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Abstract: In this paper, we propose a compact optical gas sensor based on the widespread silicon-
on-insulator (SOI) technology, operating in the near-infrared (NIR) region around the 1.55 um
wavelength. The sensor employs a loop-terminated Mach-Zehnder interferometer (LT-MZI) with
a slot waveguide and a strip waveguide for the sensing arm and the reference arm, respectively.
For the same arm length, the LT-MZI can achieve a detection limit two times lower than that of the
conventional MZI. Different sensor components were designed, and the optimum dimensions were
obtained using finite-difference eigenmode (FDE) and finite-difference time-domain (FDTD) solvers.
With a sensing arm length of only 150 um, our sensor achieves a device sensitivity of 1070 nm/RIU
and a figure-of-merit (FOM) as high as 280.8 RIU~! at the 1.55 um wavelength. Higher values of FOM
can be attained by employing a longer sensing arm. The whole sensor is subjected to air cladding;
thus, there is no need for oxide deposition and a further lithography step for sensing-area patterning.
The sensor is well suited for low-cost fabrication and large-scale production. Finally, the same LT-MZI
device with strip and slot arms but with oxide cladding was fabricated and characterized. The
measurements were in good agreement with the electromagnetic (EM) simulation results, ensuring
the reliability of our proposed design.
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1. Introduction

Gas sensing is rapidly growing in importance due to its essential role in various fields
and for a wide range of applications such as the detection of hazardous and toxic gases,
industrial inspection, and environmental monitoring [1]. Several optical gas sensors have
been developed over the years, owing to their high sensitivity, stability, wide dynamic
range, fast response time, and multiplexing capabilities [1-5]. The demand for integrated
on-chip photonics gas sensors is rising and is expected to increase further. Miniaturizing
the footprint of these sensors using a complementary metal-oxide semiconductor (CMOS)-
compatible technology is of great importance, to enable their integration with other optical
and electrical functions, allowing compact devices to be produced on a mass scale using
low-cost fabrication [6,7]. Co-integration with wireless communication systems so that toxic
and flammable gases can be detected at safe distances is one example. The well-established
silicon-on-insulator (SOI) technology has contributed to rapid and substantial progress in
integrated photonics [8]. The SOI platform allows for submicron waveguide dimensions
and hence, dense integration, owing to the high refractive index contrast between the silicon
and the silicon dioxide. Another important advantage of this platform is its compatibility
with CMOS technology.

Refractive index (RI) sensing, which detects the real part of the refractive index #, has
been drawing increasing interest for its ability to directly detect unlabeled biomolecules
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and because it has high sensitivity to small changes in the cover medium [9]. In this
technique, the mode effective index ne¢ of the sensing waveguide changes in accordance
with a change in the refractive index of the medium ny,.4. Increasing the percentage of
the mode field that passes through the sensing medium will increase the change in n.g,
hence resulting in higher sensitivity. The percentage of the mode field depends on the
waveguide shape, its refractive indices, and its dimensions [10-13]. A slot waveguide
has the capability of strongly confining and guiding light in nanoscale voids (low RI)
between two high-index regions [13,14]. As a result, slot waveguides allow for higher
field interaction with the analyte compared to other waveguides. Therefore, compact
and highly sensitive sensors are realized. A myriad of configurations for integrated RI
sensing have been reported, which can be classified mainly into interferometers [15-19] and
microcavities [20-23]. Sensors based on microcavities are compact; however, they suffer
from high sensitivity to any noise such as temperature fluctuations. On the other hand,
interferometers, while less sensitive to such fluctuations, need a large footprint to achieve
high performance. Plasmonic sensors based on surface plasmon—polariton (SPP) waves,
which propagate along a metal surface, have also been proposed [24-29]. Such sensors
can achieve large wavelength sensitivities due to the high light-matter interaction that
can be obtained using a plasmonic waveguide, especially a plasmonic slot. However, the
high losses accompanying the plasmonic modes result in poor resonances, which limits
the overall sensor performance. In addition, plasmonic structures employ gold and silver,
which are not standard CMOS-compatible materials.

