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Abstract: ~ We report a methane sensor based on an integrated Mach-
Zehnder interferometer, which is cladded by a styrene-acrylonitrile film
incorporating cryptophane-A. Cryptophane-A is a supramolecular com-
pound able to selectively trap methane, and its presence in the cladding
leads to a 17-fold sensitivity enhancement. Our approach, based on 3 cm-
long low-loss SizNy4 rib waveguides, results in a detection limit as low as
17 ppm. This is 1-2 orders of magnitude lower than typically achieved with
chip-scale low-cost sensors.
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1. Introduction

Interest in methane detection has increased in recent years due to focus on the environmental
effects of the greenhouse gases and climate change. Methane (CH4) has approximately 30 times
higher global warming potential than CO, and its amount in the atmosphere has increased by
a factor of 2.5 since pre-industrial times: from 0.7 ppm to the current 1.8 ppm [1]. In order to
better understand the global methane cycle, it is essential to quantify the atmospheric methane
sources, including emissions from remote and inaccessible wetlands, permafrost and methane
clathrates. Such a task requires the availability of low-cost and sensitive methane sensors, which
are sufficiently small to be carried by lightweight planes or drones, and at the same time ro-
bust enough to be operated in extreme weather conditions. The currently available sensors are
traditionally limited to high-end laboratory equipment, such as gas chromatographs, mass spec-
trometers or near-infrared and mid-infrared laser spectrometers, which perform extremely well
in terms of sensitivity (ppt levels), specificity (interference-free) and long term stability, but are
bulky and expensive [2,3]. On the other hand, there are ultra low-cost devices such as nondis-
persive infrared sensors, pellistors, metal-oxide or electrochemical gas sensors, but these suffer
from limited sensitivity, long-term drift and cross-responsivity to other chemical species [4].
An alternative approach to methane detection is based on cryptophanes [5], which are
supramolecular compounds that form a host cavity. The cavity can selectively capture
molecules whose dimensions are compatible with the cavity size. Cryptophane-A, the smallest
of the series, exhibits a strong affinity towards methane [6—8]. When incorporated into polymer
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solutions such as Polydimethylsiloxane (PDMS) or Styrene-Acrylonitrile (SAN), the resulting
transparent films can be used as a sensitive cladding layer for optical refractive index sensors.
An optical fibre sensor for methane detection based on cryptophane molecules incorporated
in a PDMS cladding was first reported in 2005 by Bernouis et al. [9]. Since then, several dif-
ferent sensor designs were proposed. Long-period fiber grating sensors with a SAN and poly-
carbonate overlay [10, 11] have achieved a detection limit down to 0.1 vol. %. Another design,
a surface plasmon resonance sensor for methane detection in water [12], has reached a remark-
ably low detection limit of 0.2 nM, which shows the potential of cryptophane-based sensing
for specific methane detection down to ambient CHy4 concentrations. Nevertheless, the reported
techniques unanimously rely on the measurement of resonance shifts, which implies the use of
a tuneable laser source or a spectrometer. This increases the sensor price as well as its footprint.

On-chip interferometric techniques represent a solution to overcome this drawback. In par-
ticular, the waveguide Mach-Zehnder interferometer is highly appealing as it is sensitive to very
small refractive index variations. It has been successfully employed for a wide range of applica-
tions, such as sensing of pressure [13], gases [14], volatile organic compounds [15], DNA/RNA,
proteins and other biological molecules [16, 17]. Several sensors, including a reference Mach-
Zehnder interferometer, can be combined on a single chip [17], resulting in a compact and
stable device. The sensitivity range of Mach-Zehnder interferometers can be adapted to the ap-
plication by choosing the waveguide length, and since they do not require a tuneable laser, they
can be produced at a competitive price.

In this work, we adopt the above strategy to develop an on-chip methane sensor based
on a Mach-Zehnder interferometer. The device is sensitised to methane by incorporating
cryptophane-A molecules in the waveguide cladding, which results in more than one order
of magnitude sensitivity and selectivity enhancement and a detection limit down to ppm levels.
As such, it is an excellent candidate for quantification of methane release from a multitude of
natural and anthropogenic emission sources.

