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Abstract

Mid-infrared spectrum is known as the “molecular fingerprint” region,
where most of the trace gases have their identical absorption patterns. Photonic
crystals allow the control of light-matter interactions within micro/nanoscales,
offering unique advantages for gas analyzing applications. Therefore, investigat-
ing mid-infrared photonic crystal based gas sensing methods is of significant
importance for the gas sensing systems with high sensitivity and portable
footprint features. In recent various photonic crystal gas sensing techniques
have been developing rapidly in the mid-infrared region. They operate either
by detecting the optical spectrum behavior or by measuring the material
properties, such as the gas absorption patterns, the refractive index, as well
as the electrical conductivities. Here, we will brief the progress, and review
the above-listed photonic crystal approaches in the mid-infrared range. Their
uniqueness and weakness will both be presented. Although the technical level
for them has not been ready for commercialization yet, their small size, weight,
power consumption and cost (SWaP-C) features offer great values and indicate
their enormous application potentials in future, especially under the stimulation
of the newly emerging technology “Internet of Things” which heavily relies on
modern SWaP-C sensor devices.

Keywords: mid-infrared, photonic crystal, gas sensing, non-linear light,
nanophotonics

1. Introduction

Chemical sensing, especially the trace-gas detection, is of a significant impor-
tance for a wide range of applications in practical fields including the medical
inspection, the environmental monitoring, the manufacturing control, as well
as the nation security surveillance. For example, controlling respiratory gases in
the medical sector can be a matter of life or death [1, 2]. Monitoring the toxic,
explosive and air polluting gases such as NO,, CO,, CO, CH,, and Os is vital to
prevent harms to human communities [2]. Nowadays, there are many choices of
gas sensors based on different methods such as semiconductor [3, 4], catalytic [5],
field effect [6], electrochemical [7], and optical gas sensors [8, 9]. Among them,
the optical-based gas sensors have been well-received as a fast, precise and reliable
technique, which has a long life expectancy, immunes to all chemical poisoning,
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and requires low maintenance for high-precision operation [9]. Furthermore,
with the rise of the emerging technology, Internet of Things (IoTs), such high
standard of performance requirements become more and more desired from the
industrial world [10]. It is also necessary to point out that, besides of the afore-
mentioned features, the importance of reducing the size, weight, power, and cost
(SWaP-C) to enable the chip scale integration is revealed clearly in the develop-
ment of IoT technologies [11]. Unfortunately, limited by the Beer-Lambert Law,
to achieve a suitable sensitivity, a large optical interaction length is required in
the conventional optical gas sensor systems. This long path of interaction makes
the optical gas sensors relatively large and costly to be manufactured [12], which
consequently sets a fundamental barrier to satisfy the SWaP-C requirements.
Therefore, in such a high-speed technology innovating era, more and more
researchers have paid significant attention to develop new technologies that can
overcome these limitations.

Photonic crystals (PhCs), which can be regarded as one of the most advanced
modern photonic technologies [13-16] was firstly proposed by Yablonvitch and John
since 1980s [17, 18]. Owing to the unique non-linear optical dispersive properties
[19, 20], PhCs become a powerful tool for control and manipulation of light-matter
interactions on micrometer length scales [21, 22]. Considering the aforementioned
optical sensing limitations, this technology is capable of addressing the size issue,
and potentially suitable for on-chip gas detection applications. In recent year, the
research on PhC-based gas sensing research has developed rapidly. Various sensing
techniques have been proposed by using PhCs to detect chemicals in gas, vapor and
even liquid environment [23-25]. Several review articles have been reported as well
[26, 27]. For example, in 2013, Xu et al. [27] investigated different photonic crystal
structures, such as morpho-butterfly wing, porous silicon PhCs, multilayer PhC
films, colloidal PhCs, and Inverse opal colloidal crystals. In 2015, Zhang et al. [26]
reviewed optical sensors based on photonic crystal cavity enhancing mechanisms.
Overall speaking, the reported technologies can be considered in two categories.
The first approach can be concluded as the “refractive index sensing”, which could
sensitively measure refractive index changes with gas involvement. Another one
is known as “photonic crystal light absorption spectroscopy” This method is to
detect the distinctive absorption patterns of gas molecules in the infrared spectrum.
Because photonic crystals can slow light propagation and enhance light intensity in
the space where gas fills [4], this new spectroscopy not only shares the advantages
of the conventional spectroscopy but also eliminates the issues caused by large opti-
cal interaction length.

