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Abstract: The reported chalcogenide (ChG) rectangular waveguide sensors with a small
evanescent field need a large waveguide length to obtain an enhanced light-gas interaction
effect. To make such sensors compact and improve the light-gas interaction effect, a microcavity-
enhanced absorption spectroscopy technique for methane (CHy) detection was proposed using
a mid-infrared chalcogenide/silica-on-fluoride horizontal slot-waveguide racetrack resonator.
For the horizontal slot waveguide, an equivalent sensor model (ESM) and related formulations
were proposed to simplify the analysis of the racetrack resonator sensor model (RRSM), and
the ESM was verified through a comparison between the theoretical result of ESM and the
simulation result of RRSM based on the finite element method (FEM). Due to the use of a
chalcogenide/silica-on-fluoride horizontal slot-waveguide structure, the waveguide parameters
were optimized to obtain a high power confinement factor of 44.63% at the wavelength of
3291 nm, which is at least 5 times higher than other ChG rectangular waveguides. The waveguide
length is reduced at least 30 times due to the use of the optimized chalcogenide/silica-on-fluoride
horizontal slot-waveguide and racetrack resonator. The limit of detection (LoD) is 3.87 ppm with
an intrinsic waveguide loss of 3 dB/cm and an amplitude coupling ratio of 0.1 for the resonator.
The response time is less than 5 ps due to the small light-gas interaction area. The influences of
environmental pressure and waveguide intrinsic loss on the sensing characteristics were discussed.
The compact racetrack resonator sensor structure and equivalent analytical model can also be
adopted in the design of an on-chip waveguide sensor for the detection of other gas species.

© 2020 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

Most gas species have unique absorption in the mid-infrared band (2.5-20 um), and the
absorption intensity is at least two orders larger than that in the near-infrared band. However,
the reported mid-infrared gas sensor systems based on discrete modules or devices with bulk
size are power-consuming and sensitive to vibration [1-9]. Some other gas sensing techniques
(e.g., electrochemical, catalysis) require a high operation temperature (> 200°C) for activating
functional materials [10]. As a comparison with the discrete sensor system, a chip-scale optical
waveguide gas sensor is mini in size with small power consumption [11-13]. Moreover, optical
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waveguide sensors can be used for label-free, non-invasive and non-damage sensing [14—15].
Based on refractive index variation or absorption spectroscopy, solid, liquid and gaseous analyte
can be qualitatively or quantitatively analyzed using optical waveguide sensors [16—18].

Waveguide material and structure are two major considerations in the design of an optical
waveguide sensor. Waveguide material should be transparent in the mid-infrared to reduce
absorption loss. Chalcogenide (ChG) glasses with a high refractive index (> 2) have a low
absorption loss below 12 um [19], which are suitable as core layer material. Calcium fluoride
(CaF,) with a low refractive index (~ 1.4) has low absorption loss below 9 um [20], which is
suitable as lower buffer layer material. The widely used silicon-on-insulator (SOI) platform is
unsuitable for mid-infrared applications because the transparent waveband of the silica (SiO)
is limited to ~ 3.6 um [21]. On the other hand, waveguide structure should have a high power
confinement factor (PCF) within the target gas area for strong light-gas interaction. The easily
fabricated rectangular waveguide is the most commonly used structure, but its PCF is < 10%
[19,22-23]. To solve this problem, horizontal slot waveguide was proposed to reduce scattering
loss and obtain a high PCF [20,24]. Using wet etching technique, horizontal slot waveguide is
easy to fabricate without considering the depth-to-width ratio of the slot. In addition, spiral and
flexural waveguide structures were proposed to achieve large interaction length with a compact
size [25-26]. Superior to spiral and flexural waveguide structures, optical microring resonator is
capable of shortening the device length by at least 10 times by enabling light circling in the ring
microcavity [27].

