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S1 Overview of Enhancement Optimization Methods of Nanoantennas 

Infrared (IR) fingerprint vibrations are directly related to the molecular components, chemical 

bonds, and their conformations. The detection of fingerprint vibrations in infrared spectroscopy 

provides great opportunities for the non-invasive and non-destructive identification of various 

substances in nature. However, it has encountered a technical bottleneck of low sensitivity due 

to the weak light-molecule interaction in the mid-IR (~10-20 cm2 per molecule), which limits its 

application in the detection of trace molecules, such as trace gas sensing and monolayer 

molecular monitoring. Resonant nanoantenna is an effective solution to enhance such light-

molecule interaction by exciting collective oscillations of electrons at the surfaces. Although 

the concept of light-molecule interaction enhanced by nanoantennas is well-established, the 

optimization of nanoantennas to maximally strengthen the interaction is critical and still 

presents a challenge. Currently, there are three methods of enhancing the plasmon-molecule 

interactions in the nanoantenna sensing technology. These methods include i) increasing the 

spatial overlapping of molecules to the near-field, ii) enhancing near-field intensity, and iii) loss 

optimization, as shown in Fig. S1 and Table S1.  

 

Fig. S1 Paper review showing the overview of optimization methods of enhancing the plasmon-

molecule interactions using infrared nanoantennas. Improving near-field intensity only [S1-

S13], Improving both loss engineering and spatial overlapping [S14-S16], increasing spatial 

overlapping only [S17-S26], both overlapping improvement and loss engineering [S27-S28], 

and loss engineering only [S29-S31]. 
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S1.1 Increasing the Spatial Overlapping of Molecules to the Near-field 

Better spatial overlap means more analytes are located in the enhanced near-field, resulting in 

higher plasmon-molecule interactions. There are mainly two schemes that have been proven 

effective. Approaches from the antenna design side are to free up effective sensing space for 

molecules by undercutting the antenna structure or integrating microfluidic channels with the 

dielectric substrate. For instance, the enhanced electromagnetic field of the metal-insulator-

metal (MIM) nanoantenna scheme is mainly concentrated in the dielectric spacer. Therefore, in 

our previous work, we integrate the microfluidic channel with the dielectric spacer in a metal-

insulator-metal nanoantenna scheme, where the channel functions as both the microfluidic 

channel for sample delivery and the spacer for isolating antennas and reflection metal layer 

[S27]. In this configuration, the analytes in the microfluidic channel had an excellent spatial 

overlap with the enhanced electromagnetic field. Additionally, the near-field of the antenna is 

exposed as much as possible in free space by undercutting the antenna to facilitate molecular 

coupling. In addition, it is also effective to undercut the antenna so that the near field of the 

antenna is exposed in free space as much as possible [S22]. Then, more molecules can enter the 

exposed near field to increase the spatial overlapping. The method from the molecule side is 

the introduction of enrichment materials in the near-field to concentrate molecules [S26]. 

Enrichment materials are critical for molecule detection at low concentrations, especially gas 

molecules that are distributed loosely and flow freely in free space. 

S1.2 Enhancing Near-field Intensity of Nanoantennas 

The widely used approach to increase the near-field intensity is the proximity of adjacent 

nanoantennas to form nanogaps, where strong near-field interaction occurs between the 

adjacent nanoantennas due to their capacitive coupling [S3]. Additionally, the addition of an 

expansion structure at the end of the antenna (opposite to the gap) to increase the charge storage 

capacity can further improve the localized near-field intensity [S7]. For instance, a broadband 

log-periodic trapezoidal nanoantenna with a minimum gap of 20 nm between units was 

fabricated by using the EBL method [S1]. It was demonstrated that the enhancement factor of 

this design reached 0.9×105, and the detection of alkanethiol molecules with attomolar 

concentrations (<1.2×106 molecules) was achieved. When the gap was narrowed down to 3 nm, 

the enhancement factor was increased to 107 and 600 molecules of 4-NTP were successfully 

detected. That is, the enhancement factor is enhanced by two orders of magnitude when the 

minimum gap is reduced from 20 to 3 nm. Although the method is effective, continually 

narrowing down the nanogap for pursuing higher enhancement optimization is costly due to the 

requirement of high-precision fabrication. 