It is important to note that RI sensors are not selective, i.e., they cannot determine
the type of gas present in the medium. Such sensors can only be used in a medium where
there is a single gas type. However, various materials have been used as a layer in optical
sensors for selective gas sensing. Metal oxides have been widely investigated and utilized
for selective detection, especially zinc oxide ZnO [30-35]. Thin layers, nanostructures, and
doped metal oxides have all been employed. For instance, selective detection of NO,, CO,
and CHj was achieved using ZnO [32-34]. In addition, tungsten oxide WO3 was used
for selective H, detection [35]. Evanescent field absorption gas sensors, which detect the
imaginary part of the refractive index k, can be selective by working around the absorption
fingerprint of the gas [36—40]. However, these fingerprints are in the mid-infrared region
where the photonic platforms are not as mature as in the near infrared. While absorption
peaks are still present for some functional groups in the near infrared they are weak; hence,
significantly large interaction lengths are needed.

In this paper, we propose a highly compact RI gas sensor using an SOI loop-terminated
Mach-Zehnder interferometer (LT-MZI) and utilizing a slot waveguide in the sensing arm.
In LT-MZI, the conventional MZI is cascaded with a Sagnac loop [41] at its end, which
reduces the interferometer length by a factor of two. Implementing the sensor on the
CMOS-compatible SOI technology allows for mass-scale low-cost fabrication of the sensor
in addition to its integration with other optical and electrical components on the same chip.
This study is an exhaustive extension of our previously published work [42].

In [43], the same structure is proposed for Rl sensing but using optical fibers. In this
study, the authors achieved a sensitivity as high as 10,000 nm/RIU with an 11 mm arm
length. In [44], the structure is used as a tunable comb filter through phase modulating
the Sagnac loop exhibiting ultra-fast wavelength tuning, also based on fibers. The authors
in [45] implemented a similar structure as they utilized two Sagnac-loop reflectors to form
a Fabry—Perot resonator for a bandwidth tunable filter using an SOI strip waveguide,
achieving a tuning efficiency of 0.019 nm/mW. Furthermore, in [46], two loop mirrors are
used to implement a Michelson interferometer modulator with a low V, x L of 0.72 V-cm
and a 500 um phase-shifter length, again with an SOI strip waveguide.

Finite-difference eigenmode (FDE) [47] and finite-difference time-domain (FDTD)
solvers [48] were used to design, optimize, and determine the performance of our LT-MZI
gas sensor in the near-infrared (NIR) region. The results showed that our sensor can
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achieve high performance with a small footprint. Finally, the same structure, but with oxide
cladding rather than air, was fabricated and experimentally characterized.

2. Sensor Design
2.1. LT-MZI Structure and Analysis

The full structure of our LT-MZI gas sensor and its principle of operation are shown in
Figure 1. The structure is based on the standard SOI technology with a 220 nm silicon device
layer working at the 1.55 um wavelength, with the whole sensor subjected to air cladding.
A slot waveguide was used as the sensing arm to maximize the interaction with the gaseous
medium. On the other hand, a wide strip waveguide was used as the reference arm, as
well as for the other parts of the sensor, so that there was minimal interaction with the
sensing medium. Two identical directional couplers (DCs) were designed to split/combine
the incident light beam evenly between the two MZI arms. At the end, a Sagnac loop
was used to reflect back the electromagnetic (EM) waves from the second DC outputs to
the interferometer arms, and then to the output from the first DC, as shown in Figure 1b.
This doubles the optical path length, giving it twice the physical length compared to the
conventional MZL
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Figure 1. (a) Three-dimensional schematic of the LT-MZI gas sensor; insets: cross sections of the strip
(reference arm) and slot (sensing arm) waveguides; (b) top view of the LT-MZI gas sensor showing
the paths for the light beams with red and blue arrows, while marking the mode converters with a
dotted-line box; (c) schematic of a typical LT-MZI interferometer transmission and the shift in the
spectrum that occurs due to gas presence.

The transmission of the LT-MZI and the conventional MZI with 3 dB DCs can be
derived as follows:

27tAN, ¢ L
Tir—Mmz1 = cos” <Aff> (1a)
A L
Tz = cos? (nr/l\eﬁ) (1b)

where Aoy = Nesens — Neffrefy AN Neprsens and Mg rer are the mode effective indices of the
sensing arm and the reference arm, respectively. L is the length of the interferometer arms



Photonics 2022, 9, 8 4o0f 11

and A is the wavelength. From this, we can derive the wavelength sensitivity S, the full
width at half maximum (FWHM), and the free spectral range (FSR), as follows:

Str-mzi = Smzi = ;:’:Z = A/;r:;f (Swg,sens - Swg,ref) 2)
FWHM = F%R ®)

with FSRy7_pmz1 = ZA)rifL (4a)

and FSRyuz1 — A:; (4b)

where S0 = ZZ:; J; &)

is the waveguide sensitivity.