In order to obtain a large light-gas interaction length, a novel mid-infrared ChG/silica-on-
fluoride horizontal slot-waveguide racetrack resonator gas sensor was proposed, which reveals
a high PCF of > 40% and a reduction in the device length by > 30 times. The novel aspects
of this racetrack resonator gas sensor include: (1) Instead of vertical slot-waveguide based on
dry-etching technique, horizontal slot-waveguide was adopted to obtain a high PCF as well
as a low scattering loss due to wet-etching technique. (2) SiO; near the horizontal slot was
removed by hydrofluoric acid (HF) to reduce absorption loss and enhance the light-gas interaction
for dropping the limit of detection (LoD). (3) An equivalent sensor model (ESM) and related
formulations were proposed to simplify the analysis of the racetrack resonator sensor model
(RRSM), and the ESM was verified through a comparison between the theoretical result of the
ESM and the simulation result on the RRSM using COMSOL Multiphysics. The structural
parameters of the horizontal slot waveguide and racetrack resonator were optimized for improving
the PCF and reducing the sensor size. Methane (CHy4) was selected as the target gas to estimate
the sensing characteristics of the racetrack resonator gas sensor. Effects of operation temperature,
environmental pressure and waveguide intrinsic loss on the sensor behavior were discussed to
prove the robustness of the ChG/silica-on-fluoride horizontal slot-waveguide racetrack resonator.

2. ChGisilica-on-fluoride horizontal slot-waveguide
2.1. Waveguide structure

CHy is selected as the target gas and the absorption line located at A =3291 nm is used as the
target line for detection [28]. The structure of the proposed ChG/silica-on-fluoride horizontal
slot-waveguide is shown in Fig. 1(a). The waveguide consists of an upper confined layer, an upper
loaded strip core layer, a supporting layer, a horizontal slot, a lower strip core layer, and a lower
buffer layer/substrate. The ChG material, As;Ses is used as the core material with a refractive
index n; =2.80 (@ 25 °C) at the wavelength of 3291 nm. SiO, is adopted as the supporting layer,
and the SiO; near the slot is removed for PCF enhancement and decreasing the absorption loss
by keeping it away from the slot. Then the effects of the supporting layer on the mode can be
neglected. The fluoride material, CaF, is used as the lower buffer layer as well as the substrate
with a refractive index ny = 1.41 (@ 25 °C). The target gas, with a refractive index of n3 = 1.0, is
filled in the horizontal slot and used as the upper confined layer above the upper loaded strip. The
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waveguide parameters include the upper loaded strip width wy, upper strip height 4, suspended
waveguide width w», suspended waveguide height &,, slot height 43, and lower strip height /4. In
the next, the slot waveguide structure will be optimized for guiding single-mode propagation and

enhancing PCF in the target gas area.
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Fig. 1. (a) The cross-section structure of the horizontal slot-waveguide. (b) Optical mode
field distribution of the quasi-TM( mode of horizontal slot-waveguide, where wy =2 um,
wo =6 um, hy =0.42 pm, hp =0.1 um, h3 =0.15 pym, and A4 = 0.4 ym.

2.2. Waveguide cross-section optimization

There are two goals for optimizing the ChG/silica-on-fluoride horizontal slot-waveguide racetrack
resonator. One goal is to meet the single-mode condition with increasing the PCF. The other goal
is to increase the effective path length L.g and reduce the waveguide length. Here, COMSOL
Multiphysics was used for analysis based on the finite element method (FEM). The PCF within
the target gas area is defined as

/ /g o P2dxdy
PCF =8~ (1
././total P,dxdy
where P, is the z component of the Poynting vector.
Table 1. Optimized parameters of the ChG/silica-on-fluoride horizontal slot-waveguide.
Slot-waveguide parameters Value
Wavelength, A 3291 nm
Upper loaded strip width, w 2 um
Suspended waveguide width, wo 6 um
Upper strip height, /; 0.42 ym
Suspended waveguide height, /1 0.1 um
Slot height, i3 0.15 ym
Lower strip height, A4 0.4 um
Racetrack resonator parameters Value
Radius of racetrack waveguide, r 108 um
Straight waveguide length of racetrack waveguide, L; Straight
waveguide length, 2L, Coupling distance, d 16 pm 232 um 1.5 pm
Performance Value
Effective refractive index, Neg 1.5925