S1.3 Loss Engineering/Optimization 

The plasmon-molecule interaction in the antenna is realized by the coupling of antenna 

resonance and molecular vibration. The total loss in a plasmon-molecule coupled system can 

be calculated as γtotal = γr + γa. The loss rate γr/γa will change when external radiation γr or 

intrinsic material absorption γa are tuned. Therefore, there are two kinds of methods to tune the 

loss rate. From the perspective of γr, it represents the loss of energy during the coupling of the 

plasmonic mode to the propagating light. One effective way to tune γr is folding the structure 

of nanoantennas while keeping the absorptive loss almost constant by not changing the total 

area of the nanoantenna. For instance, in our previous work, we demonstrated that the bending 

degree of the antenna is inversely related to γr via developing a crooked nanoantenna [S28]. It 

was demonstrated that Molecule signals were increased by 25 times without sub-100 nm 

structures. In terms of γa, it describes the intrinsic absorption of materials, that is, Ohmic loss 

of metal nanoantennas. An effective way to tune γa is adding a metal reflection layer close to 
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nanoantennas, thereby forming a well-known perfect absorber. Our previous work 

demonstrated that γr and γa were changed by tuning the distance between the reflection layer 

and the nanoantenna [S27]. 

S1.4 Integration of Multiple Optimization Methods 

To maximally strengthen the plasmon-molecule interactions, it is of great significance to 

integrate multiple optimization methods. As shown in Fig. S1 and Table S1, the combination 

of near-field improvement and overlapping optimization has been reported many times, as has 

the integration of loss engineering and overlapping optimization. However, the integration of 

near-field optimization and loss engineering has not been experimentally exploited in 

vibrational spectroscopy. As stated in the main text, it is due to the contradiction between 

nearfield optimization and loss engineering. That is, the improvement achieved by near-field 

optimization could be attenuated by loss optimization due to the loss increment. This 

contradiction has been demonstrated in Fig. 1g of the main text. As observed, the average near-

field intensity of antennas using the loss engineering method is lower than that of antennas 

using nearfield optimization. Our multi-hotspot strategy can complement the weakened near-

field and achieve the highest near-field intensity. More specifically, the nanogap is designed 

beside the hotspot of bright mode antennas to excite new high-intensity hotspots and 

compensate for the near-field intensity weakening caused by loss optimization, thereby 

achieving near-field optimization and loss optimization simultaneously. Together with the 

optimization of the spatial overlapping achieved by MOF enrichments, this work enables the 

integration of all major optimization methods used in antenna-based plasmon-molecule 

coupling systems. 

Table S1 Optimization methods of enhancing the plasmon-molecule interaction using infrared 

nanoantennas 

Methods Refs. Detailed optimization methods 
Wavelength 

region 

Near-field 

intensity 

improvement 

Aouani et al. 

[S1] 

Using multi-frequency gold optical antennas with narrow 

nanogap for ultrasensitive broadband probing of 

molecular vibrational modes 

2.5-10 μm 

Yoo et al. 

[S2] 

Developing coaxial zero-mode resonators with sub-10 

nm gaps for protein detection 
4-10 μm 

Ji et al. [S3] 
Fabricating a metamaterial absorber with sub-5 nm gaps 

for mid-infrared absorption spectroscopy 
2-5 μm 

Dong et al. 

[S4] 

Using a bowtie-shaped Au structure with a sub-3 nm gap 

for monolayers of molecule detection 
5.5-8.3 μm 

Brown et al. 

[S5] 

Developing four rods oriented at right angles with a 

small gap at the central junction 
2.5-5 μm 

Metzger et 

al. [S6] 

Positioning ITO nanocrystals into the hot-spot of 

plasmonic gap-antennas to enhance performance 
7.1-14.2 μm 

Brown et al. 

[S7] 

Utilizing fan-shaped gold nanoantennas above reflective 

substrates for sensitive vibration detection 
2.1-6.6 μm 

Yue et al. 

[S8] 

Using multiple-resonant pad-rod nanoantennas to 

improve the near-field intensity 
3-7 μm 

Mackin et al. 

[S9] 

Utilizing the arms of trimeric antennas to form nanogap 

for near-field intensity enhancement 
4.5-10 μm 
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Methods Refs. Detailed optimization methods 
Wavelength 

region 

Semenyshyn 

et al. [S10] 

Using the resonant plasmonic nanoslits formed by 

nanorod antennas for sensitive molecular detection 
5-7.1 μm 

Chen et al. 

