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Abstract: In this paper, a bicharacteristic waveguide (BW) is proposed for fundamental-mode 
phase-matched second harmonic generation (SHG) from mid-infrared (MIR) to near-infrared 
(NIR). The required phase matching condition (PMC) is satisfied between the fundamental 
plasmonic mode at 3100 nm and the photonic mode at 1550 nm. With 1 W pump power, the 
SHG conversion efficiency of 4.173% can be obtained in 90.3 μm length waveguide. 
Moreover, the SHG conversion can be enhanced by using a microring resonator (MRR). By 
optimizing the MRR, the SHG conversion efficiency is increased to 8.30%. The proposed 
waveguide can also provide a promising platform for upconversion detection. By using an 
on-chip cascaded configuration, a gas sensor with the capability of MIR absorption and NIR 
detection is proposed. It is found that the detection limit (DL) can reach 1.04 nmol/L with 100 
mW pump power, which shows significant enhancement compared with direct MIR absorption 
and detection. 

© 2019 Optical Society of America under the terms of the OSA Open Access Publishing Agreement 

1. Introduction 

Second-order nonlinear optical processes such as second harmonic generation (SHG) have 
significant applications in various fields e.g. all-optical signal processing [1], wavelength 
conversion [2], optical switch [3], etc. Benefiting from the planar integrated geometric 
structure and tight mode profile, optical waveguides provide a potential platform for efficient 
SHG [4]. Over the last few decades, plasmonic waveguides have attracted great attention in 
nonlinear photonics due to their extraordinary abilities to break through the traditional optical 
diffraction limits [5]. Recently, some plasmonic SHG waveguides have been extensively 
studied, such as the waveguide combined a second-order nonlinear material lithium niobate 
(LiNbO3) and a plasmonic structure [6–8]. Furthermore, the conversion efficiency can be 
significantly improved by employing polymer material with much higher second-order 
nonlinearity [9,10]. 

Phase matching conditions (PMCs) which ensure the continuous power transfer from pump 
to harmonic are vital to realize efficient SHG process. Currently, the frequently utilized PMC 
techniques are based on quasi-phase matching (QPM) or intermodal-phase matching (IMPM) 
[11–14]. However, the QPM usually relies on the iron exchange technology or grating structure 
which can complicate the fabrication process. For IMPM, the generated harmonic is in the form 
of higher-order mode (HOM) which is difficult for post manipulation. Particularly, it is inferior 
for the application such as photon pair generation since an additional mode convertor is 
required to produce the target pump mode. Therefore, realizing the PMC between fundamental 
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modes at both pump and harmonic wavelengths can be a significant step for the 
waveguide-based SHG devices. 

From the point view of operation wavelength, recently, plasmonic waveguides that operate 
in the mid-infrared (MIR) have received much attention for their wide range of applications 
such as chemical or gas sensing [15–17]. This is because a large number of molecules’ 
fundamental “fingerprint” frequencies are located in the MIR wavelength region. It is known 
that the “fingerprint” absorption efficiency is typically more than 100 times stronger than its 
counterpart in the NIR wavelength region [18]. However, compared to the high performance 
NIR photodetection, the MIR photodetector usually shows much higher noise and lower 
sensitivity [19] and therefore limiting the implementation of MIR sensors. To overcome this 
challenge, upconverting the MIR signal to NIR by using nonlinear parametric process is a 
potential method [20]. In this scheme, the MIR signal is firstly efficiently absorbed by the 
“fingerprint” frequency. Then the remaining MIR light is converted to NIR through nonlinear 
process for detection so that the advantages of high absorption in MIR and efficient detection in 
NIR are utilized simultaneously. SHG, a parametric process which can connect the frequencies 
over one octave, can be a potential approach to realize upconversion detection. 