To the best of our knowledge, the research emphasis on the PhC-based gas
sensing development has been mainly focused on the near-infrared spectral
range. However, compared with the near-infrared region, molecular species in the
mid-infrared range show intrinsic absorption bands with much larger absorption
coefficients. Figure 1 presents that the mid-infrared portion of the spectrum with
several trace gas chemical species placed where their strong absorptions occur. As
can be seen, taking the carbon dioxide (CO,) as an example, its absorption strength
in the mid-infrared range (~4.2 pm) is about two orders of magnetite higher than
the one in near-infrared range (~2 pm). Such significant difference also exists in
almost all the gas molecules including xylene, methane, and so on [29]. Therefore,
fundamentally speaking, the optical sensors functioning in the mid-infrared range
offer much higher device sensitivity [30]. Consequently, much richer information
can be found for those wishing to probe, detect, image, or quantify these and many
other species including explosives, nerve agents, and toxins [30]. Nevertheless,
there are some hurdles preventing the development of PhC based optical sensors in
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Figure 1.
The absorption strength of some typical trace gas molecules in the mid-infrared range [28].

the mid-infrared spectrum, such as the limited availability of the low-cost, high-
efficient light sources or photodetectors. Also, it was pointed out in a report that
the difficult process of alignment of the beam for coupling light in and out of the
sample could also be very challenging, due to limitations of available equipment
[31]. In order to have a systematic understanding of the current progress of PhC
based gas sensing research in mid-infrared range, in this chapter, we are going to
provide a comprehensive review on the existing mid-infrared PhC-based gas sensor
technologies, evaluate their performance in a practical point of views, and also
discuss the future of the PhC-based mid-infrared sensing technologies.

2. PhC-based mid-infrared gas sensing methods

It is known that most of the molecules have their distinctive absorption patterns
in the mid-infrared spectrum, and as it was pointed out that their absorption coef-
ficients are much higher than the ones in near-infrared range. Majorly due to these
reasons, the most active research efforts of using PhC technology for gas sensing in
mid-infrared range focuses on measuring the spectral intensity change caused by
the gas resonant mode absorption mechanisms. But it is necessary to point out that,
other than this typical methodology, some other approaches using PhC structures
have also been reported, which rely on the detection of the peak position drifting
of transmission or reflection spectrums caused by the gas-induced refractive index
variation, or the electrical conductance behavior in the presence of gases. These
methods certainly help to enrich the PhC sensing capabilities in the mid-infrared
range. With all these being said, based on the different sensing mechanisms, in the
following contents, we will elaborate on the recent development of the mid-infrared
PhC based gas sensing technologies.

2.1 Mid-infrared light absorption sensing

Being as the most popular technology in the mid-infrared range, the gas absorp-
tion spectroscopy can be used to precisely measure both the gas composition and
concentrations. In this method, the mid-infrared radiation is absorbed at some spe-
cific frequencies due to the presence of gas molecules. These frequencies correspond
to vibrational modes of the molecular structures [32]. Typically, this type of gas
sensor consists of three parts: the mid-infrared light source, the light/gas interaction
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chamber, and the radiation detector [33]. In recent years, PhC has been proven to be
an effective technology to improve the performance of the light sources, especially
for the laser devices [34]. But more significantly, PhC has also played a critical role
to downsize the sensor module footprint by minimizing the interaction chamber
volume under the chip scale level [35-38].