[S11] 

Using waveguide-integrated antennas with a 30 nm gap 

for mid-infrared spectroscopic chemical sensing 
2.7-4 μm 

John-Herpin 

et al. [S12] 

Using grating order-coupled nanogap antennas for 

sensitive biomolecule detection 

6.02-6.17 

μm 

Chen et al. 

[S13] 

Employing a modified “Sketch and Peel” lithography 

fabricate narrow nanogaps for intensity enhancement 
5.8-9 μm 

Both near 

filed and 

overlapping 

improvement 

Hwang et al. 

[S14] 

Fabricating a vertical 10 nm nanogap between antennas 

and reflection, which enhances both near-field intensity 

and overlapping 

2.5-5 μm 

Hwang et al. 

[S15] 

Using bottom-up techniques to fabricate a vertical 

nanogap to enhance near-field and overlapping 
2.5-3.6 μm 

Jung et al. 

[S16] 

Developing a vertical nanogap for both near-field 

intensity and overlapping enhancement 
1.8-2 μm 

Overlapping 

improvement 

Su et al. 

[S17] 

Developing antennas with the vertically oriented 

structure to improve spatial overlapping 
3-4 μm 

Zhou et al. 

[S18] 

Integrating porous metal-organic framework with 

antenna for gas sensing 
5.5-12.5 μm 

Le et al. 

[S19] 

Integrating a nanofluidic channel with the dielectric 

substrate to improve spatial overlapping 
2.9-4.2 μm 

Zhou et al. 

[S20] 

Integrating porous metal-organic framework with dual-

resonant antennas for gas detection 
3-9 μm 

Zhou et al. 

[S21] 

Using polyvinylamine as enrichment to concentrate gas 

molecules and improve overlapping 
4-8 μm 

Cetin et al. 

[S22] 

Undercutting nanoantennas to improve spatial 

overlapping and sensitive biosensing 
1.4-2 μm 

Le et al. 

[S23] 

Integrating a nanofluidic channel with the dielectric 

substrate to improve spatial overlapping 
2-5 μm 

Chang et al. 

[S24] 

Developing an all-dielectric surface-enhanced infrared 

absorption-based gas sensor with enrichment 
5.5-7 μm 

Chong et al. 

[S25] 

Integrating porous metal-organic framework with 

plasmonic antennas for gas detection 
2.6-2.8 μm 

Bareza et al. 

[S26] 

Developing boron nitride nanoantennas with 

polyethylenimine enrichment for gas detection 
6.6-7 μm 

Overlapping 

improvement 

and loss 

optimization 

Xu et al. 

[S27] 

Integrating channels with the dielectric substrate and 

adjusting the gap distance for loss optimization 
2-4 μm 

Wei et al. 

[S28] 

Integrating polyethylenimine enrichment and tuning loss 

by crooking nanoantennas at the same time 
5-7 μm 

Loss 

optimization 

Ren et al. 

[S29] 

Hooking nanoantennas to tune the loss for sensitive 

detection and identification of alcoholic molecules 
5-9 μm 

Adato et al. 

[S30] 

Investigating loss mechanisms in coupled molecular and 

plasmonic resonator systems 
5-7 μm 
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Methods Refs. Detailed optimization methods 
Wavelength 

region 

Wei et al. 

[S31] 

Crooking nanoantennas to tune the loss for sensitive 

sensing applications 
3-8 μm 

All integrated This work 

A multi-hotspot nanoantenna strategy to reconcile the 

contradiction of methods to achieve near-field and loss 

optimization simultaneously. At the same time, using 

physi-chemisorption of MOFs for overlapping 

improvement. 

5-8 μm 

S2 Gas detection Setup 

 

Fig. S2 Gas detection setup. a The photo of gas mixing system. b The photo of gas cell and IR 

microscope. c Schematic diagram of the gas detection setup. First, the target CO2 gas or N2 gas 

enters the mixing chamber through gas mass flow controllers (MFC), which were adjusted in 

real time to obtain the desired gas flow rates. Then, the gas flowing out of the MFC is quickly 

mixed uniformly by a fan in the mixing chamber. After mixing, the gas flowed into the gas cell 

where our platform was located. The gas cell consists of upper and lower IR barium fluoride 

windows, a sample holder, and a heating stage, where the sample holder and heating stage are 

integrated to efficiently heat our sensing platform 

S3 Spectral Change of MOF-PEI Hybrids Before or After CO2 Gas 
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Fig. S3 Spectral change of MOF-PEI hybrids before or after CO2 gas absorption. a Chemical 

reactions related to the adsorption and desorption of CO2 in the MOF-PEI hybrids. b The 

associated wavelength assignments for the primary by-products of the reaction path. c Spectral 

change of MOF-PEI hybrids before or after CO2 gas absorption 

S4 General Temporal Coupled-mode Theory Analysis 

The loss optimization of nanoantennas is based on general temporal coupled-mode theory 