As mentioned above, perfect phase matching between fundamental modes and MIR-to-NIR 
conversion are two challenges for waveguide-based SHG. Recently, transparent conductive 
oxides (TCOs), such as indium cadmium oxide (CdO) and indium tin oxide (ITO), have 
attracted important research interests as alternative materials for plasmonics. This is because 
the dispersion relation can be easily tailored through their carrier concentrations [21,22]. Such 
property is favorable for constructing optical sensors and modulator [23,24]. It also offers the 
possibility to support surface plasmon polariton (SPP) in the MIR region where traditional 
noble metals behave more like perfect conductors. Previous researches on TCO mainly focuses 
on the metal-like dispersion relation, on the contrary, the dielectric property at the specific 
wavelength region are not that exploited. The strong dispersion over large wavelength span can 
offer new opportunities to balance the phase mismatch in SHG process. 

In this paper, leveraging on the unique dispersion relation of CdO, a bicharacteristic SHG 
waveguide with PMC between two fundamental modes is proposed. At MIR, the CdO behaves 
like metal and supports the plasmonic mode. While at NIR, it becomes a dielectric material and 
thus a photonic mode can be formed. By optimizing the carrier density and waveguide 
geometry, these two fundamental modes can be perfectly phase-matched for SHG. Besides the 
straight waveguide, a microring resonator (MRR) is employed to further enhance the 
conversion efficiency. Based on this waveguide, we further propose an on-chip gas sensor 
integrated with the capability of MIR-to-NIR upconversion detection. The results show that the 
detection limit (DL) of methane can achieve the order of 10−9 mol/L which is significantly 
enhanced comparing to direct MIR detection. 

2. SHG in straight waveguide 

2.1. Theory and waveguide design 

Figure 1(a) shows the plasmonic-photonic bicharacteristic waveguide (BW) structure, where h 
and w represent the height and width of the proposed waveguide. The polymer considered 
refers to the one used in [9], and its second order nonlinear susceptibility (χ(2)) is 619.4 pm/V. 
The refractive indices of the polymer at 3100 nm and 1550 nm are 1.477597 and 1.479017 [25], 
respectively. The substrate is composed of indium cadmium oxide (CdO), and the entire device 
is surrounded by the air. According to the Drude model [21], the dielectric constant of CdO is 
given by 
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where ɛ′ and ɛ′′ are the real and imaginary parts of the permittivity, respectively. ε∞ is the high 
frequency dielectric constant, ωp is the plasma frequency, ω is the angular frequency of the 
light wave, γ is the damping degree, n is the electron density, e is the electron charge, ɛ0 is the 
vacuum absolute permittivity, and meff = km0 is the effective mass of the electron, where m0 is 
the mass of the free electron. In this work, n = 6 × 1026 m−3, e = 1.602 × 10−19 C, ɛ0 = 8.854 × 
10−12 F/m, γ = 2.92 × 1013 rad/s, meff = 1.823 × 10−31 kg and ε∞ = 5.5 F/m, respectively. 

 

Fig. 1. (a) The cross-section view of the proposed waveguide. (b) CdO permittivity versus 
wavelength. 