2.1.1 Advanced porous gas sampling structure for gas sensing

As proposed by Soref [29], silicon is a proper candidate for the mid-IR wave-
length range due to its transparency window between 1.1 and 8.5 pm. While silicon
dioxide is also transparent up to around 3.6 [29], silicon-on-insulator (SOI) is a
suitable structural form for mid-IR integrated photonics [39]. In 2007, Lambrecht
et al. [12] for the first time, suggested the implementation of a two dimensional
(2D) macroporous silicon PhC in the interaction volume to slow the light and
enhance the gas-light interaction. The experimental results with CO, showed more
than two times enhancement in absorption line. In fact, these experimental results
became a base for the realization of high sensitivity and miniature gas sensors. The
device configuration is shown in Figure 2. Gas flows through the sampling cell from
the top hole to the bottom, as highlighted in blue color. The sampling cell containing
a PhC membrane is positioned between a thermal emitter and a pyrodetector with
an IR bandpass filter centered at the absorption peak of CO, (A = 4.24 ym). The PhC
membrane is placed in between two BaF, light guiding rods which help to couple
the IR radiation among the thermal emitter, PhC membrane and the pyrodetector.
Here, one thing is worth noting that, the PhC membrane could be easily removed
from the plastic holder without changing positions of the BaF, rods. This offers the
possibility of measuring the empty cell with the same optical path length. In detail,
the operation voltage is 10 Hz and the pyrodetector is measured by digital lock-in
amplifier with a time constant of 2 s. With such setup, this method does offer the
capability to detect the presence of CO, gas, which proves the possibility of using
PhC technology for developing gas sensors with compact footprint. However, there
is a crucial drawback with this simple PhC gas sensor. Typically, a low group veloc-
ity corresponds to a high effective refractive index, which leads to difficulties in and
out couplings of radiation.

Filter Gai ol Sapphire
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BaF,-rod — C———> BaF,rod

Figure 2.
Schematic design used for gas absorption measurements [35].
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In 2011, Pergande et al. [35] solved this problem via designing antireflection
layers (ARL) at two interfaces, including the air-ARL interface and the ARL-PhC
interface. Because of that, it enhanced the light absorption of CO, up to 3.6 times.
To explain the mechanism, introducing this ARL leads to the generation of surface
modes which are used for coupling light into slow light PhC modes. These modes are
confined in air-ARL interference due to the forbidden propagation of light in pho-
tonic band-gap. The thickness of ARL affects the spectral position of surface modes.
When ARL thickness is equal to 0.57a (a is the lattice constant of PhC), the similar-
ity of field distributions of surface modes and the slow light PhC modes would be
able to couple together much easily. In addition, this ARL could also help to effec-
tively reduce the interface optical loss. Theoretically, absorption of the device can
be enhanced up to 60 by using this ARL enhanced PhC configuration. The differ-
ence between theoretical and experimental results comes from several factors, such
as the non-optimal lattice constant and pore diameter fluctuation. They all could
lead to the off-resonance operation mode to the CO, absorption line. In this work,
2D PhCs were fabricated by photoelectrochemical etching of n-type silicon. ARL is
designed by photolithography and was transferred by photoelectrochemical etching
into the silicon wafer. The lattice constant was 2 pm an (r/a), varying from 0.360
to 0.385. lengths of PhC changed from 100 pm to 1 mm while the height and width
were approximately 330 pm and 1 mm, respectively. The porosity of the sample was
about 64%. Pergande et al., according to numerical estimates, suggested that the
positional variations and pore diameter fluctuations should be below 0.5% in order
to allow for a reasonable transmission in the 1 mm device.

In the course of the experiment, several sample lengths, varying from 0.25
to 1 mm, were investigated. Results showed that their absorption enhancements
changed at the range of 2.6-3.5. By taking all the mismatch factors into consider-
ation, the numbers are in good agreement with the numerical simulation results. All
the data are presented in the following Table 1.