(TCMT). As shown in Fig. S4, the TCMT describes a single cavity representing the bright mode 

(A) of the nanoantennas coupled (κ) with two ports including incident light (S1+), reflected light 

(S1-), and transmitted light (S2-). It experiences damping at a rate γr and γa, and the molecular 

damping γm is coupled to the nanoantennas via a coupling strength μ. The TCMT analysis 

consists of three processes, including modeling the bare nanoantennas, modeling the 

nanoantennas coupled with molecules, and modeling the enhanced gas sensing signal of our 

platform. 

 
Fig. S4 Schematic of TCMT. a Bare nanoantennas. b Nanoantennas coupled with molecules 
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S4.1 Modeling the Bare Nanoantennas 

According to TCMT, a series of equations describing the interaction between antenna and IR 

can be obtained as 

                                           (S1) 

                                                         (S2) 

                                                              (S3) 

                                                            (S4) 

                                                            (S5) 

Since the nanoantenna is a dual-port resonance system, we can obtain . Then, 

Equation S1 can be simplified as 

                                                 (S6) 

By substituting Equation S6 to Equation S2-S5, the reflection and transmission of bare 

nanoantennas can be written as 

                                         (S7) 

                                         (S8) 

As observed, the reflection and transmission at resonance (ω=ω0) are determined by the loss 

of the coupling system. When defining f = γr/γa, the reflection and transmission of bare 

nanoantennas can be expressed as 

                                                      (S9) 

                                                    (S10) 

Equations S9 and S10 are used to analyze the spectral performance of bare nanoantennas, and 

the plotted results are shown in Fig. 1d of the main text. 

S4.2 Modeling the Nanoantennas Coupled with Molecules 

When molecules are loaded to the nanoantennas, the lossy molecular vibration (denoted as M) 

is coupled (coefficient µ) to the bright-mode nanoantenna as a purely dissipative mode. Then, 

the coupled mode equations in this configuration can be written as 

                                 (S11) 

                                          (S12) 

Equations S11 and S12 can be simplified as 
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                                  (S13) 

                                            (S14) 

By substituting Equations S14 to S13, we can eliminate M and obtain 

                         (S15) 

By substituting Equation S15 to Equations S2-S5, the reflection and transmission of 

nanoantennas coupled with molecules can be written as 

                            (S16) 

                            (S17) 

Equations S16 and S17 is used to extract absorptive and radiative loss of nanoantennas coupled 

with molecules by fitting the calculated spectrum to the resonance spectrum. In addition, when 

µ=0, that is, the bare nanoantenna case without coupled molecular, we can find that T(ω) and 

R(ω) in Equation S16 and S17 are the same with Tbare and Rbare in Equation S7 and S8, which 

proves the consistency of our derivation. 

S4.3 Modeling the Enhanced Gas Sensing Signal 

The enhanced molecular signal of our platform in sensing application is analyzed by calculating 

the differential spectra of the nanoantennas with/without coupled molecules. Notably, several 

assumptions are required in the following derivation to acquire relatively simple analytical 

results. First, the sensing system is in a non-detuned state. That is, the bright-mode antenna is 

fine-tuned to ensure the frequency matching between molecular vibrations and the antenna 

resonance, which is in line with our actual sensing demonstration. Second, μ is set as a much 

smaller parameter compared with γm, γr, and γa. Therefore, the enhanced signal from reflection 

spectrum caused by the adsorption of CO2 can be calculated by 
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                                                         (S18) 

Similarly, we can obtain the enhanced signal from the transmission spectrum as 

                             (S19) 

The negative sign in Equation S18 indicates that the changes in the reflection spectrum are the 

opposite of the changes in the transmission spectrum. Equations S18 and S19 are used to 

analyze the enhanced molecular signal of our sensing platform, and the plotted results are 

shown in Fig. 1d of the main text. For comparison, the reflection and transmission changes are 

absolute values. 