Note that a sensor with high sensitivity is not enough for good detection, as the
FWHM of the sensor should also be minimized. Thus, a figure of merit (FOM) is defined
for such sensors as the ratio between the wavelength sensitivity S and the FWHM. The
FOM determines the intrinsic detection limit iDL [49] of an RI sensor, i.e., the minimum
detectable refractive index change, as follows:

1 S
FOM =BT = Fwam (©)
Hence, using Equation (2) through Equations (4a) and (4b) we have:
27 (swg,sms — Sugre f) L
FOMyr-mz1 = 2FOMpz1 = @)

A

As can be seen, for the same interferometer arm length, the LI-MZI exhibits twice the
FOM of the conventional MZI, and hence an enhanced detection limit.

2.2. Components Design

A DC with a gap Gpc of 100 nm and a length Lpc of 12.1 pm was designed using
3D-FDTD to work as a 3 dB coupler at 1.55 pm. Next, we optimized the slot waveguide
with a 100 nm slot gap width G, such that we maximized the waveguide sensitivity Sq.
Swg was determined at A = 1.55 um using the FDE solver and Equation (5). A change in the
air cladding medium index An,,.; of 0.001 was introduced and the corresponding change
in the mode effective index Aneﬂ was calculated using the FDE solver from which the Swg
value was determined with Equation (5). Figure 2a shows the Sy, of the quasi-transverse
electric (TE) mode for both the slot and strip waveguide versus the silicon waveguide width.
The results show that there is an optimum width for both waveguides that maximizes
Swg- This is expected because, at small silicon widths a significant part of the evanescent
field is confined in the substrate, resulting in a low Sy, while for large silicon widths most
of the field will be confined inside the silicon. Hence, there is an optimum width where
the field in the cladding is maximized. According to the results shown in Figure 2a, we
chose the silicon width of the slot waveguide to be W, = 270 nm, which gave the highest
Swg value of 0.7. On the other hand, wide strip waveguides allow for better confinement,
and hence lower sensitivity, and lower propagation and bend loss. Therefore, we chose
Witrip = 500 nm, which was the largest possible waveguide width, while maintaining single-
mode operation, resulting in an Sy, as low as 0.1. For this design, there is no need for
capped oxide deposition and subsequent lithography and etching of a sensing area.
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Figure 2. (a) Waveguide sensitivity Sywg of the quasi-TE mode of both the strip and the slot waveguides
as a function of the silicon widths at A = 1.55 um. The fundamental quasi-TE mode of: (b) the slot
waveguide with W, = 270 nm and (c) the strip waveguide with Wiy, = 500 nm.

The mode mismatch between the slot and strip waveguides (see Figure 2b,c) makes
the coupling challenging. To tackle this problem, a mode converter was designed. Various
designs have been realized for such a converter [50-53]. The work in [53] was adapted for
our LT-MZI gas sensor. A conversion efficiency higher than 95% for both the quasi-TE and
quasi-TM modes was experimentally demonstrated in this study. The converter also works
over a wide bandwidth range from 1.475 pm to 1.6 pm, where our sensor is operating,
and it shows high tolerance to fabrication errors. The mode converter is composed of two
sections: a multi-mode interferometer (MMI) and a slot taper (see Figure 3a). As illustrated
in the field profile of the converter shown in Figure 3b, the MMI is used to split the input
light into two identical beams, while the taper section gradually pushes the field to the
slot. The dimensions of the mode converter as indicated in Figure 3a were optimized
using 3D-FDTD simulations, to reduce the insertion loss (IL) and to improve its overall
performance. The IL is calculated as follows:

IL = 101log(Tout) (8)

where Toyt = Pout/Pyy, is the output transmission, P, is the output power transmitted
through the slot waveguide quasi-TE mode, and P;, is the input power launched to the
strip waveguide fundamental quasi-TE mode. T,y is easily calculated using the power
monitor of the FDTD solver.
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Figure 3. (a) Schematic of the mode converter; (b) quasi-TE-mode profile of the mode converter as
depicted from FDTD solver; (c) the insertion loss of the mode converter as a function of the length of
its taper section at A = 1.55 um.
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The simulation results show that the IL is highly dependent on the taper length, Lpe;-
As demonstrated in Figure 3¢, we found that for an IL lower than 0.05 dB, the length of
the taper section must be greater than 3 pm. Based on this conclusion, the dimensions of
the optimized mode converter were designed to be Wy = 1.1 um and Ly = 1.2 um,
with Lyper equal to 5 um. Finally, to ensure negligible losses, the Sagnac-loop bend radius
R, was 5 um [54]. It is important to note that perfectly-matched-layer (PML) boundary
conditions and a minimum of 10 meshes in every dimension in the object’s cross section
were used in all simulations, with both the FDE and FDTD solvers. In addition, for the
FDTD simulations, a spectral window of 100 nm from 1.5 pm to 1.6 pym was simulated.

3. LT-MZI Sensor Simulation Results

To determine the performance of the whole sensor, i.e., obtain the LT-MZI output
transmission spectrum, the Lumerical INTERCONNECT [55] photonic circuit simulator
was used. In this tool, the FDTD simulation results of the different components are used
to obtain the overall LT-MZI sensor response via the scattering matrix method. This al-
lows for fast and accurate simulation of the whole LT-MZI sensor for different lengths
and different medium indices. Note that the refractive index of gases is typically very
close to 1 with An = ng;s — 1 less than 10-3. However, this refractive index can vary
significantly depending on the pressure, reaching a value of An of the order of 1072 [56].
Therefore, we varied the cladding medium index over a wide range from 1 to 1.009. In
Figure 4a, the output transmission spectra of our sensor with L = 50 um for different sur-
rounding medium indices are shown. The effective index dispersion n.4 (A) from 1.5 um to
1.6 pm was calculated for the strip and slot waveguide modes for different cladding indices
using the FDE solver, and these were then used in INTERCONNECT to determine the
corresponding output transmission spectrum.
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Figure 4. (a) The output transmission spectra of the LT-MZI sensor with a length L of 50 pm at
different refractive indices ranging from 1.000 to 1.009; (b) LT-MZI sensor transmission versus
the medium’s refractive index around A = 1.55 um with L = 50 pm; (c¢) LT-MZI sensor minimum
wavelength versus the medium refractive index with L = 50 pum.

There are two main sensing schemes for the determination of the refractive index
of the sensing medium: intensity interrogation and wavelength interrogation. In the
intensity interrogation scheme, the medium’s refractive index is determined by the change
in the output intensity (transmission) at a specific wavelength (see Figure 4a). Figure 4b
depicts the change in the output transmission at A = 1.55 pm due to the change in the
refractive index of the medium for our LT-MZI sensor with L = 50 um. In the wavelength
interrogation scheme, the medium’s refractive index is determined by the shift in the
resonance wavelength dAres (see Figure 4a). Figure 4c shows the shift in the resonance
wavelength due to the change in the refractive index of the medium for our LT-MZI sensor
with L =50 pm.

Next, the FOM of our LT-MZI sensor design was calculated from the transmission
spectra obtained by the INTERCONNECT simulations and Equation (6), where the wave-
length sensitivity S and the FWHM were first calculated. In Figure 5a, the dependence of
the FOM on the medium index change An,,,; is determined. It can be seen that a lower
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Ao results in a higher FOM; hence, our design is suitable for gas sensing where the
refractive index is very close to 1. In addition, as expected from Equation (7), increas-
ing the interferometer’s arm length increases the FOM in an almost linear manner, as
shown in Figure 5b, reaching 280.8 RIU~! at L = 150 um and a wavelength of around
A =1.55 um. The results also show that for L = 150 um, the wavelength sensitivity reaches
1070 nm/RIU for A = 1.55 um. Finally, we point out that the design of the LT-MZI gas
sensor can be applied using even longer sensing arms than the ones used in this study, to
achieve higher values of sensitivity and the FOM.

