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Supplementary note 1: Equivalent RI of SWG metamaterials 

Periodic subwavelength grating (SWG) metamaterials provide a flexible approach to engineer 

the effective index, mode profile, and dispersion of waveguides.1,2 For SWG metamaterial 

structure with the periodicity much smaller than the Bragg diffraction regime, equivalent RI is 

given by:3 
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where c is the speed of light in vacuum, K is the Block wave number, ω is the angular frequency 

of the electromagnetic (EM) wave determined by the wavelength, Ws is the width of Si beam, and 

Λ is the SWG period (At the core region, the period is reduced to Λ/2). k1 and k2 are wave vectors 

of Si slab mode and air along the propagation direction, while nSi and nair are the corresponding 

effective index (in our case nSi = 2.9 and nair = 1), respectively. β represents the projection of the 

wave vector along the boundary plane, which equals 0 since normal incidence is assumed in our 

study. Given Eqs. (S1)-(S5), we notice that neff is determined by both period Λ and duty cycle 

(Ws/Λ at the cladding and 2Ws/Λ at the core) of the SWG metamaterial structure. Therefore, the 

variation of equivalent RI of SWG to its period and duty cycle is calculated, as depicted in Figure 

S1. In our all-dielectric metamaterial-assisted comb (ADMAC) waveguide, the waveguide and its 



 3 

surroundings can be divided into three regions. That is, the SWG core, lateral SWG claddings, and 

top/bottom air claddings, as shown in Figure S1a. The corresponding equivalent RIs at SWG core 

(n1) and SWG claddings (n2) are given in Figure S1b and S1c, respectively, indicating an always 

larger equivalent RI at the core region, which is also less susceptible to the period variation as it 

operates in the deep-subwavelength regime. The RI contrast between the core and lateral claddings 

(ncont = n1-n2) is further calculated, as depicted in Figure S1d, presenting an obvious parameter 

dependency to the period and the duty cycle. Moreover, the significantly smaller RI contrast in the 

lateral direction (ncont) than that in the vertical direction (n1-nair) enables the light guiding in our 

ADMAC waveguide with weaker confinement, but meanwhile, a negligible substrate leakage. 

 

Figure S1. Equivalent RIs in ADMAC waveguides. (a) Schematic illustration of the equivalent 

RIs in comb waveguide configuration. The equivalent RIs in (b) the core region and (c) lateral 

cladding regions. (d) The RI contrast in the lateral direction. 
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Supplementary note 2: Electric field in ADMAC waveguide 

As shown in Figure S2, for the light passing through an interface between two lossless dielectric 

layers (no charge, no current at the interface), Maxwell’s equations give relations of electric flux 

density D and electric field intensity E as follows: 

 1 0 s
ˆ ( ) 0n D D  − = =  (S6) 

 1 0
ˆ ( ) 0n E E − =  (S7) 

where n̂ is the normal vector of the interface, D1 and D0 are the electric flux density in two 

dielectric layers, respectively. ρs is the surface charge, which equals 0 in our ADMAC waveguide. 

E1 and E0 are the electric field intensity in two layers, respectively. For quasi-TE mode propagation 

in our ADMAC waveguide, it presents the major E-field components along the x and y directions. 

Then we can derive the relations of Ex and Ey as follows: 

 1 1 0 0
ˆ ( ) 0x x xn E E  − =  (S8) 

 1 1 0 0
ˆ ( ) 0y y yn E E  − =  (S9) 

 1 0
ˆ ( ) 0x x xn E E − =  (S10) 

 1 0
ˆ ( ) 0y y yn E E − =  (S11) 

where ε1 and ε0 are the dielectric constants of Si and air, which equals 11.7 and 1, respectively. 