Power confinement factor, PCF Amplitude coupling ratio, x 44.63% 0.1




Research Article Vol. 28, No. 15/20 July 2020/ Optics Express 21435 |

Optics EXPRESS SN

For the quasi-TM( mode of the straight horizontal slot-waveguide, we optimized the upper strip,
the slot and the lower strip in turn to increase PCF with the same method in our previous work
[28]. The optimized results of the slot waveguide parameters are shown in Table 1, where wy =2
pm, wo =6 um, by =0.42 um, s =0.1 ym, h3 =0.15 pm and 54 = 0.4 um. The effective refractive
index Neg and PCF of the ChG/silica-on-fluoride horizontal slot-waveguide are 1.5925 and
44.63%, respectively. With the optimized structure, the mode field distribution of the quasi-TM
mode of the horizontal slot waveguide is shown in Fig. 1(b). It can be found that a large amount
of light is distributed in the target gas area to improve the sensing performance.

3. Horizontal slot-waveguide racetrack resonator gas sensor

3.1. Sensor structure

The top view of the horizontal slot-waveguide racetrack resonator sensor is shown in Fig. 2(a).
The output power from the drop port is used for gas detection. The following parameters should
be optimized for small bending loss ap and large effective path length Leg, including the straight
waveguide length of the racetrack waveguide L, the radius of the racetrack waveguide r, the
coupling distance d, the straight waveguide length L,, the amplitude coupling ratio « and the
amplitude transmission ratio z. The system-level diagram of the horizontal slot-waveguide
racetrack resonator sensor is shown in Fig. 2(b). A commercially available interband cascade
laser (ICL, TO66, Nanoplus, Germany) can be used as the mid-infrared laser with an output
power Py. The waveguide can easily be butt coupled using fluoride fibers. A single mode fluoride
fiber (Thorlabs, ZrF, fiber patch cable) can be used to couple the incident light into the waveguide.
The output light of the waveguide can be coupled by multimode fluoride fiber (Thorlabs, InF3
fiber patch cable). The coupling loss of each facet is considered to be 5 dB, which refers to the
simulation results of a horizontal rib slot waveguide [20]. The output laser power P from the
drop port is derived by a HgCdTe detector (PDA10JT, Thorlabs, USA) with a specific noise
equivalent power (VEP) and bandwidth B. The signal output from the detector is processed by an
electrical circuit board (ECB). A data acquisition (DAQ) card (USB6211, National Instrument,
USA) is used to sample the output signal from the detector and deliver a signal to drive the ICL.
Two temperature controllers (TC1, TC2) are used to control the temperature of the laser and
waveguide sensor, respectively. A current driver (CD) is used to control the current and to tune
the laser wavelength. A laptop as well as a LabVIEW platform is used for data processing and
control the DAQ card. For sensing application, a polydimethylsiloxane (PDMS) gas cell can be
bonded on the integrated sensor. An inlet and outlet are added to the PDMS gas cell, and the
injection and ejection of the target gas into the waveguide can be realized through a pump.
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Fig. 2. (a) Top view of the horizontal slot-waveguide racetrack resonator gas sensor. (b)
The system-level diagram of the horizontal slot-waveguide racetrack resonator gas sensor.
ICL: interband cascade laser; TC: temperature controller; DAQ: data acquisition card; CD:
current driver; ECB: electrical circuit board; PC: personal computer.




Research Article Vol. 28, No. 15/20 July 2020/ Optics Express 21436 |

Optics EXPRESS i NN

3.2. Sensing theory
3.2.1. Effective path length

Define b4 and a; as the mode field amplitude of the input straight waveguide and output straight
waveguide, respectively. The amplitude transfer function of the racetrack waveguide is determined
by the amplitude coupling ratio x and the amplitude transmission ratio ¢, shown as

bi _ Kexp(je)

=—— -7 2
a 1 — 2 exp(—j2¢) @

where ¢ = L[B-j(PCFags(C)+ ain)]/2 is the phase change of the light propagating through
the semi racetrack waveguide, L, is the perimeter of the racetrack waveguide, S is the mode
propagation constant, @iy is the intrinsic loss of the waveguide, including absorption loss,
bending loss and scattering loss, @g,s(C) is the waveguide absorption coefficient resulting from
the absorption of the target gas at a specific concentration C. At resonance state, the racetrack
resonator should satisfy the resonance condition, i.e.

