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ABSTRACT

Trace gases such as H,0, CO, CO,, NO, N,O, NO, and CH, strongly absorb in the mid-IR (>2.5 pm)
spectral region due to their fundamental rotational and vibrational transitions. CH, gas is relatively
non-toxic, however, it is extremely explosive when mixed with other chemicals in levels as low as 5%
and it can cause death by asphyxiation. In this work, we propose a silicon strip waveguide at 3.39 um
for CH, gas sensing based on the evanescent field absorption. These waveguides can provide the
highest evanescent field ratio (EFR)>55% with adequate dimensions. Moreover, EFR and sensitivity
of the sensor are highly dependent on the length of the waveguide up to a certain limit. Therefore,

ARTICLE HISTORY
Received 17 April 2017
Accepted 23 April 2017

KEYWORDS

Strip waveguide; methane
gas; evanescent field ratio;
mid-IR

it is always a compromise between the length of the waveguide and EFR in order to obtain greater

sensitivity.

Introduction

Chemical sensing is one of the emerging and important
applications for integrated photonics outside of telecom-
munications. Absorptive or luminescent properties of a
medium/ layer located in the evanescent wave region of the
propagating mode are measured. Gas sensors are widely
used in various fields such as chemistry, biology, medicine,
manufacturing and environmental industry (1). Mainly
gas sensors comprise catalytic, electrochemical, thermal,
ultrasonic, semiconductor and infrared sensors. Their
detection mechanisms can depend on the thermal, chem-
ical, mechanical, electrical or optical property of the func-
tional materials (2). Nevertheless, most of these sensors
are massive and some even need a thermal management
system (2). Their compactness and manageability are lim-
ited; therefore they are not applicable in the circumstances
where inadequate space is available. It is attractive to have
miniature sensors that could be tailored to small chip areas.
In this way, they could be integrated with on-chip control
and processing circuits to build chip-scale sensing systems,
which can be deployed in distributed sensing networks.
Various approaches have been employed in the design
and fabrication of fibre-optic chemical sensors. The most
widespread approaches are absorption-based or fluores-
cence-based systems. Direct absorption sensors depend
on the measure and retaining characteristic absorption
lines. Therefore, the concentration of the species can be

directly related to the optical attenuation at a specific
wavelength. Different gases and their concentration affect
the absorption experienced by the evanescent field. This
exploited the realization of gas sensors as has been shown
in fibre optics (3-5). Moreover, the fibre optics and wave-
guide technology are well-developed and established in
the near-IR telecommunication band. There are very
few types of industrially or environmentally important
gases with absorption peaks in the near-IR wavelengths.
However, mid-IR spectrum window contains absorption
peaks for an extensive variety of trace gases, including
H,0, CO, CO,, NO, N,O, NO, and CH, (3, 6). If sus-
tainable, wavelength-based sensors for these gases are
available at affordable price, they can be integrated with
electrical circuitry to support system on-chip applica-
tions for industrial and environmental monitoring. For
instance, methane (CH,) has weak absorption lines at 1.33
and 1.66 um and its strong fundamental absorption at
3.3 um. The wavelength region between 3 and 3.7 pm is
principally significant because it contains essentially all
the characteristic stretching frequencies of the molecules
containing C-H bonds. The strength of the fundamental
absorptions in this so-called C-H stretch region can be
orders of magnitude higher than overtone absorptions of
the same molecules in the near-infrared (NIR). For exam-
ple, the absorption of CH, at 3.3 um is 100 times stronger
than in its overtone band at 1.65 um. The optical fibre or
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Figure 1. Schematic of the evanescent absorption gas sensor.
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Figure 2. (a) Schematic of a strip waveguide and (b) quasi-TE mode distribution in a strip waveguide at 3.39 microns (W = 1.1 microns,

H = 0.6 microns).

waveguide has three main purposes. In the simplest case,
the fibre is only used to transfer the light to and from a
spectroscopic cell and shows no direct involvement in the
sensing (7-9). In the second methodology, indicator dyes
are immobilized at the fibre tip. Last but not the least, the
fibre or waveguide itself forms the sensing element using
the evanescent field extending from the core to interact
with the chemical species (10, 11). This method is of par-
ticular interest as it allows the development of distributed
sensor systems.