2. Sensor design and principle of operation

Figure 1 shows an integrated Mach-Zehnder interferometer, where the optical signal is split
into two branches: a reference arm which is protected from the surrounding environment and a
sensing arm which is exposed to the analyte. The presence of the analyte modifies the refractive
index in the sensing arm, resulting in a phase difference relative to the reference arm. This phase
difference is recovered after the two arms are recombined into a single output, resulting in an
interference signal:

Ir :]S—I—IR—|—2\/131RCOS(A¢S—|—A¢Q) )
Here Iy and I are the intensities of the light propagating in the sensing and the reference arm,

respectively, A¢g is the initial phase difference due to unmatched optical lengths of the two
arms, and A¢s is the phase difference induced by the analyte.

2.1. Waveguide design

The sensor is based on silicon nitride (Si3N4) shallow rib waveguides on a silica buffer layer,
fabricated by low-pressure vapour deposition and reactive-ion etching as detailed in [18, 19].
The chosen material combination exhibits good transparency in both the visible and the near-
infrared range and provides for high refractive index contrast and strong lateral confinement of
the optical field. Also as schematically depicted in Fig. 1, the Mach-Zehnder interferometer is
top-cladded with a 1 ym-thick silica layer, with a 25 ym-wide sensing window opened above
the sensing arm. Devices were fabricated with sensing lengths of 1, 2 and 3 cm.

Figure 2 shows the cross-sectional view and an atomic force microscope (AFM) image of the
waveguide, characterised by a core thickness of 150 nm, rib height of 5 nm and 2 pm in width.
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This design is a result of an optimisation step in order to achieve low propagation losses and a
high mode-overlap with the top cladding material [19, 20].

Rib waveguides are superior to strip and slot waveguides in terms of propagation loss because
of a small spatial overlap of the optical mode with the shallow-etched side-walls. A propagation
loss of only 0.8 dB/cm was measured for the silica-cladded waveguides, while the polymer-
cladded waveguides with cryptophane-A exhibited a slightly higher loss of 1.3 dB/cm.

As the condition of single-mode operation is indispensable for Mach-Zehnder interferom-
eters, the waveguide dimensions were carefully chosen to support a single TE and a single
TM mode at the operating wavelength A = 785 nm. The TM mode extends more into the top
cladding, and therefore it is more sensitive to changes in the surrounding environment and more
suitable for evanescent sensing. When covered with a polymer sensing layer (refractive index
n = 1.56), it exhibits 47% overlap with the cladding as shown in Fig. 2(a).

2.2.  Methane-sensitive layer

The key step for selective methane detection is the use of Cryptophane-A doped layer as a
cladding on the sensing arm of the Mach-Zehnder interferometer. Cryptophane-A was pre-
pared from commercial vanillin according to a published procedure [21] and purified by col-
umn chromatography. The synthetised material was characterised by nuclear magnetic reso-
nance and high-resolution mass spectrometry, and found to exhibit identical properties to those
reported [8] including host-guest behaviour towards methane.

Although most related publications use PDMS as the host for cryptophane-A, we opt for
Styrene-acrylonitrile copolymer (SAN) that exhibits good chemical resistance and high clar-

Reference arm

2
0.005 :—'—.‘—’

Sensing arm

[N, +cH,
¥
12 [[] saN, n=1.56
I (] sisNg, n=2.0

[]sioz, n=1.46

. Si wafer

Fig. 1. 3D layout of the Mach-Zehnder interferometer, showing both the reference and
the sensing arm cross-sections. The 25 ym-wide window opened above the sensing arm is
filled with a cryptophane-A-doped, methane permeable polymer (SAN). This allows the
methane molecules to diffuse to the waveguide surface. The waveguide dimensions and the
layer thicknesses are given in micrometers.
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Fig. 2. The SizNy4 rib waveguide. (a) Numerically simulated mode field distribution of the
fundamental TM mode over the waveguide cross-section; 47% of the optical field extends
into the top polymer cladding. (b) AFM image of the waveguide surface; note the difference
in the scaling of the lateral and the vertical axes.