In 2000, Boarino et al. [40] applied this porous silicon method to the environ-
mental analysis of NO, gas because of its high sensitivity to surface molecular struc-
tures. Figure 3 shows the enhanced absorption value due to the presence of NO,. In
this figure, spectrum-1 is related to the sample outgassed under dynamic vacuum,
spectrum-2 is given after the dosage of 1 Torr of the pure NO, sample, and spec-
trum-3 is recorded after outgassing. As can be seen, in the range of 1000-1250 cm™
(assigned to the stretching vibrations of Si-O species) and range of 2150-2300 cm”™
(Si-H stretching modes of SiO-Hj species) the absorption enhancement in the
presence of NO, is intense while this value, at 3748 cm™" (SiO-H stretching vibra-
tion), is negligible. They claimed that this broad absorption can be attributed to
electrons populating of the conduction band. Moreover, from spectrum-3 is an
evidence that removing NO, from the gas phase leads to a complete restoration of
initial conditions. Moreover, the most recent research based on this method showed
the enhanced gas absorption by a factor of 5.8 at 5400 nm [41].

It can be concluded that porous silicon is an effective gas sampling structure
that can help in minimizing the overall size of the sensor device. However, the main

1
1

Length (mm) Gas Filter[pm/(a/A)] Coxp Ceneorm CiheoT

1 CO, 4.24/0.472 35 37 29

0.5 CO, 4.24/0.472 26 37 29

0.5 CO, 4.24/0.472 3.0 37 29
Table 1.

Experimental and theovetical value of the gas absorption enhancement [35].
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Figure 3.

FTIR spectra of free-standing p + PSL: Spectrum-1 is velated to sample outgassed under dynamic vacuum.
Spectrum-2 has been obtained after dosage of 1 Torr of pure NO,, spectrum-3 has been recorded after
outgassing the sample, under dynamic vacuum [40].

restrictive factor for using porous silicon PhCs in gas sensing is its high sensitivity
to the small fluctuation of the pore diameter and the lattice constant. For instance,
more than 0.5% pore diameter fluctuation in the 1 mm device eliminates the advan-
tage of using the porous silicon. Thus, a high technology is needed for fabricating
this porous silicon, which limits the implementation of this method. However, for
cases where high-sensitive and small sensors are needed, using porous silicon PhCs
to decrease the interaction path and increase the sensitivity is a suitable option.

2.1.2 Photonic crystal waveguide (PCW) for gas sensing enhancement

Mid-IR PhC waveguides (PCW) with high-quality factor are powerful tools for
nonlinear optical applications because they can achieve slow-light enhancement and
low linear propagation loss simultaneously [31]. Therefore, this component is of
major interests in the gas sensing research area. The enhanced detection sensitivity
achieved by using PCWs (strip and slot waveguides) in the near-infrared range have
been previously reported [42, 43]. However, based on our knowledge, very few works
about the PCW enhanced gas sensor in the mid-infrared range has been reported so
far [44]. In 2015, Zou et al. [45] provided the first experimental demonstration of
transmission characteristics of holey and slotted PCWs in silicon-on-sapphire at the
wavelength of 3.43 pm with a fixed-wavelength inter-band cascade laser (ICL). They
used an 800 pm long holey PCW to detect gas-phase Triethyl phosphate (TEP) with
the concentration of 10 ppm (parts per million).

They investigated a holey PCW with a row of smaller holes (r, = 0.65r), which
was located in the center of PCW (hexagonal lattice of air holes in silicon) where air
hole radius was r = 0.25a (a is lattice constant). As shown in Figure 4 the optimi-
zation of (ry/r) value has been conducted through considering four conditions:
having a large guiding bandwidth for the propagating PCW modes, broad mode
bandwidth, large electrical field overlap with the analyte, and high peak enhance-
ment factor which yield to more efficient light-matter interaction. The other value
that should be optimized is the lattice constant. As shown in Figure 5 for a less
than 830 nm, due to stopgap, there is no transmission. Moreover, when a is located
between 840 and 845 nm the propagation loss is approximately 15 dB/cm, while
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this value increases dramatically for 4 > 845 nm. Therefore, it can be concluded that
in order to have reasonable transmission and propagation loss, the lattice constant
should have a value between dashed lines in Figure 5.