S5 Electric Field Distribution and Intensity During Position Optimization 

Processes 

 
Fig. S5 Electric field distribution and intensity during position optimization processes. a 

Electric field distribution of nanoantennas when the nanogap shifts from the horizontal center 

to the vertical center. b Corresponding electric field intensity. As observed, when the nanogap 

shifts horizontally from the horizontal center to the end of the bright-mode antenna, the electric 

field intensity first increases and then decreases. When the nanogap moves vertically from the 

end to the vertical center, the electric field intensity undergoes a similar evolution 
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S6 IR Spectrum of PMMA 

 

Fig. S6 IR spectrum of PMMA. As observed, there is a significant C=O stretching vibration 

near 5.8 μm, which is selected as the target IR vibration to investigate the performance of 

platform 

S7 Number of Hotspots for Different Antenna Configurations 

 

Fig. S7 Number of hotspots for different antenna configurations. Our multi-hotspot strategy 

can establish four new hotspots beside the two hotspots at the ends of the nanoantenna when 

compared with other designs. The newly established hotspots can compensate for the reduced 

average near-field strength in the antenna system due to increased losses of loss optimization, 

thereby reconciling the contradiction between near-field enhancement and loss optimization. 

Finally, our multi-hotspot strategy can achieve near-field optimization and loss optimization 

simultaneously 
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S8 SEM Images and Measured Spectra of Antennas During Position 

Optimization Processes 

 

Fig. S8 SEM images and measured spectra of antennas during position optimization processes. 

a SEM images of nanoantennas when the nanogap shifts from the horizontal center to the 

vertical center. b Corresponding measured reflection spectra. As observed, the resonant 

wavelength of nanoantennas shifts due to the introduction of different losses. Its changing trend 

is the same as that of the reflection peak, and the maximum change is at position viii 
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S9 Loss Extraction using TCMT 

 

Fig. S9 Theoretical fitting of reflection spectrum of nanoantennas using TCMT. The 

measured spectra are from Fig. S8. Apparently, the fitting results match well with the 

spectrum of the platform 

S10 Comparison between Simulation and Measurement 

As shown in Fig. S10, there is indeed a noticeable discrepancy between the measured and 

simulated reflection spectra. The discrepancy is mainly concentrated in the spectral amplitude, 

and the resonant wavelengths are well matched. The only difference came from the geometry 

of the nanoantenna. The geometrical boundary of the antenna in the simulation is perfect and 

smooth, while the SEM in Fig. 4 of main text shows that the geometrical boundary of the 

fabricated antenna is not smooth and exhibits irregular undulation morphology. The irregular 

undulations in the antenna could affect the coupling strength of the dark mode antenna to the 

bright mode antenna. Due to the irregularities, it is difficult to fully replicate the shape of the 

fabricated nanoantenna in the simulation. Since the difference in shape mainly affects the 

absolute value of the spectrum, it does not affect the underlying physical mechanism. 

Furthermore, due to the uniformity of fabrication, its effect on all nanoantennas is consistent. 

The experimental results in Fig. 4 have demonstrated the effectiveness of our method. Therefore, 

we believe that this discrepancy does not affect the conclusion and it can be reduced by more 

precise fabrication methods. 
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Fig. S10 Comparison between the measured and simulated reflection spectra of nanoantennas 

with 40 nm PMMA. The simulated result is copied from Figure 3c-iii of the main text. The 

measured result is copied from Figure 4e of the main text 

S11 Analysis of Near-field Penetration Depth of the Platform 

 
Fig. S11 Analysis of near-field penetration depth of the platform. a Schematic of the platform. 

The near-field of the cross-section at the location indicated by the dashed line is analyzed. b 

Corresponding near-field distribution of the cross-section of the platform. c Normalized field 

intensity of the cross-section of the platform as a function of the distance to the surface of the 

substrate (point A). As observed, when the field intensity corresponds to 10% of the maximum 

field strength is defined as the penetration depth, the penetration depth is about 210 nm. 

Variations in MOFs beyond the near-field penetration depth are difficult to detect. 
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S12 SEM Analysis of MOF 

 

Fig. S12 SEM analysis of MOF. a Original crystal morphology. b Crystal morphology after 

ultrasound 

S13 EDX Analysis of MOF 

 

Fig. S13 EDX analysis of MOF showing the elemental composition of the MOF and its 

proportions. 