ity. SAN was chosen for its compatibility with the solvent 1,1,2,2-tetrachloroethane, which can
dissolve cryptophane much better than the solvents typically used with PDMS (e.g. tetrahydro-
furan). This results in a higher transparency of the cladding film, which allows us to realise
low-loss (1.3 dB/cm), centimeter-scale waveguides. Moreover, SAN has a higher refractive in-
dex (n = 1.56) than PDMS (n = 1.42), which has a positive effect on the field overlap and, thus,
the sensitivity of the device.

The polymer was prepared from 5 mg (sensor A) or 1.6 mg (sensor B) of cryptophane-A solid
powder and 45 mg SAN dissolved in 0.9 mL of 1,1,2,2-tetrachloroethane. Prior to deposition,
the sample was silanized in 1% 3-aminopropyl-triethoxy silane (APTES)/ethanol solution in
order to improve the adhesion of the polymer to the waveguide surface [22]. The cryptophane-
A doped polymer was deposited on the chip surface by spin-coating at 4500 rpm for 2 minutes.
As confirmed using KLA-Tencor P-6 stylus profiler, this resulted in a SAN film thickness of
about 200 nm on the silica coated surface and 1200 nm inside the sensing windows (Fig. 2).

3. Experimental setup

The processed sensor chips were investigated using a setup that combines an optical path with a
microfluidic gas-flow system for precise control of the methane flow rate and its concentration
(Fig. 3). The sensor is enclosed in a microfluidic chamber with a sample volume of 0.2 mL,
and mounted on a temperature-stabilised stage equipped with a Peltier element. The latter is
used to control the sample temperature with an accuracy of 1 mK, and thus reduce the phase
drift due to external temperature variations. TM-polarized light from a solid-state laser source
emitting at 785 nm (DL785-120-SO, CrystaLaser, USA) is coupled into a polished waveguide
facet using an objective lens. After propagating through the Mach-Zehnder interferometer, the
output is collected at the rear sample facet by a second microscope objective and refocused
on an iris, which acts as a spatial filter blocking spurious light from the sample substrate and
the neighbouring slab waveguides. The output signal is detected using a silicon photodiode
(NEP = 2.10713, 20 Hz bandwidth, SM1PD1A, Thorlabs, USA) and acquired at a rate of 2 Hz
with a custom-written Labview program that also monitors the temperature and regulates the
gas flow.

In order to investigate the response of the device to methane, two mass-flow controllers
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Fig. 3. Schematic diagram of (a) the optical setup and (b) the gas flow system. The top
photograph shows the 25 mm x 40 mm sensor chip enclosed in a microfluidic chamber and
mounted on a thermo-electrically stabilised stage.

(MFCs, 100 mL/min, EL-Flow, Bronkhorst) are used to prepare a mixture of methane and
pure nitrogen (2% CHy4 in Nj). By adjusting the mixing ratios of the two gases, the methane
concentration can be varied between 0 and 2%. The total gas flow through the microfluidic
system is kept constant at 10 mL/min.

4. Results and discussion

Figure 4 shows the response of sensor A when alternately exposed to 2% methane or pure nitro-
gen. The intensity measured at the sensor output (Fig. 4(a)) exhibits a distinct and reproducible
change each time the methane gas is introduced. According to Eq. (1), this intensity change is
directly related to the phase difference between the interferometer arms, and can be expressed
as:

Ir ([ ) —Ig—1Ip
2VIsIr
Experimental values of Ig and I are obtained from the maxima and the minima of the measured
intensity modulation as Is + Ig = (Lyax + Inin)/2 and 2+/Is\/Ig = (Inax — Inin) /2. The initial
phase shift A@y between the respective interferometer arms, which is always present due to
different optical, thermo-optical and opto-mechanical properties, can be modified by e.g. tuning
the temperature of the sensor chip. It is generally beneficial to set A@y to /2, i.e. in the middle
of an interference fringe, where the intensity change induced by an infinitesimal phase change
is maximum and thus the sensitivity of the sensor is the highest. If the phase change A¢g should
exceed /2, the result of Eq. (2) has to be unwrapped by respecting the condition of continuity

of the Ads(¢) function and its first order derivative as demonstrated in Figs. 4(c) and 4(d).