The permittivity of CdO is shown in Fig. 1(b). It can be found that the real part of the 
dielectric constant in NIR is positive. In this case, CdO behaves as dielectric material thus 
supporting photonic modes. When the wavelength increases to ~1650 nm, the real part of the 
dielectric constant becomes negative thus supporting plasmonic modes. Here we consider the 
fundamental TM modes (TM00) of 3100 nm and 1550 nm in the waveguide. The width and 
height of the BW are optimized to satisfy the PMC for SHG. With the waveguide height h = 
2000 nm, the effective mode indices of the fundamental frequency (FF) and the second 
harmonic frequency (SHF) at different waveguide width are demonstrated in Fig. 2(a). At w = 
858 nm, the effective mode indices of FF and SHF are 1.3105 + 0.00685i and 1.3106 + 
0.00059i, respectively indicating perfect PMC. The corresponding electric mode profiles of the 
fundamental modes at 3100 nm and 1550 nm are plotted in Figs. 2(b) and 2(c). At pump 
wavelength, the fundamental mode demonstrates typical plasmonic nature with strong field 
near the polymer-CdO interface. On the contrary, at harmonic wavelength, the substrate is 
dielectric with refractive index smaller than the polymer, therefore total internal reflection is 
satisfied in the polymer waveguide and consequently fundamental photonic mode is formed. 
The phase changing property of CdO offers the facilitation for fundamental PMC. It should be 
mentioned that at 3100 nm, the waveguide only supports fundamental TM mode, thus it is 
single-mode. At 1550 nm, both the fundamental TM mode and first-order TM mode are 
supported by the waveguide. However, the phase-mismatch between fundamental TM mode at 
3100 nm and first-order TM mode at 1550 nm is as high as 2.1887 × 106 m−1, which will 
significantly prevent the second harmonic power accumulation. In order to excite the 
plasmonic mode in the proposed waveguide, the grating coupling methods by satisfying the 
phase matching condition kSPP = k0sinθ + n2π/Λ can be used, where kSPP is the wavevector of 
surface plasmon mode, k0 is the wavevector of incident beam, θ is the incident angle, n is 
integer, Λ is the grating period. The coupling efficiency can be as high as several tens of percent 
by optimizing the grating parameters [26–28]. 
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Fig. 2. (a) The effective refractive indices of the plasmonic mode at 3100 nm and photonic mode 
at 1550 nm with different waveguide widths w at h = 2000 nm. Electric mode profiles of (b) 
plasmonic mode and (c) photonic mode under PMC. 

In addition to PMC, efficient SHG also requires high nonlinear coupling coefficients 
(NCCs) determined by the nonlinear susceptibility and the mode overlap between the pump and 
harmonic modes. The definition of the NCC is given in [29] 
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where E1 and E2 are the electric fields at the modes at 3100 nm and 1550 nm, respectively. 
According to our numerical calculation, the NCC of the proposed waveguide is as high as 

49.2 ps·m−1·W-1/2. It should be noted that different PMCs can be achieved by adjusting the 
waveguide geometric parameters, as shown in Fig. 3(a). Furthermore, the NCCs can always 
maintain above 48 ps·m−1·W-1/2 with waveguide height from 1600 nm to 2200 nm. 

Propagation loss is another important parameter for efficient SHG. The propagation loss α 
is defined as 

 0=8.686 Im[ ]effk nα  (4) 

where Im[neff] is the imaginary part of the effective mode index and k0 is corresponding 
propagation constant. Figure 3(b) depicts the propagation losses of FF and SHF with different 
waveguide height under PMCs. With lower waveguide height, the propagation loss of SHF is 
larger, while the propagation loss of FF is slightly reduced. 
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Fig. 3. (a) The waveguide width and corresponding NCC, and (b) the propagation losses of FF 
and SHF with respect to the waveguide height h under PMCs. 

2.2. Performance of SHG in the proposed waveguide 

Next, we study the performance of SHG by solving the coupled-mode equations [10] 
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where AFF and ASHF are the slowly varying mode amplitudes of FF and SHF, respectively. αFF 
and αSHF are the propagation loss coefficients of FF and SHF, and Δβ is the phase mismatch. 
Under the condition of h = 2000 nm and w = 858 nm, we calculate αFF = 0.121 dB·μm−1, αSHF = 
0.0206 dB·μm−1 and Δβ = 0, respectively. We define the SHG conversion efficiency as follow 

 2

1

( )
=

(0)

P L

P
η  (7) 

where P1(0) is the input pump power, L is the waveguide length and P2(L) is the corresponding 
output SH power. 