The continuity of the normal component of D introduces large discontinuities of Ex along the x 

direction and Ey along the y direction, as evidenced in Figure 1d and 1e in the main text with 

simulated distributions of ǀExǀ and ǀEyǀ in our ADMAC waveguide. For Ex (Ey) component, the 

intensities immediately inside the air ǀxǀ=xa
+ (ǀyǀ=yb

+) are ε1/ ε0 times higher than that immediately 

inside the high-index Si beam ǀxǀ=xa
- (ǀyǀ=yb

-). Importantly, Ex that strongly confined in the air gap 

is the propagation wave instead of the evanescent wave, resulting in the field remaining high all 
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across the air gap without exponential decay. This discontinuity is leveraged in our ADMAC 

waveguide design to strongly enhance and confine light in the air, and thus leads to the 

extraordinary external confinement factor Γ. 

 

Figure S2. Schematic illustration of the ADMAC waveguide structure.  
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Supplementary note 3: Simulation of ADMAC waveguide 

The group indexes and the spatial electric field distributions of ADMAC waveguides are 

simulated by the finite difference time domain (FDTD) method in Lumerical. We extracted the 

corresponding group index (𝑛g =  
𝑐

𝑣g
= 𝑐

𝜕𝑘

𝜕𝑤
, where vg is the group velocity) of the guided mode 

by calculating the inverse gradient 
𝜕𝑘

𝜕𝑤
 in the band diagrams, which give the results presented in 

Figure 2a in the main text. The 3-dimensional electric field distributions 𝐸(𝑥, 𝑦, 𝑧) of ADMAC 

waveguides are extracted with a cubic monitor placed on the propagation path shown in Figure 

S3. The mesh resolution of this 3-D FDTD simulations is 125 pixels/μm along the x-direction, 50 

pixels/μm along the y-direction, and 30 pixels/μm along the z-direction, to ensure the precise 

extraction of the spatial electrical field distributions 𝐸(𝑥, 𝑦, 𝑧) of ADMAC waveguides. 

 

 

Figure S3. Schematic illustration of the simulated box for spatial electrical field distribution, 

where a is selected as six comb periods, b = 7.5 μm, c = 15.5 μm.  
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Supplementary note 4: Figure of merit for on-chip IR-TDLAS sensors 

For absorption-based waveguide sensors, light is attenuated due to the molecular absorption in 

the cladding region and the waveguide propagation losses, which can be expressed by the Beer-

Lambert law 

 
0

e c l lI
T

I

  − −= =  (S12) 

where T is the transmittance, ε is the molar absorption coefficient, c is the analyte concentration, 

and l is the physical waveguide length. Here, the waveguide attenuation coefficient α accounts for 

all losses not due to molecular absorption, including material, scattering, and substrate losses, that 

is, the overall propagation losses as presented in Figure 3b in the main text.  

The general goal of waveguide sensors is to maximize the change in fractional optical power, 

that is, 1-T, induced by the molecular absorption of analytes in the cladding region. Therefore, the 

waveguide sensitivity is given by:4 

 
(1 )

(1 )=c l l c l ld T d
S e le

dc dc

     − − − −−
= = −  (S13) 

In most of the theoretical analyses of waveguide sensors, the noise level is assumed to be a constant 

value (typically only take account of photodetector noise).4–9 Consequently, their general goal is 

to maximize the device sensitivity and from which the optimized waveguide length can be 

calculated. Nevertheless, the assumption of a constant noise level is not always true, which is likely 

only valid with an ultralow-noise light source or with an ultralow signal intensity where the 

photodetector noise dwarfs the contribution of laser power fluctuation. In most cases, laser power 

fluctuation that is proportional to the light intensity dominates the overall noise. Following we will 

show that two cases (i) Inoise = constant; (ii) Inoise = kI (the noise floor is proportional to the signal 



 8 

intensity received by the photodetector) give different optimized waveguide lengths, while the 

FOM used in our work gives a good measure of the waveguide sensing performance with regard 

to the achievable LoD in both two cases. 