115 T T 300

B data B data
= linear fit = |inear fit

250

Fom (RIU™)
Fom (RIU™)

85
0.002 0.004 0.006 0.008 50 75 100 125 150

An (RIU) L (zm)
(a) (b)

Figure 5. (a) LT-MZI sensor FOM calculated at different medium index changes (An) with L = 50 um;
(b) LT-MZI sensor FOM versus interferometer arm length.

4. Passive LT-MZI Structure Experimental Characterization

The same LT-MZI structure as in Figure 1 but with oxide cladding rather than air,
denoted the passive LI-MZI, was fabricated and experimentally characterized. However,
no gas sensing measurement could be performed using this device as it is not subjected to
air, and accordingly the device’s sensing performance cannot be determined. Our goal in
this fabrication run was to ensure the reliability of our proposed LT-MZI design. This was
achieved by comparing the measured response of the fabricated devices (LT-MZI capped
with oxide cladding) with their corresponding numerical simulations. Here, two LT-MZIs
capped with oxide with arm lengths L of 50 pm and 150 um were simulated, fabricated,
and characterized.

The fabrication of the structures was achieved using a multi-project wafer (MPW) on
a 200 mm SOI wafer with a 220 nm silicon device layer at the University of Washington
Nanofabrication Facility [57], using electron beam lithography (EBL). Figure 6a shows
the waveguide fabrication steps. EBL with a negative resist and inductively coupled
plasma (ICP) etching (using chlorine gas) were used for silicon patterning. Then, plasma-
enhanced chemical vapor deposition (PECVD) was used to deposit around 2 pm of oxide
cladding. The device characterization was performed by the MiNa group at the University
of British Columbia [58] and at Maple Leaf Photonics [59]. The measurement setup, shown
in Figure 6b, included a tunable laser from 1500 nm to 1600 nm wavelength, a polarization-
maintaining fiber array with four fibers for the i/o optical signal, and a multi-channel
photodetector. Grating couplers on each device on the chip were used to couple the
optical signal from/to the fiber array. The chip was placed on an automated stage with
2D movement. The stage was linked to a computer with software that automated the
measurements by controlling the movement of the stage using the GDS file of the chip to
trace and measure the different optical devices on the chip. A temperature controller was
also used to adjust the temperature of the stage. Using this setup, the transmission spectra
of the different devices could be measured in a fast and accurate manner.
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Figure 6. (a) Silicon waveguide fabrication steps using EBL; (b) schematic of the measurement setup.

The layout of the fabricated LT-MZI and SEM images of its various components are
shown in Figure 7a. The measured transmission spectra of the LT-MZIs with L = 50 um
and L = 150 um are shown in Figure 7b,c, respectively, along with the corresponding
INTERCONNECT simulation results. It can be seen that there is a good match in the device
response between the simulation and the measurement results. The FSR calculated from
the measurements was 11.24 nm and 4.19 nm with 1.1% and 2.18% deviation from the
simulation results for the 50 pm and 150 um devices, respectively. These results further
ensured that the numerical simulation results we obtained previously could be trusted.
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Figure 7. (a) Layout of the fabricated LT-MZI with L = 50 um; insets showing the SEM images of

various components. Simulated and measured transmission spectra of the LT-MZI structure with
oxide cladding: (b) L =50 um; (c) L = 150 pum.

5. Conclusions

We presented a compact SOI-based RI gas sensor using a MZI interferometer cascaded
with a Sagnac loop forming a loop-terminated MZI. The LT-MZI sensor achieved the
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same performance as a conventional MZI with only half its length. A slot waveguide was
designed to achieve maximum waveguide sensitivity and, consequently, to maximize the
overall device sensitivity. The different sensor components were designed and optimized
using FDE and FDTD solvers. A strip-to-slot waveguide mode converter was optimized to
minimize the insertion loss between the two waveguides. The simulation results based on
the FDTD solver showed that our design could achieve a high sensitivity of 1070 nm/RIU
and a high FOM of 280.8 RITU ! using a length of only 150 um, with higher values of FOM
possible at a longer arm lengths. The same LT-MZI structure but with oxide cladding was
experimentally characterized, showing a good agreement with the theoretical simulations.
Thus, our proposed LT-MZI gas sensor is a good candidate for efficient and compact
on-chip sensors with low-cost and mass-scale fabrication, due to the CMOS-compatible
SOI platform.
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