With 1 W continuous wave (CW) of pump power, the SHG performance is shown in Fig. 
4(a). We can find that the SH power reaches a peak of 0.0417 W with the propagation length of 
90.3 μm. After the conversion peak, the pump power becomes weak and the nonlinear gain is 
insufficient to compensate the linear loss of SHF resulting in the decay of conversion with 
longer waveguide. The peak conversion efficiency and the corresponding waveguide length 
with different pump power are shown in Fig. 4(b). For a low pump power of 100 mW, the SHG 
efficiency is still as high as ~0.45%. With pump power of 1 W, SHG conversion efficiencies for 
different waveguide geometric parameters to satisfy the PMCs are calculated, as shown in Fig. 
4(c). When the waveguide height h = 2200 nm and the corresponding width w = 920 nm, the 
maximum conversion efficiency of 4.35% can be obtained at 98.3 μm waveguide length. It can 
be seen that when the waveguide height is from 1.9 μm to 2.3 μm, the conversion efficiency can 
always reach 4%. In the paper, we use the waveguide with a height of 2 μm to carry out 
subsequent theoretical analysis. Note that with 7 ns, 10 Hz pulsed laser beam, the damage 
threshold of commercial polymer sample is measured to be ~20 J/cm2 [30], corresponding to a 
peak intensity damage threshold of ~2.9 × 108 W/cm2 in this condition. In practice, the 
proposed SHG waveguide can operate under such quasi-continuous wave pump as well. 
According to the effective area of ~0.5 μm2, with 1 W peak power, the peak power density is ~2 
× 108 W/cm2 which is below the damage threshold. 
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Fig. 4. (a) SH power along propagation length in the waveguide with 1 W pump power. (b) Peak 
efficiency and the corresponding position under different pump power. (c) Peak efficiency and 
the corresponding position at different PMC height under 1 W pump. 

The fabrication-error can induce degradation to the phase mismatch Δβ. Figure 5 depicts the 
SHG conversion efficiency along propagation length with the different phase mismatch Δβ. 
Considering 3 dB conversion efficiency deviation, the phase mismatch is within the range of ± 
5.02 × 104 m−1. Such phase mismatch corresponds to the variation of waveguide height, width 
and pump wavelength of ± 280 nm, ± 113 nm and ± 125 nm, respectively. Therefore, the 
proposed waveguide possesses a large fabrication-error tolerance. 

 

Fig. 5. SHG conversion efficiency along propagation length with different phase mismatch. 

3. Enhancement of SHG in microring resonator 

3.1. Theory and microring resonator design 

To further enhance SHG process, we propose a microring resonator (MRR) based on the 
proposed waveguide as shown in Figs. 6(a) and 6(b). The pump in the bus waveguide is 
coupled to the cavity through a coupling gap defined as g. The radius and the width of the ring 
are R and w1, respectively. 
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Fig. 6. The cross-section view of the proposed MRR along (a) x-z and (b) x-y planes. 

For the bend waveguide, simulations are carried out by using the build-in algorithm in 2D 
finite difference eigenmode solver (Mode Solutions from Lumerical). We readjust the 
geometric parameters to meet the PMCs, as shown in Fig. 7(a). Furthermore, we obtain the 
losses of FF and SHF as shown in Fig. 7(b). It should be noted that the loss includes intrinsic 
loss and bending loss caused by radiation and reflection, so that as the radius decreases, the loss 
increases exponentially [31]. Therefore, the appropriate parameters should be chosen to get 
better SHG performance. 

 

Fig. 7. (a) The bend waveguide width w1 and (b) the losses of FF and SHF with different radius R 
under PMCs. 