(i) Inoise = constant; 

The sensitivity can be maximized with respect to the waveguide length l: 

 [1 ( + )] e 0c l ldS
l c

dl

      − −= − =  (S14) 

 
opt

1
l

c  
=

+
 (S15) 

The optimized sensitivity is then given by: 

 1

optS e
c



  

−=
+

 (S16) 

As the waveguide propagation loss generally is greatly larger than the loss induced by the 

molecular absorption, the sensitivity can be closely approximated as: 

 1

optS e




−=  (S17) 

Due to the constant noise floor, the LoD is simply inversely proportional to the sensitivity: 

 noise

0

SNR
LoD

I

S I






 


 (S18) 

(ii) Inoise = kI; 

In this case, the achievable LoD of waveguide sensors is not necessarily occurred at the maximum 

sensitivity, which can be rather expressed as: 
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 (S19) 

where SNR is the signal-to-noise ratio, which is 1 in our work given 1-σ criterion. Therefore, a 

waveguide as long as possible is desired in this case (whenever the assumption Inoise = kI is still 

valid).  

Importantly, in both two cases, the LoD of waveguide sensors is inversely proportional to the 

molar absorption coefficient ε and Γ/α, while the latter is the FOM used in our work for waveguide 

sensors that take account of both the per-length light-matter interaction and the waveguide 

propagation loss. Therefore, this FOM provides a good measure of the achievable LoD of 

waveguides with different configurations and in different testing conditions. 
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Supplementary note 5: Waveguide characterizations and spectroscopic measurements 

The waveguide characterization was performed in the spectroscopy setup with the fiber-coupled 

configuration shown in Figure S4. A continuous-wave quantum cascade laser was employed for 

the light-emitting and modulated by a chopper. The modulated light was then focused by a ZnSe 

lens into a hollow fiber, with its polarization controlled by a half-wave plate. The alignment 

between the fiber and the devices was performed with a six-axis alignment stage. The post-chip 

light was coupled to another hollow fiber and converted to the electrical signal by a liquid nitrogen-

cooled MCT detector. Both the chopper and the detector were connected to a lock-in amplifier to 

enhance the signal-to-noise ratio. Importantly, to minimize the optical absorption from the ambient 

environment, the free space optical path was sealed and purged with clean dry air during the whole 

test.  

For the spectroscopic measurements of acetone vapor, nitrogen was selected as the diluting gas, 

with its overall flow rate controlled by a mass flow controller at 800 mL/min. Then nitrogen was 

divided into two flows. One was pumped into 99.5% acetone solution to generate an acetone-

nitrogen mixture, and the other remained as pure nitrogen. After that, two flows re-mix, and the 

acetone concentration in the dilution was calibrated by a commercial sensor before being pumped 

into the gas feeding chamber. The concentration of acetone in the sensing region was precisely 

and dynamically controlled by regulating the valves in two flows, giving a wide concentration 

range from several ppm to several thousand ppm.  

The free-space reference was measured from Fourier-transform infrared (FTIR) spectrometer 

with the same gas generation setup and flow rate in waveguide spectroscopic measurements, as 

shown in Figure S5. Infrared light from FTIR light source was detected by the MCT detector after 

passing a gas cell with a free space pathlength of 10 mm. On the top and bottom sides of the cell, 
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there are two CaF2 windows for the light passing. The gas cell was first filled with pure nitrogen 

and the transmission spectrum was measured as the background. Afterward, acetone-nitrogen 

mixtures with different pre-calibrated acetone concentrations were sent into the gas cell. The 

transmission spectra with different acetone concentrations were then normalized to the background 

to extract absorption spectra and give the free-space references presented in Figure 4.   

 

 

 
Figure S4. Experimental setup for waveguide absorption spectroscopy. FC: flow controller. HWP: 

half-wave plate. FL: focusing lens. PD: photodetector. The optical path was sealed and purged 

with clean dry air (not shown).  
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Figure S5. Experimental setup for the measurement of free-space references.  
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Supplementary note 6: Waveguide fabrication 

The ADMAC waveguide sensors were built on a commercial SOI wafer with a 1.5-µm-thick 

device layer and a 3-µm-thick BOX layer. Single-step electronic beam lithography was used to 

define the waveguide layout in high contrast resist of ZEP-520A, followed by inductively coupled 

plasma reactive ion etching (ICP-RIE, with SF6/C4F8/Ar chemistry) to transfer the pattern onto the 

device layer. BOX beneath the waveguide was then locally wet etched by hydrofluoric acid (1:5 