LS =2mm (3)
where m is the resonance order. According to Egs. (2) and (3), the power transfer function of the

racetrack waveguide can be written as

2
2| k2 exp[—Li(PCF agys(C) + ain) /2]

1-7 exp[_Lr(PCFagas(C) + Qiny)]

by

a)

Dy(C) = = (€]

When the analyte is pure nitrogen (N3), @g,s(C) = 0, and the power transfer function of the
racetrack waveguide can be written as

2 2

by
a

K eXp (—Lrin /2)
1 — 2 exp (—Letin)

Because of light-gas interaction, the output power from the drop port of the racetrack resonator
changes with gas concentration and obeys the Lambert-Beer law [22]

Dy = Q)

I =1Iyexp [_PCFagas (C) Lest — aintLeﬁ] (6)

where Iy and [ are the output light intensity of the laser and from the drop port, respectively.
Since the output power from the drop port P and the laser power Py correspond to I and I,
respectively, we have

P = PyDg exp | ~PCF g5 (C) Lei] (7

On another aspect, based on resonance mode theory, the output power from the drop port can
also be expressed as
P = PyD; (C) (3)

Combining Eqgs. (7) and (8), the effective path length L.g of the racetrack waveguide can be

decided by
__In[Dy (C) /Dol

T T PCFag, (C)
Considering the length of input/output straight waveguide of the sensor, the total effective path
length L of the racetrack resonator gas sensor is

Li =20 + Legr (10)

C))

To make the device compact, the minimum value of L; is Ly =+ L1/2. Then L; can be written
as
L =2r+Li + Leg (11)
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3.2.2. ESM and verification

With the obtained L.g from Section 3.2.1, the RRSM in Fig. 3(a) can be equivalent to a straight
waveguide sensor model (ESM) as shown in Fig. 3(b). The straight waveguide sensor is made
up of an input straight waveguide, an output straight waveguide and the equivalent straight
waveguide for gas sensing. For the two sensor models, the output power can be calculated using
Eq. (7) and COMSOL Multiphysics, respectively, to check the accuracy of the equivalent model
and theory. The input power of the sensor is set to 10 mW and the waveguide loss only origins
from gas absorption. Based on the optimization in Section 2, the racetrack waveguide structural
parameters are r = 108 um, L; = 16 um and d = 1.5 um. Curves of the output power P versus CHy
concentration C for the two models are shown in Fig. 3(c). As can be seen, the output power
of the ESM shows good agreement in variation trend with that of the RRSM, and the slight
difference probably results from the errors in reducing the three-dimensional waveguide model
to two-dimensional waveguide model. This confirms the accuracy of the ESM.

(a) 2L, (C) 102 = — - —v— RRSM
- -~ ESM
0 Ll s
LN
td é 104 Py=10 mW
«— & =108 pm
P . sl Ly=16pm
(b) t d=15pm
L, . L. . L > H
6
_} : : _} 10 ) ) ) X
Py : : P 10? 10° 10* 10° 10°

C (ppm)

Fig. 3. (a) Racetrack resonator sensor model (RRSM). (b) Equivalent straight waveguide
sensor model (ESM). (c) Curves of output power P versus CHy concentration C using the
two models shown in Fig. 3(a) and 3(b), where Pop=10mW, r =108 um, L; = 16 um and
d=1.5 pm.

3.2.3. Key characteristics: dynamic range and limit of detection

With the verified ESM (Fig. 3(b)), we can analyze the key characteristics of the sensor using a
similar technique proposed in [28]. The LoD satisfies

SNRuinNEPVB = Pg exp (=ainiL) — Po exp [ ~ainLi — PCFarges (C = LoD) L] (12)

where SNRyin as the minimum detectable signal-to-noise ratio of the system, which is related to
the detector and electrical units. The Cy,.x satisfies

SNRminNEPVB = P o = Poexp [~ainLi — PCFagas (C = Cinax) Li] (13)

3.3. Sensor optimization

Now we optimize the racetrack waveguide sensor with the optimized waveguide structure in
Section 2. Curves of the refractive index difference between the straight waveguide and the
bending waveguide AN g and waveguide bending loss ay versus ring radius » are shown in
Fig. 4(a). With the increase of r, AN.g and ay decrease first and then become stable. AN.g
equals zero when » > 20 pm, and the ay, of a typical SOI bending waveguide with r > 5 pm can
be ignored [29]. This is because the PCF of the proposed waveguide is large, so a large radius
is required for the racetrack resonator waveguide to confine the mode propagation along the
waveguide.
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Fig. 4. (a) Curves of AN g and ay, versus r. (b) Curves of Leg and E versus k where
aipt =3 dB/cm and C =50 ppm. (c) Curves of Leg and E versus Ly, where ajp = 3 dB/cm,
C=50ppm and « =0.1. (d) Curves of k versus L, where d = 1.5 um. (e) Curves of « versus
d at different L1 from 15 ym to 17 pum.