On the other hand, the slotted type PCW was also investigated. Likewise,
the same optimization process was conducted for slotted PCW to determine slot
width (130 nm) and lattice constant (between 830 and 840 nm). However, the
optimized value showed propagation loss of 55 dB/cm, which is almost 3 times
greater than the loss propagation in holey PCW. Afterward, they compared the

peak of electric field enhancement factor in the holey PCW, and the conventional
rectangular slotted PCW, to a regular PCW. This comparison showed 3.5 times and
13 times enhancement for holey and slotted PCW (respectively) relative to regular
PCW. Furthermore, the electrical field overlap with the analyte in regular PCW was
5%, while this value for holey and slotted one was 8 and 15% respectively. However,

propagation loss for holey PCW was 15 dB/cm while this value was 55 dB/cm for

slotted one. Thus, we can conclude that the holey PCW can be a better candidate for
absorption spectroscopic gas sensing because while its electrical field overlap with
the analyte is 2 times lower than slotted PCW, the propagation loss of slotted PCW

is 3 times higher than holey PCW.

The transmitted light through an 800 pm long holey PCW with a = 845 nm
is measured in the presence and absence of TEP. They investigated changes in
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transmitted light intensity at A = 3.43 pm for switching and steady state TEP flow
through the holey PCW. For the switching flow, transmitted signal intensity
dropped to 80% of its original intensity due to the presence of TEP. However, for
the steady-state condition, this value dropped to 60% of its original value. Also,
the measurements are independent of the flow rate of nitrogen at 10 and 50 ppm
respectively. The noise in measurement comes from the electrical noise of detec-
tor and the vibration of the optical fiber. Furthermore, by replacing the slot and
strip waveguide for the steady-state gas flow, instead of the holey PCW, justa

small change in intensity of transmitted light at 3.43 pm is observed at 28 ppm TEP
concentration. Thus, as Figure 6 shows, it can be concluded that the holey PCW
shows more sensitivity relative to the slot and strip waveguide because the holey
PCW enhances both f (fill factor denoting relative fraction of optical field resid-
ing in the analyte medium) and group index, which is inversely related to group
velocity. However, the slot waveguide only enhances the f factor, and has no impact
on group index. Moreover, the high detection capability of PCWs in gas sensing is
revealed in [46] where the detection of carbon monoxide with the concentration of
parts-per-billion is possible.

In comparison to the porous silicon PhC Sensing method which enhances the
sensor performance by only reducing group velocity, the PCW, especially the holey
PCW, shows higher sensitivity because it enhances both f (filling factor denoting
relative fraction of optical field residing in the analyte medium) and group velocity
reduction simultaneously. In fact, using a PCW, instead of a simple 2D PhC, enables
us to confine light and gas in at the same place, and increase the possibility of the
interaction. Moreover, the propagation loss in PCWs is lower than the porous silicon
PhC. However, the fabrication and optimization of a PCW are more complicated
than the porous silicon PhC which potentially can lead to higher costs for PCW gas
sensor development.

2.1.3 Mid-infrared PhC fiber enhanced sensing

Optical fibers offer significant advantages for gas sensing majorly due to its
ability to confine optical radiation across long distances. It eliminates the need for
beam collimation thus reduces device complexity significantly. However, their
performance can be limited due to low mechanical flexibility, a weak overlap
between light and gas or the requirement for conventional extrinsic gas cells [47].
Also, most of the fibers operate below 2 pm demonstrated due to the limited silica
transmission window. In contrary to other microstructured fiber, Photonic bandgap
fibers (PBFs) guide light in a gas (air) core rather than solid [48, 49]. This leads
to the integration of gas sampling cell into the fiber, and the confinement of over
99% of the light in the hollow area rather than the silica, which makes PBFs an ideal
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(a). Change in transmitted light intensity through an 800 pm long holey PCW with a = 845 nm with 10 ppm
TEP (b). Transmitted light intensity through a silicon slot waveguide in SoS in the presence and absence of
28 ppm TEP. (c). Transmitted light intensity through a silicon strip waveguide in SoS in the presence and
absence of 28 ppm TEP [45].
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candidate for miniaturized gas sensing applications [50, 51]. Furthermore, com-
pared with the fused silica, these fibers can transmit light in the mid-infrared with a
much lower optical loss (<1 dBm™) [52, 53].