HF) for 3.5 h to ensure its complete removal under the widest structure. Due to the strong 

mechanical strength of the comb structure, the critical point drying is not necessary after HF wet 

etching. During the waveguide fabrication, a 60 nm enlargement of air gaps was observed in the 

Si dry etching. Therefore, we applied an equal but negative offset in the designed layout for 

compensation. 
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Supplementary note 7: Summary of MWIR/LWIR waveguide platforms 

Table S1. Summary of MWIR/LWIR waveguide platforms 

Platform 

Waveguide 

configuration 

Wavelength 

(µm) 

Propagation loss 

(dB/cm) 

Bending loss 

(dB/bend) Ref 

SOIa SWG metamaterial 7.0-7.5 4.7 0.12 This work 

SOIa Strip 7.67 3.1 0.08 10 

SOIa Strip 6.4 – 6.8 4.3 0.06 11 

SOIa Strip 5.3 – 5.7 <2 N/A 12 

GOS Rib 6.7 – 7.45 < 5 N/A 13 

GOS Rib 6.85 – 11.25 < 10 N/A 14 

Graded SiGe Rib 8.5 < 3 N/A 15 

GOIa Rib 7.67 2.65 N/A 16 

Ge-Sb-Ge Strip 7.7 2.5 N/A 17 

SOCF Strip 6.3-7.1 4.64 0.05 18 

SOCF Rib 5.1 – 5.3 3.8 < 0.1 19 

SOS Strip 5.4 – 5.6 4.0 N/A 20 

Diamond Strip 5 – 7 ~ 5.5 N/A 21 

SOIa Strip 4.24 3 N/A 22 

SON Rib 3.39 5.1 N/A 23 

GON Strip 3.73 7.86 N/A 24 

SOPS Strip 3.39 3.9 0.006 25 

AlNOI Strip 3.65 – 3.9 8.2 0.2 26 

aWith a free-standing configuration by undercutting the BOX layer. 
bGOS: germanium-on-silicon; SOCF: silicon-on-calcium fluoride; SOS: silicon-on-sapphire; SON: silicon-on-

nitride; GON: germanium-on-nitride; SOPS: silicon-on-porous-silicon; AlNOI: aluminum nitride-on-insulator. 
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Supplementary note 8: Waveguide cutback measurements 

 
Figure S6. Cutback measurements of ADMAC waveguide with a period of 0.8 μm and a duty 

cycle of 0.3 at 7.33 μm.  
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Supplementary note 9: Functional blocks of ADMAC waveguide 

In our optical characterization, waveguides were probed in a fiber-coupled configuration with 

light collected and emitted through on-chip grating couplers (Figure S4). To enable broadband 

spectroscopic sensing, the grating coupler was designed to provide sufficient coupling efficiency 

for TE polarized light over our interested wavelength range (7.05-7.5 μm), as shown in Figure S7a. 

Figure S7d presents the spectrum of the grating coupler with a measured maximum coupling 

efficiency of -9 dB. The measured 3-dB bandwidth of 700 nm is well-matched with the simulated 

results and outperforms those of reported mid-infrared grating couplers (Table S2). The ADMAC 

waveguide was accessed via 2.5-μm-wide strip waveguides at both ends. Therefore, a mode 

converter was designed to smoothly convert light from symmetric mode in strip waveguide (neff = 

2.9) to asymmetric and oscillating mode in ADMAC waveguide (Figure S7b). Figure S7e presents 

the transition losses of the 15-μm-long converter, which are flat over the measured wavelength 

range and have an average of only 0.11 dB. For longer tapering lengths, the converters present 

even lower losses due to the smoother mode transitions, as evidenced by the length-dependent loss 

measurement in the inset of Figure S7e. Our sensing chip also involves 90° bends with a radius of 