The micro-cavity enhancement factor is defined as E, which is expressed as E = L.g / L;. Curves
of L.g and E versus mode amplitude coupling ratio « are shown in Fig. 4(b), where aj, =3 dB/cm
and C =50 ppm. « determines the coupling effect between the straight waveguide and racetrack
waveguide. When « is small, light tends to circulate in the racetrack waveguide. So L.g and
E decrease with the increase of k. However, if « is < 0.1, it will be difficult for the coupling
between the straight waveguide and racetrack waveguide. So we select k =0.1 to obtain a large
L and a large E. Curves of Leg and E versus L, are shown in Fig. 4(c), where @i, =3 dB/cm,
C=50ppm and « =0.1. With the increase of L., L.g increases due to the increased light-gas
interaction length. Because of the increased mode loss mainly resulting from a;y other than gas
absorption, L. increases more slowly than L, which leads to the decrease of E. In order to ignore
the influence of a} and achieve a large Les and E, L, is selected to be 710 um (a ring waveguide
with the radius of ~ 110 pum).

Finally, we optimize L; to ensure x =0.1. Increasing PCF and L; will improve the coupling
effect, and the microring resonator can be fabricated without electron beam lithography when
the coupling distance d > 1 um. Curve of « versus L; is shown in Fig. 4(d), where d = 1.5 pm.
As can be seen, « increases with the increase of L. Curves of « versus d at different L, from
15 pym to 17 um are shown in Fig. 4(e). It can be seen that « decreases with the increase of d
because the increase of d weakens the interaction between waveguides. A larger L; can enhance
the interaction between waveguides which leads to the increase of x. With increasing L, d can
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be decreased to keep x unchanged; however, the increase of L; makes the footprint of the device
large. A small d increases the difficulty of device fabrication, and so d is set to 1.5 um. When
Ly =16 pm, »=108 um and d = 1.5 pm, « reaches 0.1. The optimized parameters of the racetrack
resonator sensor are shown in Table 1.

3.4. Wavelength tuning characteristics of the optimized resonator

The transmittance spectrum of the drop port is shown in Fig. 5 for the optimized waveguide
sensor with an operation temperature of 25 °C. The resonance wavelength is near the absorption
peak at 3291 nm selected for CHy4 detection.
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3289 3290 3291 3292 3293
A (nm)

Fig. 5. Curves of resonant peaks of the racetrack resonator at different temperatures. Inset:
The thermal-optical tuning coefficient (dA/dT) fitting curve.

The refractive indices of waveguide materials are influenced by temperature, so the resonant
peak can be tuned to the absorption peak by controlling the temperature of the sensor. The
thermo-optic coefficient (dn/dT) of As,;Ses and CaF; are ~ 4x1073 °C~! and ~ —8.2x107° °C~!,
respectively [28,30]. Assuming that the temperature of the waveguide and substrate is uniform,
within the temperature range from —30 °C to 70 °C, curves of the resonant peaks at different
temperature are shown in Fig. 5. The resonant peak has a red shift with the increase of 7. Fitted
by least square method, the thermo-optic tuning coefficient (d4/dT) is only ~ 0.032 nm/°C due
to the low thermo-optic coefficient of the core layer. The obtained fitting curve is shown in the
inset of Fig. 5. The full width at half maximum (FWHM) of the resonant peak is ~ 0.03 nm. The
simulated absorption spectra of CH4 and H,O from HITRAN database are shown in Fig. 6(a),
where T=298 K, P=1 atm, L=10cm and the concentration of CH4 and H,O are 1000 ppm
and 2% (atmospheric concentration level), respectively. The influence of H,O can be ignored
by drying the injected gas [1]. The FWHM of the CHy4 absorption peak is ~ 0.14 nm which is
4 times larger than the FWHM of the resonant peak. Setting the temperature to 27.5 °C, the
resonant peak can be located at the CHy4 absorption peak wavelength. The ICL emission spectrum
measured by Fourier transform infrared (FTIR) spectrometer (Thermo Fisher Scientific, model
Nicolet iS50) is shown in Fig. 6(b), where T =15 °C. The output wavelength of the ICL can
be located at the CHy4 absorption peak wavelength by adjusting current. The line width of the
ICL is narrower than the FWHM of resonant peak and the FWHM of CH4 absorption peak. So
the @g,s(C) of the CHy absorption peak can be approximated as a fixed value for theoretical
calculation and simulation study.