Shephard et al. reported a bandgap guidance at 3.14 pm in a silica-based air-
core photonic crystal fiber in 2005 [54]. The year after, they then investigate the
gas sensing functionality using this PBF technology [53, 55]. The optical guiding
range of this PBF was specially developed for methane sensing at ~3.2 pm [55].

The hollow-core PBF sensing unit was able to measure the methane vapor with the
concentration of 1000 ppm. In the experiment, several fibers with a core diameter
of ~45 pm and a pitch (distance between two neighboring cladding holes) between
7 and 8 pm were examined thoroughly. First, an 80 cm PBF was filled with the
mixture of methane and nitrogen with the ratio of 5 (methane) to 95 (nitrogen)

at the pressure of 2 bar. Then, the fiber was filled with nitrogen to normalize the
measurements. The results are shown in Figure 7 for 5, 1, 0.5, and 0.1% methane
concentration. (solid curve) shows experimental results and the calculated absorp-
tion demonstrated by the dashed curve. Even in this low concentration (Figure 7d),
the main absorption line of methane close to 3.32 pm is still visible, and the trans-
mission dropped to significantly at this wavelength. Moreover, authors claimed
that the small difference between the theoretical and experimental results is due to
although processing errors during the spectral concatenation procedure.

In comparison to the porous silicon PhC as well as the PCW sensing mechanisms,
the PBF gas sensor shows a higher energy overlap with gases and a lower optical loss.
However, fibers are long in nature and this can be an obstacle to realization of SWaP
sensors. Moreover, the degree of complexity for fabrication of PBFs can be lower
than PCWs but is still higher compared to the porous silicon PhC devices.

2.2 Mid-infrared “refractive index” sensing
Besides of exploring the use of PhCs in the mid-infrared spectroscopy, there is

another popular approach measuring the shift of PhC modulated Bragg resonant
peak due to the refractive index change, which can lead to the detection of gas
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Measured (solid curves) and theoretical (dash curves) absorption lines of methane for concentrations of a, 5%;
b, 1%; ¢, 0.5%; and d, 0.1% [55].
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concentrations. For instance, in a porous silicon PhC, when pore areas are filled by a
gas the effective refractive index of the PhC will be increased. Moreover, it is possible
that the lattice constant of the PhC increase due to the swelling of the gas or vapor.
Understanding this procedure can be easier by considering Bragg law expression [27].

mA = 2nd sind (1)

where m is the diffraction order, A is the incident wavelength, n is the effective
refractive index, d is the lattice constant, and 0 is the glancing angle between the
incident light and diffraction crystal planes [56, 57]. This method has been used in
near and visible range [58-60], more frequently rather than mid-infrared range.

In 2015 Zou et al. [45] designed a holey, slotted, and a regular PCW for detection
the chemical warfare simulant in the mid-infrared range. A section of this research
has been assigned to the investigation of the relationship between the value of
electrical field overlap with the analyte and the sensitivity of the refractive change
based sensors. In order to study this correlation, they used 3D FDTD simulation.
They selected C,Cl, (refractive index = 1.5) as a top cladding. As shown in Figure 8
the sensitivity of a PCW sensor is depended directly on the percent of electrical field
overlap with the analyte. So that, the shifted transmission in slotted PCW is 2 times
higher than holey one because its electrical field overlap with the analyte is almost 2
times higher as well. In 2017 Turduev et al. [61] presented an optical refractive index
sensor (T-slotted PC sensor) design for mid-IR photonics. They used numerical
methods based on finite-difference time-domain and plane-wave expansion method.
an overall sensitivity is calculated to be around 500 nm/RIU for the case of higher
refractive indices of analytes n = 1.10-1.30.

Detecting an unknown gas through this method can be challenging because the
principles of this method are based on the refractive index changes. Thus, detect-
ing two different gases with the same refractive index is simply impossible. On the
other hand, for gases with refractive indexes close to air refractive indexes (n = 1),
the sensitivity of this kind of sensors can be strongly reduced. However, the com-
plexity of this method is lower than absorption-based sensing methods.