In our work, the resonance condition can be satisfied by choosing the appropriate radius of 
the ring to enhance the SHG process and the resonance condition for FF and SHF can be 
defined as follows [32] 

 , , 1,2FF SHF FF SHF effm k n R=  (8) 

where mFF and mSHF known as integers are the azimuth number of resonances at FF and SHF, 
respectively. neff1 and neff2 are the effective mode indices of FF and SHF, respectively. kFF and 
kSHF are corresponding propagation constants at FF and SHF. Considering the nearest integer 
mFF, the radius R = 9.5 μm is chosen, corresponding to mFF = 25 and mSHF = 50, as shown in Fig. 
8(a). Under the condition of R = 9.5 μm and w1 = 807 nm, Figs. 8(b) and 8(c) depict the 
corresponding electric mode profiles of the fundamental modes at FF and SHF, and the 
corresponding effective mode indices of FF and SHF are 1.3037 + 0.00827i and 1.3037 + 
0.00061i, respectively. The losses of FF and SHF are 0.146 dB·μm−1 and 0.0214 dB·μm−1, as 
shown in Fig. 7(b). Furthermore, we obtain the NCC of the bend waveguide as high as 47.1 
ps·m−1·W-1/2. 
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Fig. 8. (a) mFF with different radius R. Electric mode profiles at (b) FF and (c) SHF, when R = 9.5 
μm and w1 = 807 nm. 

In the coupling region, as shown in Fig. 6(a), the boundary condition in the MRR can be 
given by the following equations [32] 

 (2) (1) (4)
, , , , ,tFF SHF FF SHF FF SHF FF SHF FF SHFA A iK A= +  (9) 

 (3) (1) (4)
, , , , ,tFF SHF FF SHF FF SHF FF SHF FF SHFA iK A A= +  (10) 

where AFF,SHF are complex mode amplitudes at FF and SHF, and their squared magnitudes 
correspond to the modal powers, respectively. t and K are the optical field transmission 
coefficients and coupling coefficients, respectively. Here, K can be calculated by the coupled 
mode theory [33,34]. 

With all the other parameters of the MRR determined, the transmission coefficients of t and 
coupling coefficients of K are only related to the coupling gap distance between the bus 
waveguide and the ring. Figure 9 demonstrates the transmission coefficients at FF and SHF 
with respect to different gaps. We can see that tSHF is usually larger than tFF, due to the stronger 
confinement at shorter wavelength. Then, we calculate the transmission coefficients under the 
critical coupling conditions of FF (tFF) and SHF (tSHF), respectively. As is shown in Fig. 9, tFF = 
exp(-παFFR) = 0.4136 corresponds to the gap of 331 nm, and tSHF = exp(-παSHFR) = 0.8643 
corresponds to the gap of 168 nm. The critical coupling conditions for FF and SHF are 
different. 

 

Fig. 9. Transmission coefficients at FF (black line) and SHF (red line) versus different gaps. 

3.2. Performance of SHG in the microring resonator 

We first choose the gap of g = 168 nm and the corresponding transmission coefficients are tFF = 
0.0510 and tSHF = 0.8643, respectively. The SHG performance in the MRR is investigated by 
solving Eqs. (5) and (6) together with the boundary conditions Eqs. (9) and (10). 

With pump power of 100 mW, the output SH power is 1.137 mW corresponding to SHG 
conversion efficiency of 1.137%, which is more than 2.5 times that in the straight waveguide. 

                                                                                        Vol. 27, No. 11 | 27 May 2019 | OPTICS EXPRESS 15243 



For the intracavity power, as shown in Fig. 10(a), the SH power reaches a steady value of 3.36 
mW after ~44 roundtrips, which means a strong field enhancement in the cavity. The output SH 
power with respect to different gaps is illustrated in Fig. 10(b). We can see that the maximum 
SH power in the bus waveguide is 1.216 mW with gap of 210 nm, which is close to the critical 
coupling condition for SH mode. The conversion at critical coupling condition for FF is 0.833 
mW corresponding to g = 331 nm. Therefore, it is better to choose the critical coupling 
condition for harmonic mode so as to enhance the conversion. It is obvious that the SHG 
conversion efficiency in the proposed MRR can be enhanced compared to the straight 
waveguide even with the existence of bending loss. 