S14 Sensitivity of Platform with Various Configuration 

 

Fig. S14 Sensitivity of platform with various configurations 
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S15 Platform Miniaturization 

There are three ways to miniaturize the system. One approach is to replace traditional bulky 

spectrometers with miniaturized spectrometers. The miniaturized spectrometers could be a 

black phosphorus spectrometer or a graphene metasurface modulator [S32, S33]. The technical 

challenge of this approach is the integration of two different chips. Another approach is to 

design nanoantennas as arrays with resonant wavelengths covering the infrared range, which 

can enable spectrometer-less detection via imaging [S34]. Since this method requires an 

external light source and detector array, its miniaturization is challenging. Besides, the output 

signal of the chip is multiplexed, which is also a challenge to the subsequent signal processing. 

Finally, we can determine the concentration of CO2 gases by collecting infrared absorption at 

specific wavelengths rather than the entire infrared spectrum. Fig. S14a shows the measurement 

results of our sensing platform at various CO2 concentrations, which corresponds to Fig. 5a of 

the main text. As observed, the relationship between the reflection intensity at 7.66 μm and gas 

concentration can be described by an exponential function (Fig. S14b). It means that in order 

to achieve miniaturization, we can integrate a conventional IR source, a detector and a 7.66 μm 

filter with our chips, as shown in Fig. S14c. Because our chip utilizes plasmon-molecular 

interactions, the optical path length required for our platform to achieve sensitive detection is 

small, which is an advantage for miniaturization when compared with the most widely used 

NDIR technology. 

 

Fig. S15 Miniaturization of the platform. a Measurement results of our sensing platform at 

various CO2 concentrations, which corresponds to Figure 5a of manuscript. b The reflection 

intensity at 7.66 μm as a function of CO2 concentrations. c Conceptual diagram of the 

miniaturization of the platform 
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S16 Performance Comparison of Infrared CO2 Sensors 

Table S2 Comparison of the existing miniaturized CO2 Gas sensors at mid-IR 

Refs. Method 
Optical 

interaction length 
Sensitivity 

Limit of 

detection 

Yasuda et al. 

[S35] 
Commercial NDIR sensor; 140 mm NA 60 ppm 

Vincent et al. 

[S36] 
MEMS miniaturization; 80 mm NA 50 ppm 

Li et al. [S37] 

Graphene oxide enhancement; 

Microelectromechanical 

emitters; 

~ 60 mm NA 50 ppm 

Mi et al. 

[S38] 

Using silicon photonic 

refractometer; 
20π μm 

6×10−9 

RIU/ppm 
20 ppm 

Starecki et al. 

[S39] 

Fluorescence absorbance 

enhancement; 
15 mm NA 50 ppm 

Ranacher et 

al. [S40] 

Using infrared evanescent field 

absorption 
5 mm NA < 500 ppm 

Badri et al. 

[S41] 

Using silicon subwavelength 

grating slot waveguide 
14.11 μm 12.9 pm/ppm 210 ppm 

Lochbaum et 

al. [S42] 

Structure optimization; 

Using plasmonic thermal 

emitter; 

4 mm 1.7×10
−4

 %/ppm < 200 ppm 

Lochbaum et 

al. [S43] 

Structure optimization; 

Integrating optical cavity; 

5.7×5.7 × 4.5 mm3 

cuboid 

22.4±0.5 

ppm/√Hz 
< 200 ppm 

Livingood et 

al. [S44] 

Structure optimization; 

Using narrowband infrared 

emitting metamaterials 

Centimeters NA 50 ppm 

Chen et al. 

[S45] 

Structure optimization; 

Using a plasmonic thermal 

detector; 

2.7 μm 3300 nm/RIU 100 ppm 

Zhang et al. 

[S46] 

Structure optimization; 

Using nanostructured covellite 

copper sulfide; 

4 mm NA 100 ppm 
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Refs. Method 
Optical 

interaction length 
Sensitivity 

Limit of 

detection 

Chong et al. 

[S25] 

Gas enrichment materials; 

Integrating plasmonic nanopatch 

metamaterial; 

2.7 μm NA 52 ppm 

Kazanskiy et 

al. [S47] 

Gas enrichment materials; 

Using silicon nano-cylinders 

design; 

100 nm 17.3 pm/ppm 215 ppm 

Bareza et al. 

[S48] 

Gas enrichment materials; 

Graphene-based metamaterial; 
30 nm 0.028 cm

-1
/ppm 390 ppm 

Zhou et al. 