2.3 Mid-infrared electrical conductance sensing

In 2000 Boarino et al. [38] studied changes in electrical conductivity in the
presence of NO, through P* porous silicon layers (PSL) at the room temperature
and the atmospheric pressure. The recovery time and response to interfering gases
were tested as well. PSL is well-known in humidity sensors area, while its applica-
tion in the field of gas sensing has been considered only recently. This structure
has obtained high importance in the field of gas sensors due to its high surface to
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Simulated transmission with aiv-clad and C,Cy,~clad conditions for (a) conventional PCW, (b) holey PCW,
and (c) slotted PCW [45].
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Porosity (%) AG/G (3 ppm) AG/G (5 ppm) AG/G (10 ppm)

38 6 87,837 0.7

43 1 1.9 3.5

53 03 17 4.6

62 29.3 84.3 197

75 35 45 164
Table 2.

Relative response of PS samples of different porosity to the listed NO, concentrations [38].

volume ratio, and its reactivity to the environment. Changes in work function,
refractive index, photoluminescence, and conductivity variation can be used

as indices in the gas sensing. Boarino et al. used the last feature to detect NO,.
Accordingly, due to the inherent characteristic of P* mesoporous silicon, strong
changes can be observed in resistivity in the presence of polar liquids, vapors, and
gases. They measured the PS change of conductance in presence of different gases
in humid conditions at constant bias V = 5 v. The PS response to NO, was tested
for different value of porosity. Table 2 shows the relative conductance variation
(AG/G) for different porosity (38, 43, 53, 62 and 75%).

Since the high available surface for gas adsorption plays a key role in obtaining
an efficient chemical sensor, the 55% porosity for PS surface gives the best result,
due to the maximum value of surface to volume ratio. The lowest concentration
that could be examined, was 1 ppm and the relative response was 1.6 for the 60%
porosity sample. In comparison with NO,, under the same concentration, the
conductivity change in the presence of NO was significantly lower. Likewise, the
relative response of PS to interfering species (CO (up to 1000 ppm) and CH, (up to
5000 ppm)) and alcohol, such as methanol, at concentrations up to 800 ppm was
negligible. They also used FTIR spectroscopy for detecting NO, through PSL which
is studied in 2.1.1 section in details.

3. Conclusion

In this chapter, we presented a review work on the recent progress of PhC-based
gas sensing research in the mid-infrared range. Various material structures includ-
ing using porous silicon structure, photonic crystal waveguides, and hollow-core
photonic crystal fibers, as well as both optical and electrical detection methods,
have been thoroughly discussed. As mentioned, porous silicon structure enhanced
sensing device achieved the highest sensitivity to detect NO, at 1 ppm concentration
level through measuring the conductance changes. But this method is restricted
to a limited range of gases, and is unable to detect nonpolar gases such as CO,

CH,, and alcohols. The other issue can be related to electrical components which
are necessary for this method. These electrical components increase the risk of
electrical discharge and augment the risk of explosion. Moreover, the electrical
noises can strongly affect this kind of sensors. For the holey PCW, the sensor unit
can deliver the measurement of Triethyl phosphate (TEP) with the concentration
of 10 ppm. The small size (800 pm) of this PCW offers a great advantage which
can potentially lead to the realization of SWaP sensors. The main drawback of this
kind of sensors is that they are so sensitive to small fluctuation in the hole diameter.
Thus, the fabrication process for this kind of sensors might be difficult and time-
consuming. However, the high energy overlap with gases within the holey PCWs,
and its high power in slowing light and its small size make this sensor one of the
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best candidates for gas sensing applications. While, compared to the PCW, the PBF
shows more electrical overlap with gases and lower propagation loss. Generally
speaking, the development of PhC-based mid-infrared gas sensing research is still
in its early stage and not ready for commercialization. However, considering the
strong demands from IoT infrastructure for modern sensor units with combined
SWaP-C features, it is anticipated that the progress in the PhC-based mid-infrared
gas sensing area will develop much faster in the coming years, and some of the
discussed technical approaches could eventually advance to a practical level and
make a significant impact to our daily life.
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