 

Fig. 10. (a) SH power in the ring versus the number of turns ii. (b) The output SH power with 
different gaps. 

Next, we investigate the output SH power at different pump power with R and g fixed to 9.5 
μm and 210 nm, respectively. Both the output SH power and the SHG conversion efficiency are 
improved with the input pump power increment, as shown in Fig. 11(a). With pump power of 1 
W, the output SHG conversion efficiency is calculated to be 8.30%. Figure 11(b) depicts the 
output SH power and the corresponding optimized gap with different radius of the MRR when 
the pump power is fixed to 100 mW. It can be seen that the output SH power can reach a 
maximum value of 1.27 mW at g = 250 nm when R = 11 μm, corresponding to SHG conversion 
efficiency of 1.27%. 

 

Fig. 11. (a) The output SH power (red line) and SHG conversion efficiency (blue line) versus 
different pump power. (b) With pump power of 100 mW, the SH power and the corresponding 
optimized gaps under resonance condition. 

4. Sensing and upconversion detection 

4.1. Theoretical model and sensor design 

Based on the nonlinear upconversion method, we further propose a potential application of this 
device for on-chip methane gas sensing, as shown in Fig. 12(a). The sensor contains two parts. 
In the first section, the waveguide with narrower width is covered by a gas chamber which can 
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be fabricated by PDMS [23]. The MIR light interacts with gas through the evanescent fields of 
the waveguide modes. In the second section, the MIR light after absorption is injected into the 
MRR for MIR-to-NIR SHG. There is a taper region between the two sections so as to avoid 
excess loss. According to the Beer-Lambert Law, the relationship between the output power P1 
after gas absorption and the input power P0 can be defined as [35] 

 1 0 1 1exp( )propP P CL LεΓ α= − −  (11) 

where ε is the molar absorption, C is the methane concentration, αprop is the propagation loss of 
the first waveguide, and Γ is the evanescent power factor defined as [17] 

 
 

 

zgas

ztotal

P dxdy

P dxdy
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where Pz is the z component of the Poynting vector normal to the waveguide cross section. The 
evanescent power factor Γ, which indicates the overlap of the interactions between the gas and 
the mode field, has a significant influence on the sensing performance. 

The output power P1 of the first waveguide is the pump power of the MRR. Through the 
SHG process in the MRR, the output SH power P2 is detected by the NIR detector. The 
minimum concentration measured by the sensor indicates the DL, which is determined by the 
minimum detectable power Pmin = P2 (C = 0) - P2 (C = Cmin), where P2 (C = 0) is the output 
power for a null concentration and P2 (C = Cmin) is the output power for the minimum 
concentration [18]. In practice, Pmin is determined by the resolution of the NIR detector, which 
can be as low as 1 × 10−12 W. In this case, the minimum detectable concentrations Cmin can be 
estimated as follows, firstly, the light-gas interaction in the first waveguide causes a variation in 
the pump power for SHG in the MRR, and then the NIR detector will detect a variation at the 
output. By assuming the variation of the output power caused by gas absorption equal to the 
NIR detector resolution, the minimum concentration can be obtained by solving the coupled 
mode equations in MRR to match such variation. 

 

Fig. 12. (a) The schematic of gas sensing. (b) The structure of the first waveguide, and (c) mode 
profile at FF, when the first waveguide width w2 = 400 nm. 