3.5. Fabrication process

A diagram of the fabrication process of the integrated sensor is shown in Fig. 7. First, a 0.4
um thick SiO; film is deposited on CaF, substrate by chemical vapor deposition (CVD). The
mask on partial SiO; is formed by photolithography and the SiO, supporting layer is obtained by
inductively coupled plasma (ICP) etching. Then, a ChG strip with a width of 2 um and a height
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Fig. 6. (a) The simulated absorption spectra of CHy4 and HyO, where T=298 K, P=1 atm,
L =10cm and the concentration of CHy4 and H,O are 1000 ppm and 2%, respectively. (b)
The ICL emission spectrum measured by Fourier transform infrared (FTIR) spectrometer,
where T'=15 °C.

of 0.4 um is fabricated by lift-off technique. Next, a 0.15 pm thick SiO, film is fabricated on ChG
by CVD. In the following, a 0.52 um thick ChG film is fabricated on SiO, by thermal evaporation
and the air groove of the coupling region with a 1.5 um width is formed by ICP etching. The
ChG racetrack disk and strips with a height of 0.42 um are removed by ICP etching. Finally, the
SiO; slot is removed by HF etching and the etching rate can be 100 nm/min by controlling the
HF concentration and temperature. The suspended width of the ChG microcavity can be < 10
um [31] and a pedestal waveguide similar to the suspended waveguide is proposed for liquid
sensing [32], so the ChG layers can be held up well after the HF etching and the suspended slot
waveguide structure can be as stable as the conventional rectangular waveguide and the vertical
slot waveguide. Because the coupling distance with a width of 1.5 um can be reached without
electron beam lithography, this kind of racetrack resonator can be fabricated in large scale.

(@) ® (c) d
(©) ® ® (h)

=1 =] =]

WPhotoresist | As,Se, [lICaF, lISiO,

Fig. 7. Fabrication process of the waveguide sensor. (a) Depositing SiO; film. (b) Etching
Si0O;. (c) Fabricating photoresist mask. (d) Depositing ChG film and removing photoresist.
(e) Depositing SiO, film. (f) Depositing and etching ChG film. (g) Etching ChG film. (h)
Etching SiO».

The key parameters of the waveguide include A3 and wy. h3 and wy influence the limiting
effect of slot on light. Therefore, the SiO, fabricated by CVD and the ChG strip fabricated by
lithography and etching have great influence on waveguide sensor performance. Lithography and
etching processes need to be optimized to obtain almost vertical waveguide sidewalls. To reduce
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the fabrication error, a more precise mask alignment system and masks can be used according to
the optimized fabrication conditions. Every fabrication step should be monitored to characterize
the device sample.

4. Waveguide gas sensor characteristics

The output power of ICL (Nanoplus, Germany) is set to 10 mW. A HgCdTe detector (Thorlabs,
PDA10JT, USA) is used to obtain the signal from the drop port with an operation wavelength
from 2 um to 5.4 um, a NEP of 2.08x10~!'" WHz!/2 and a B of 160 kHz.