Methane gas comes from the earth as well as from our
bodies. CH, is relatively non-toxic as it doesn’t have an
OSHA PEL standard (12). Moreover, it can be harnessed
as an energy source. However, it is extremely explosive and
it can cause death by asphyxiation (13). It is important to
apprehend the hazards related to the methane gas. It can
become explosive when mixed with other chemicals in
levels as low as 5%. When mixed with hydrogen sulphide,
it gives a smell like rotten egg and can be easily detected.
In places where an unpleasant rotten egg smell is noticed,
the CH, levels may be high enough to become explosive.
Under high concentrations, CH, gas can be deadly when
ignited. Natural CH, gas from beneath the earth has
caused disastrous mining and oil rig explosions. Although
it is non-toxic, but it is a simple asphyxiant because it
can displace oxygen from the body which is desirable for
breathing. Oxygen levels below 16% can be dangerous
and levels below 10% can be deadly. There is no specific

standard governing the permitted amount of CH, in the
air at home/ workplace, but the minimum oxygen content
for any place where people need to breathe is 18%. CH,
gas on its own isn't deadly; it has the potential to turn into
poisonous when mixed with other substances. The burn-
ing of natural gas (97% CH,) without any proper air circu-
lation can produce carbon monoxide. Carbon monoxide
is a deadly gas because it is difficult to detect. Relatively
low levels of carbon monoxide can cause dizziness and
nausea within 20 min and death within two hours. Higher
levels can kill within three minutes. The centres for disease
control and prevention estimates that carbon monoxide
poisoning kills 500 people each year. In this paper, we pro-
pose evanescent field absorption CH, gas sensor based on
strip waveguide in mid-IR absorption wavelength. When
the electromagnetic wave travels through the silicon strip
waveguide, most of the energy is confined within the core.
However, there is a part of light known as evanescent field
extending to the substrate and cladding region as shown
in Figure 1.

In the cladding region, the wave interacts with the
gas surrounding the waveguide. The light goes through
power attenuation if the wavelength is properly selected
with the absorption lines of the CH, gas. The absorption
is widely dependent on the concentration of the gas under
consideration. Therefore, evanescent field ratio (EFR) is
an important parameter for the realization of gas sensors
based on the absorption of the evanescent field. The EFR
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is the ratio of the evanescent field power in the cladding
to the total power of the waveguide mode. Huang et al.
calculated the EFR which exceeds 25% for silicon on
sapphire slot waveguides in the mid-IR region for the
detection of CO, gas (14). Ranacher et al. has developed
a spectroscopic gas sensor by utilizing EFR (15). Kumari
et al. proposed a mid-IR evanescent gas sensor based on
silicon-on-nitride slot waveguide obtaining an evanescent
field fraction of 43% (16). The sensors with high EFR can
interact more with the absorbing medium, which in turn
improves the sensitivity of the sensor. However, there is
a drawback of a higher EFR: the mode is less confined in
the waveguide, which leads to a higher spurious damping
and leakage of the mode. The geometrical dependence of
EFR, as well as propagation loss, provides a guideline for
the design of optical waveguide for mid-IR absorption
sensing application. For sensing purposes, the optical
waveguide structure has to be designed to assure a high
sensitivity, that is, the sensor response for changes in the
optical properties of the cover medium has to be as high
as possible. This sensitivity depends on the strength and
distribution of the evanescent field in the outer medium.
The existence of a species may be sensed by its direct influ-
ence on the evanescent field of an optical wave travelling
in the waveguide.

Waveguide design and EFR calculation

In this work, silicon on silicon dioxide (Si/SiO,) strip
waveguides is modelled using commercial finite element
method (FEM) simulation tool COMSOL multiphys-
ics 5.1. The structures were designed for a wavelength
of 3.39 um, which corresponds to an absorption line of
CH, in mid-IR. Generally, a waveguide with the small
electrical field is desired to support a strong evanescent
field (17). The EFR values are optimized depending on
the geometry of the waveguide. The schematic of a strip
waveguide is shown in Figure 2(a), where H and W are
the height and width of the strip waveguide, respectively.
In strip waveguide, both quasi-TE and quasi-TM modes
are studied, because of the likely gas interaction with the
evanescent field on the top and at the sidewalls of the
waveguide. For quasi-TE mode, the dominant electrical
field is in the horizontal direction. The electrical field
jumps up because it has a lower dielectric constant in the
gas as compared to a dielectric constant in silicon core as
shown in Figure 2(b).