A¢s(t) = Agy + arccos )
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Fig. 4. Varying input methane concentration (a) and the resulting optical transmission
change using sensor A (b). The corresponding phase change calculated using Eq. (2) before
(c) and after unwrapping (d). The temporal offset of 100 s between the change in methane
concentration and the phase response, as well as the 10% to 90% rise time of 40s, are
primarily related to the gas transport from the MFCs to the microfluidic chip. The spikes
visible in the data are due to a shock wave generated upon switching between the respective
MFCs.

4.1.  Time response

From the temporal behaviour of the phase change (Fig. 4(d)), the sensor time response, stability
and repeatability can be found. After penetration of methane into the microfluidic chamber, the
phase A¢s exhibits a rapid increase with a 10% to 90% rise time #19_gp = 40 s, before it stabilises
within another 80 s of measurement. The measured time constant #{9_gg gives only an upper
estimate of the response time, as in the current configuration it is not possible to decouple the
response time of the sensor from the settling time of the MFCs upon switching (several seconds)
and potential mixing of the gases prior to contact with the sensor surface.

Following the 120 s period of stabilisation, a small linear phase drift can still be observed in
the measured signal. This is due to a rather high temperature sensitivity of the interferometer
(5.6 rad/°C) that reacts to any temperature variations of the sampled gas and the surrounding
environment. The drift is expected to diminish in a system with only one flow control element.
Furthermore, environmental changes of pressure and temperature can be compensated using
a balanced interferometer, or by a reference sensor of identical design but no cryptophane-A
contained in the polymer cladding.
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4.2.  Sensitivity and detection limit

In order to experimentally investigate the sensitivity, the methane concentration was varied
between 300 ppm and 2%, and the methane-induced phase change was recorded as shown for
sensor A in Fig. 5(a). Despite the slow temperature drift, the reproducibility of the phase change
in response to the same concentration of methane was high: if the amplitude of the phase change
was taken systematically after 120 s from the rise onset, the scatter of the measured data exhib-
ited a standard deviation of only 1%, which is a good estimate of the sensor accuracy.

Figure 5(b) shows the amplitude of the phase change plotted against the methane concen-
tration for two sensor chips A and B that differ in the Cryptophane-A amount in the polymer
cladding. Both plots exhibit a linear dependence of the phase change on the methane concen-
tration ¢, which allows us to define the device sensitivity as:

Ads
C

S= 3)
Figure 5(b) also demonstrates that the amount of Cryptophane-A has a strong influence on the
device sensitivity: while the sensitivity of sensor A reaches 2.67x 10~* rad/ppm, the sensitivity
of sensor B that contains about 3-times less Cryptophane-A is roughly 3-times lower.

T
°I" (b)
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2 —
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Fig. 5. (a) Recorded phase change A¢g for sensor A and 4 different methane concentrations.
(b) Phase change versus methane concentration for sensors A (red) and B (blue).

The limit of detection (LOD, 99% confidence level) was calculated according to the proce-
dure suggested by the American Chemical Society [23,24]:

2.8210,

LOD =
S

“)
where S is the sensitivity and o, is the standard deviation of the measurement at a concentration
close to the expected detection limit. To find o, the methane concentration was cycled 10 times
between 0 and 300 ppm, and the read-out was averaged during the last 15 s of each cycle. This
procedure resulted in oy, = 1.65 x 1073, which translates into a detection limit of 17 ppm for
sensor A and 50 ppm for sensor B. These values are significantly lower than typically achieved
with low-cost calorimetric or solid state sensors [4], manifesting the potential of our on-chip
sensor for practical applications. The actual sensitivities and the related detection limits are
summarized for both sensors in Table 1.
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Table 1. Sensitivity and limit of detection for the measured sensors.

