comparison of the proposed sensors has been shown with some recent works in the last

few years. Our proposed sensor structure has a higher RI sensitivity, and the maximum RI sensitivity
can reach 854.5 nm/RIU.



Progress In Electromagnetics Research M, Vol. 111, 2022 181

Table 3. Comparison of the proposed sensor with the other structures.

Ref. Year RI Sensitivity (nm/RIU)
Yongjiao Wen et al. [33] 2019 500
Souvik Ghosh etal. [34] 2019 437.3
La Xiang et al. [35] 2020 494
Bahram Azizi et al.[36] 2021 600
Hongling Zhang et al. [37] 2021 847
Our proposed sensors 2022 854.5

5. CONCLUSIONS

In summary, a mid-infrared asymmetric MZI made from suspended GaAs waveguides is proposed, and
its mode propagation properties and biochemical sensing performances are investigated. The design of
the suspension structure facilitates the interaction between the measured material and the vanishing
field. The asymmetric design allows the sensor to respond more quickly to the measured material.
The characteristics of effective mode RI and S, properties of the suspended GaAs waveguides in the
mid-infrared range are studied. The RI sensitivity of the asymmetric MZI is optimized by scanning
the length of the sensing arm. The asymmetric MZI sensing structure with high RI sensitivity and
compact structure has great application prospects in the mid-infrared biochemical sensing, point-of-
care diagnostics, and healthcare applications.
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