In Figure 2(b), it can be seen that the evanescent field
is quite strong. Therefore, the waveguide dimensions are
optimized to obtain the maximum EFR without creating
aleaky quasi-TE mode. As the waveguide dimensions are
reduced, the mode gets squeezed and the evanescent field
can jump to even higher level. This, in turn, leads to an
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Figure 3. Quasi-TE mode in a strip waveguide, EFR vs. waveguide
width.

increase in the EFR as shown in Figure 3. Though, there
is a limit on narrowing the dimensions of the waveguide.
When W gets too small (W < 0.9 pum) the quasi-TE mode
gets leaky and it is no longer supported as a guiding mode
and all the energy is transferred to the cladding. EFR sat-
urates for large W values (W > 2 um) because most of the
energy is confined laterally in the silicon core and most
of the evanescent field will be from the top wall interface.
Moreover, in the vertical direction, EFR doesn’t depend
so much on the waveguide height H, but shrinkage of H
can still enhance the EFR value as can be seen in Figure 3.
In the case of quasi-TM mode propagation in a wave-
guide, the vertical electrical field is dominant. This is for
the same reason as in the quasi-TE mode, the evanes-
cent field is enhanced at the top cladding as shown in
Figure 4(a). The EFR is sensitive to waveguide height and
it depends on H in a similar fashion as it does on W in
the quasi-TE mode as shown in Figure 4(b). Meanwhile,
larger waveguide width affects the EFR value. Waveguide
becomes leaky when W and H become too small.

Total propagation loss of the waveguide

Moreover, we also considered the total losses of the
waveguide. The total propagation losses of the strip
waveguide were calculated using the expression as
shown in Figure 5(a). The input and output powers were
calculated by integrating the power in the input and out-
put surfaces of the waveguide. Strip waveguide shows a
loss 0f2.12-3.16 dB and 1.91-2.14 dB for quasi-TM and
quasi-TE modes, respectively. The loss in the quasi-TE
mode is lower than that in the quasi-TM mode for
slightly different waveguide dimensions. This is possibly
due to the enhancement of electrical field at the side
walls as shown in Figures 2(b) and 4(a). Increasing
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Figure 5. Total propagation loss for strip waveguide of length 5 um, (a) Quasi-TM polarization and (b) quasi-TE polarization.

the width (for TM polarization) and height (for TE
polarization) of a waveguide reduces the propagation
loss by weakening the electrical field at the two sidewalls
for both TM (Figure 5(a)) and TE (Figure 5(b)) modes.

Dependence of EFR and sensitivity of the gas
sensor on the waveguide length

The EFR highly depends on the waveguide dimensions.
Smaller waveguide dimensions have high EFR as can be
seen from Figures 3 and 4(b). The EFR dependence on
the total length of the waveguide was studied using the
parametric sweep function of COMSOL. Even though,
the high aspect ratio of the strip waveguide, the FEM
simulations were carried out in three-dimensional

models which were a bit lengthy and time-consuming
process. The dimensions of the waveguides were fixed
to certain values and the EFR was calculated for every
propagation length with a step size of 1 pm. As it can
be seen from the Figure 6, the EFR decreases with the
increasing length of the waveguide due to the fact that
propagation losses are directly related to the increase of
the waveguide length.

On the other hand, sensitivity is directly related to the
optimal length of the waveguide sensor as expressed in
Equation (1).

S = —nell, exp(—necl — ayl) (1)

where S is the sensitivity of the gas sensor, I is the input
power; ¢ and ¢ are the absorption coefficient and the
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Figure 6. EFR value dependence on the propagation of length of
a waveguide.

concentration of the target gas, respectively; / is the length
of the waveguide and o is the total losses of the waveguide
and 7 is the EFR value at a specific length. For example,
CH, has an absorption coefficient & = 8.2 x 105 Pa"1 cm™!
(8.3 atm™ cm™!) for 3.392 pm line of a He—Ne laser (18).
The combination and overtone absorption bands of meth-
ane at 1.33 and 1.66 um have much weaker absorption
coeflicients. The increase in the sensitivity of the gas sen-
sor is a result of longer interaction path. When the path
length gets longer than the optimal value, however, the
sensitivity begins to drop due to the over-attenuation of
the signal, which can be alleviated by lowering the intrin-
sic loss.

Conclusion

Silicon strip waveguide designs are optimized to develop
an evanescent field absorption gas sensor for methane for
quasi-TE and quasi-TM at 3.39 um. These waveguides can
provide an EFR of greater than 55% with moderate wave-
guide dimensions. The total propagation losses of these
waveguides were also calculated which are in the range of
2-3 dB for quasi-TE and quasi-TM modes, respectively.
EFR and sensitivity of the evanescent absorption sensor
are highly dependent on the propagation length of the
waveguide. Moreover, these waveguides can deliver a
wide-ranging platform for adaptable sensing of diverse
types of gases in a reusable manner by changing the fun-
damental wavelength corresponds to the absorption line
for an extensive variety of trace gases.
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