4.1. L, and DR

Curves of Legs and E versus C are shown in Fig. 8(a). L.g and E become stable and larger
than 2.4 cm and 33, respectively, when C <1000ppm. Curves of D{(C), PCFag,(C) and
—In[D(C)/Dg] versus C under the optimal waveguide parameters are shown in Fig. 8(b). D{(C)
decreases nonlinearly with the increase of C leading to the increase of —In[D{(C)/Dy]. But the
increase rate of —In[D1(C)/Dy] decreases with the increase of C, and —In[D1(C)/Dy] < PCFag,s(C)
when C > 66000 ppm. So with the increase of C, Leg and E gradually decrease, and Leg and E
decrease to ~ 0.8 cm and 11.27, respectively, at a pure CH4 environment.
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Fig. 8. (a) Curves of L. and E versus C, where k =0.1, r=108 ym and L; = 16 um. (b)
Curves of D1(C), PCFagas(C) and —In[D1(C)/ Dy] versus C under the optimal waveguide
parameters.

With mature fabrication technique, the intrinsic loss of the ChG rectangular waveguide can
satisfy @iy < 3 dB/cm [33-35]. In this work, we assume that a;j, =3 dB/cm. Based on Eq. (12),
the LoD is calculated to be 3.87 ppm, and the corresponding L.g and E are 2.4 cm and 33.83,
respectively. Cpayx is calculated to be 100% according to Eq. (13). Therefore, the DR of the
sensor system is [3.87 ppm, 100%].

Curves of the full width at half maximum (FWHM) and quality factor (Q) of the microcavity
versus C are shown in Fig. 9. The FWHM and Q decrease with the increase of C because of
gas absorption. A lower Q leads to the decrease of L.g as shown in Fig. 8(a). Even though L.g
decreases, the increase of C will cause the output power to decrease continuously. However, a
larger L.g makes the output power change more obviously with C, and the change rate decreases
with the decrease of L.g, causing the drop of the sensitivity.

4.2. Response time

Gas diffusion time determines the response time of the sensor. A detailed procedure for the
determination of the response time can be seen in our previous work [28]. Under the condition of
static free diffusion, only the gas diffusion process in the horizontal slot region is considered, and
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Fig. 9. Curves of the FWHM and Q of the microcavity versus C.

the diffusion time needed in other area is ignored. Through COMSOL Multiphysics simulation,
curve of waveguide output power P versus ¢ is shown in Fig. 10(a), where the initial gas
concentration in the slot region Cy is 5000 ppm and the initial concentration in other area C| is
Oppm. The 10%—-90% rise time is determined to be 4.5 ps. Curve of P; versus ¢ is shown in
Fig. 10(b), where C¢ is O ppm and C; is 5000 ppm. The 90%—10% fall time is 4.4 ps.
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Fig. 10. (a) Curve of P versus ¢ when the initial CH4 concentration in the slot C( = 5000 ppm
and the initial concentration in other region is O ppm. (b) Curve of P versus ¢ when the
initial CHy4 concentration in the slot Co =0 ppm and the initial concentration in other region
is 5000 ppm.

4.3. Influence of environmental pressure variation

The environmental pressure variation will influence the normalized gas absorption coefficient
(gas and therefore influence LoD. Curves of ag,s and LoD versus gas pressure are shown in
Fig. 11(a), where T =25 °C. The increase of pressure leads to the decrease of LoD. However,
the variation of LoD is < 1 ppm with a variation of pressure from 0.6 atm to 1.4 atm. So the
influence of environmental pressure variation can be ignored.

4.4. Influence of waveguide intrinsic loss

The structure of the ChG/silica-on-fluoride horizontal slot-waveguide is different from conven-
tional ChG rectangular waveguide. Within the range of 1 — 10 dB/cm, curves of E, L.g and LoD
VETSUS @gys are shown in Fig. 11(b). With the increase of @jy, £ and Leg drop. The decrease
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of Pg leads to the increase of LoD. Though the sensing characteristics become worse, LoD is
still < 15 ppm. So the sensor can be used for monitoring CH, leakage for safety operation. If
Qine i reduced to 1 dB/cm, Leg and E can increase to 5.38 cm and 75.7, respectively, and LoD
can drop to 1.12 ppm. Therefore, reducing a;y is an effective method to improve the sensor
performance. The effect of coupling loss on the sensing characteristics is consistent with that of
the ajy, because they directly affect the output power. The coupling loss decreases the output
power, which leads to the increase of the LoD and the decrease of L.