. Sensitivity oy LOD

Sensor | Crypt.-A : SAN (10~ rad/ppm) | (102 rad) | (ppm)
Sensor A 1:9 2.67 1.65 17
Sensor B 1:28 0.94 1.65 50

4.3.  Sensitivity enhancement due to cryptophane

To evaluate the sensitivity enhancement due to cryptophane, we compared the above results
to the response of a refractive index sensor based on the same Mach-Zehnder interferometer,
but with no cryptophane-A in the polymer cladding. As shown in Fig. 6, the phase change of
a 3 cm long sensor without Cryptophane-A is 0.31rad. On the other hand, sensor A exhibits,
for the same methane concentration, a phase change of 5.28 rad. This demonstrates a 17-fold
sensitivity enhancement, which is likely to further increase with the amount of Cryptophane-
A. However, a detailed study relating the concentration of the cryptophane to the sensitivity
enhancement, scattering loss of the waveguide and the limit of detection, is still needed in order
to explore the full potential of the current approach.

T T T T T
6 —— SAN .
—— SAN+Crypt-A

Phase A¢g (rad)

Ok—1 1 1 ] A
17:16 17:17 17:18 17:19 17:20

Time (hh:mm)

Fig. 6. Comparison of the phase response to 2% methane from sensors with and without
cryptophane-A, showing a 17-fold sensitivity enhancement due to cryptophane.

4.4. Cross-sensitivity

The sensitivity enhancement observed for the cryptophane-cladded sensors indicates that 16/17
of the total phase change is related to the methane encapsulation in the cryptophane cages.
Only the remaining fraction of the phase change is non-specific, i.e., related to the refractive
index change of the gas regardless of its chemical composition. Therefore, the cross-sensitivity
of the sensor to other gases is scaled by the same factor, and can be eliminated by using a
reference sensor cladded by a pure SAN film without the cryptophane component. Nevertheless,
interference with the few species that also exhibit high affinity to cryptophane-A, such as xenon,
radon and chloromethanes [8,25,26], is hard to avoid. This should be quantified and taken into
consideration when targeting practical applications.
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5. Conclusions

In summary, we have demonstrated an on-chip methane sensor based on an integrated Mach-
Zehnder interferometer, which uses a polymer cladding doped with cryptophane-A to increase
the sensitivity and selectivity. The choice of styrene-acrylonitrile as a host polymer for cryp-
tophane molecules was a key to the successful realisation of low-loss centimetre-scale waveg-
uides, constituting the principal building block of the sensor. Our approach resulted in a 17-fold
sensitivity enhancement compared to a refractive index sensor, and a detection limit as low as
17 ppm. This sensitivity is sufficient for practical use in safety and process control, as well as
in some environmental applications such as monitoring of methane emission sources. Further-
more, the 1200 nm-thin cladding, matched to the decay length of the evanescent field, provides
for fast methane diffusion and, hence, fast response of the sensor. The sensor chips are small,
light, and, when pigtailed with optical fibres, sufficiently rigid for air-borne deployment. More-
over, since they are patterned with standard photolithography, the sensor chips are cheap and
eligible for mass production.

In the next step, our efforts will focus on increasing the chip sensitivity by optimising the
cryptophane cage size, as well as shifting the excitation wavelength to a region of strong
methane dispersion. Moreover, a new chip design comprising reference interferometers will be
proposed to compensate for temperature and pressure drift and to increase the long-term stabil-
ity and specificity of the sensor. Our final aim is to make a prototype sensor for installation on
a civilian drone, to conduct surveys of remote and poorly-accessible natural methane sources.
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