150 μm to curl the ADMAC waveguide into a spiral for a compact footprint (Figure S7c). The 

cutback measurements of waveguides with different bend numbers and radii give data presented 

in Figure S7f and its inset, indicating that a 90° bend possesses only ~0.12 dB loss with a 150 μm 

radius and maintain this low bending loss with the radius down to 50 μm. 
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Figure S7. Functional blocks of ADMAC waveguide sensor. SEM images of (a) grating coupler, 

(b) mode converter, and (c) 90° bend. The scale bars are 10 μm, 5 μm, 5 μm, respectively. (d) The 

simulated and measured spectrum of the grating coupler. BW: bandwidth. (e) Wavelength-

dependent loss of mode converter with a length of 15 μm. Inset shows its loss performance with 

different tapering lengths. (f) Wavelength-dependent bending loss of 90° bend with a radius of 150 

μm. Inset shows its loss performance with different bending radii. All these functional blocks have 

a period of 0.8 um and a duty cycle of 0.3. 
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Supplementary note 10: Summary of MWIR/LWIR grating couplers 

Table S2. Summary of MWIR/LWIR grating couplers 

Platform 

Central 

wavelength (µm) 

Maximum 

coupling 

efficiency (dB) 

1-dB bandwidth 

(nm) 

3-dB bandwidth 

(nm) Ref 

SOIa 7.3 -9 500 700 This work 

GOS 6.95 N/A N/A 500 13 

GOS 5.2 -5 N/A 100 27 

GOS 5.2 -4 N/A 180 27 

SOIa 6.63 -7 170 304 11 

SOCF 6.51 -12 N/A 200 18 

SOCF 6.61 -9.77 N/A 200 18 

SOI 3.75 -7.37 152 263.5 28 

SOI 3.68 -6.48 N/A 199 28 

SOS 3.43 -5.38 N/A N/A 29 

SOS 2.75 -4.87 N/A N/A 30 

GOIa 2.37 -11 58 N/A 31 

GOS 3.8 -11 70 N/A 32 

GOS 3.8 -16.5 70 N/A 33 

aWith a free-standing configuration by undercutting the BOX layer. 
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Supplementary note 11: Noise analysis 

In our sensor system, the white noise mainly consists of laser power fluctuation and MCT 

photodetector noise. This is evidenced by the comparison between system Allan deviation and 

laser-detector Allan deviation, as presented in Figure S8a (Inset shows the setup for laser-detector 

Allan deviation measurement). With short averaging times, system Allan deviation is close to 

laser-detector Allan deviation, indicating that the dominant noise components come from the laser 

and the photodetector instead of alignment stages. As the averaging time increases, system Allan 

deviation gradually deviates from laser-detector Allan deviation due to more significant influences 

of low-frequency drift of alignment stages.  

Particularly, the laser power fluctuation is proportional to the laser intensity, while the 

photodetector noise almost keeps constant regardless of the signal power. To further identify and 

quantify these two noise components, we characterized the relationship between noise level and 

signal intensity without time averaging, as plotted in Figure S8b. The slope of the linear fitting 

suggests that laser power fluctuation occupies ~0.04% of the signal, while the intercept mainly 

represents the constant photodetector noise of ~8 μV. Therefore, for our typical measurement with 

the signal intensity ranging from 1 × 105 μV to 1 × 106 μV, the noise attributed to the laser power 

fluctuation is around 40 μV – 400 μV. This means most of the measured noises come from the 

laser power fluctuation, which is the case of measurements in Figure 5b. Consequently, we can 

expect a sub-ppm LoD for acetone by employing a low-noise laser source and/or adopting fiber-

chip packaging without alignment stages in the current experimental setup.13,34,35 
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Figure S8. Noise analysis of the sensor system. (a) Laser-detector Allan deviation and system 

Allan deviation as a function of the averaging time τ. White noise with a slope of τ-1/2 is indicated 

with the dashed line. Inset: the setup for laser-detector Allan deviation measurement. (b) The noise 

floor as a function of the signal measured in our sensor system without a time-averaging process. 

The slope of the linear fitting suggests a laser power fluctuation of 0.04% of the signal, and the 

intercept suggests a constant detector noise of ~8 μV. 
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