4.5. Comparison of PCF among this horizontal slot waveguide and other waveguide
structures

Other simulation methods such as finite difference method (FDM) and finite-difference time-
domain (FDTD) were reported for calculating PCF. In comparison with these methods, FEM is
more precise and consistent with the experimental results [25]. So we use FEM to calculate the
PCF of other ChG waveguide structures reported in [19,22-23], and the results are shown in the
rightmost column in Table 2. As can be seen, the PCF of the proposed ChG/silica-on-fluoride
horizontal slot-waveguide racetrack resonator is at least 5 times larger than other ChG rectangular
waveguide. Though the suspended ChG slot waveguide has the largest PCF, its scattering loss is
larger than the horizontal slot waveguide due to dry etching. Moreover, the suspended ChG slot
waveguide with large PCF is unsuitable to be used in the microring resonator because of large
bending loss. The racetrack waveguide reduces the length of the device by more than 30 times
when the CHy4 concentration is less than 40000 ppm.

Table 2. Comparison among the proposed sensor and other reported ChG waveguide sensors.

Refs. L; (cm) Waveguide type A (um) Reported PCF Simulation method PCF (FEM%)
[22] 1 Rectangular 1.55 5% FDM 4.61%

[19] 1.7 Rectangular 7.70 5% FDTD 1.75%

[23] 43 Rectangular 4.30 8% FDTD 3.67%

[28] 1.45 Suspended slot 3.291 85.77% FEM 85.77%

This paper 0.094 Horizontal slot 3.291 44.63% FEM 44.63%

“Using FEM to calculate the PCF of other reported waveguide structures.

Microring resonators are widely used in refractive index sensing. A refractive index sensor
obtains the wavelength drift according to the change of the refractive index of analyte. The
sensitivity of a reported refractive index waveguide sensor is ~ 10°> nm/RIU, and the refractive
index difference between CHy and air is ~ 4x107*, which leads to a wavelength drift of only ~
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0.4 nm for a refractive sensor and the signal variation (A1/2) is only ~ 104, The light intensity
decreases exponentially with the increase of gas concentration and the signal variation (AP/P) for
CH, at LoD is ~ 4x1072. So this sensor can make the change of signal more sensitive and the
light intensity change is easier to detect through a detector.

Our group proposed a CHy sensor with a 16 m multi-pass gas cell (MPGC, physical size: 45 X
11 x 11 cm?, Egold Technology, Wuhan, Hubei Province, China) at the same wavelength and
the LoD of this sensor is ~ 43.9 parts-per-billion (ppb) [3]. The waveguide sensor proposed in
this paper with a Leg of 2.4 cm can achieve a LoD of 3.87 ppm. The PCF in free-space is 1 and
that of our waveguide sensor is 44.63%. The comparison results are shown in Table 3. The low
PCF, low L.g and waveguide loss lead to a higher LoD than the free-space CH4 sensor. But the
LoDxLeg of the waveguide sensor is less than that of the free-space CH4 sensor, which indicates
a good performance of the proposed sensor structure.

Table 3. Comparison between free-space CH; sensor and this waveguide sensor.

Refs. Py PCF Qlint Leg LoD LODXLeﬂ‘
[3] 4.85 mW 1 0 16 m ~43.9 ppb ~7%x1075 cm
This paper 10 mW 44.63% 3dB/cm 2.4cm 3.87 ppm ~9.3x107% cm

5. Conclusions

A novel ChGsilica-on-fluoride horizontal slot-waveguide racetrack resonator was proposed
for microcavity-enhanced absorption spectroscopic CHy sensing. The waveguide structural
parameters were optimized for single-mode propagation, large PCF and L.g with a small footprint
size. The PCF of the proposed waveguide is 44.63%, which is at least 5 times larger than other
reported ChG rectangular waveguides. CHy is used for evaluating the sensing characteristics of
the sensor. The waveguide length is reduced at least 30 times for compactness of the sensor. The
LoD is determined to be 3.87 ppm with an intrinsic waveguide loss of 3 dB/cm. The response
time of the sensor is as short as 5 us owning to the small light-gas interaction area. The variation
of environmental pressure has less effect on the sensing characteristics, and a small intrinsic loss
is preferred for improving the sensor performances. With a change of resonant wavelength, the
proposed ESM, related formulations and analytical methods can also be adopted to the design of
a chip-scale waveguide sensor for the detection of other gas species.
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