As mentioned above, the gas absorption occurs in the first waveguide, thus it is important to 
ensure large evanescent fields in this section. As shown in Fig. 12(b), we choose the first 
waveguide width w2 = 400 nm to ensure large phase mismatch between FF and SHF, and the 
mode profile at FF is demonstrated in Fig. 12(c). In this condition, the evanescent power factor 
Γ = 69% and propagation loss αprop = 0.0782 dB·μm−1. With narrow waveguide, the scattering 
loss induced by the sidewall roughness can have effect on the total loss. At NIR wavelength, the 
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typical scattering losses of the polymer waveguide can be kept within ~1 dB·cm−1 [36]. At 
longer wavelength e.g. 3100 nm, a stronger resistance to sidewall roughness can be expected 
[37]. Furthermore, it is known that the scattering loss induced by the sidewall roughness has 
stronger impact on TE mode, while in our design, the TM mode is employed for sensing. 
Finally, we would like to emphasize that, in the plasmonic waveguide, the main contribution of 
loss is from the absorption of metal or metal-like materials, e.g. CdO in the proposed 
waveguide. With waveguide width of 400 nm, the TM mode loss at 3100 nm caused by the 
CdO substrate is ~782 dB·cm−1, almost two orders of typical scattering loss. Therefore, the total 
loss is dominated by the material absorption. 

4.2. Performance analysis 

With R and g of the MRR fixed to 11 μm and 250 nm, the variations of the DL with the first 
waveguide length L1 at different input pump powers are demonstrated in Fig. 13(a). For the 
input pump power P0 = 100 mW, the DL initially decreases as the waveguide length increases, 
reaching a minimum value of 1.45 nmol/L at L1 = 30 μm and then rises. The DL reaches a 
minimum at L1 = 30 μm with different pump powers. We define the waveguide length 
corresponding to the minimum DL as the optimal length (Lopt). Moreover, the DL decreases as 
the pump power increases. For the pump power P0 = 400 mW, the DL reaches 0.106 nmol/L at 
Lopt = 30 μm. In addition, as the pump power increases, the DL varies little with the first 
waveguide length. Therefore, this structure has a larger fabrication tolerance at a higher pump 
power. As shown in Fig. 13(b), the DL variation is quite small at the optimal length Lopt = 30 
μm when the pump power ranging from 0.4 W to 1 W. Therefore, one cannot always use higher 
pump power to enhance the DL. 

 

Fig. 13. (a) The variations of the DL with the first waveguide length under different input pump 
power. (b) The DL with respect to different pump power at Lopt = 30 μm. 

With optimal length Lopt = 30 μm and the input pump power P0 = 100 mW, we further 
compare the sensing performances of the proposed cascaded sensing scheme and the MIR 
direct detection. The normalized power defined as P = P(C)/P(C = 0) varies with different 
methane concentrations is shown in Fig. 14. It can be seen that as the methane concentration 
increases, the normalized power decreases more significantly in the NIR upconversion 
detection scheme than in the MIR direct detection scheme. 
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Fig. 14. The normalized power (P(C)/P(C = 0)) with respect to different methane concentration 
in the NIR upconversion detection scheme (red line) and the MIR direct detection scheme (blue 
line). 

In order to study the influence of the first waveguide width w2 on the sensing performance, 
we fix to the structure parameters of the MRR (g = 250 nm and R = 11 μm) and the input pump 
power P0 = 100 mW, respectively. The waveguide propagation loss is important for sensor 
sensitivity [17]. The propagation loss αprop and the optimal length of the first waveguide Lopt at 
different width as show in Fig. 15(a). The narrower the first waveguide width, the smaller the 
propagation loss and the longer corresponding optimal length can be obtained. On the contrary, 
a large propagation loss results in a short optimal length and consequently limiting the DL. 
Therefore, the relationship between propagation loss and gas absorption is competitive. Figure 
15(b) depicts the variation of the evanescent power factor as a function of the first waveguide 
width. It can be seen that the evanescent power factor can reach about 80% at w2 = 300 nm, in 
this condition, the corresponding DL can achieve 1.04 nmol/L at Lopt = 34 μm, as shown in Fig. 
15(c). Moreover, the larger the evanescent power factor, the smaller the DL obtained. 

 

Fig. 15. (a) Optimal length Lopt and propagation loss αprop, (b) the evanescent power factor Γ, and 
(c) the DL at the optimal length with respect to different first waveguide width. 
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