[S20] 

Gas enrichment materials; 

Dual-band absorber structure; 
200 nm 0.0348‰/ppm 80 ppm 

Hasan et al. 

[S49]  

Gas enrichment materials; 

Using metamaterial absorber; 
300 nm 0.0282%/ppm 40 ppm 

Chang et al. 

[S24] 

Gas enrichment materials; 

Using all-dielectric 

metamaterial 

~155 nm 0.0537%/ppm 20 ppm 

Wei et al. 

[S28] 

Gas enrichment materials; 

Using crooked metamaterials; 
150 nm 0.067%/ppm 30 ppm 

This work 
MOF-PEI functionalized 

multi-hotspot strategy 
180 nm 0.18%/ppm ppb level 

S17 Comparison with Electrochemical and Photoacoustic CO2 Sensors 

There are three main types of mainstream technologies for the detection of CO2 gas, namely 

electrochemical sensors, photoacoustic sensors, and infrared sensors. The introduction and 

comparison of these sensors are presented as follows. 

Electrochemical CO2 gas sensors measure the concentration of CO2 gases by oxidizing or 

reducing the CO2 gas at an electrode and measuring the resulting current. It consists of a 

sensing/working electrode, a solid-state electrolyte, and a reference electrode. An 

electrochemical CO2 gas sensor has a simple structure of an electrochemical cell. In addition to 

the simple structure, its advantages also include linear output, low power consumption, and 

good resolution. However, since the state of the electrolyte is easily affected by the temperature 

and humidity of the working environment, chemical gas sensors are sensitive to temperature 

and humidity. Cross-sensitivity to other gases remains a challenge for electrochemical CO2 gas 

sensors. Another advantage of the electrochemical CO2 gas sensor is that it works well at high 

temperatures (up to 700 degrees Celsius) [S50]. 

Photoacoustic CO2 gas sensors measure the concentration of CO2 gases by using a microphone 

to detect vibrations and photoacoustic pressure waves that the gas generates after absorbing 

photon energy. It consists of a modulated light source to generate an intermittent light beam, 

and a sound transducer to detect the amplitude of the generated sound wave. In terms of acoustic 
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wave generation, acoustic resonators and quartz tuning forks could be used to enhance the 

intensity of generated acoustic waves [S51]. To increase the available optical power, optical 

resonators could be utilized. Similar to the infrared vibrations of molecules, an acoustic signal 

can only be generated when the emission spectrum of the light source and the absorption 

spectrum of the gas coincide. Therefore, it has good selectivity and low cross-sensitivity. In 

addition, it has the advantages of long-term stability, high sensitivity, etc. However, the 

performance of photoacoustic gas sensors depends on high-performance light sources and 

sound transducers, which makes it the most expensive sensor among these types of CO2 gas 

sensors. 

Nondispersive infrared (NDIR) CO2 gas sensors are the most common infrared sensors for CO2 

gas detection [S52]. It is based on the absorption of infrared radiation at certain gas specific 

wavelengths in accordance with the Beer-Lambert law, which is expressed as T=I/I0=e-εcL (T is 

transmittance, I is the intensity of light passed through sample gas and an optical filter, I0 is the 

initial light intensity emitted from the source, ε is the molar attenuation coefficient, c is gas 

concentration, and L is light path length). As observed, in order to achieve ppm level detection 

limit with a high signal-to-noise ratio, several centimeter length L is required. Therefore, the 

disadvantages of NDIR sensors include high detection limits and bulk dimensions. Its 

advantages are also significant, including long lifetime, high long-term stability, and low power 

consumption. Therefore, it is widely used in some harsh environments like mining projects, and 

its commercialization is the most successful of these sensors. 

Our work is a kind of CO2 gas sensor, and it utilizes the plasmonic enhancement effect of 

nanoantennas and the adsorption effect of MOF hybrids to achieve sensitive detection of CO2 

gas at a nanoscale light-mater interaction length. Besides, our detection limit reaches 1 ppm. 

Therefore, compared with NDIR sensors, our detection method has the following advantages: 

1) shorter light-matter interaction length. For achieving ppm-level detection, the interaction 

length for infrared NDIR sensors is about 50 mm, and that of our method is 200 nm. Light-

mater interaction length generally means the theoretical minimum size of the sensor. Although 

our current demonstration is bulky due to the use of the spectrometer's detector and light source, 

it can be improved by integrating the light source and detector with our chips, as discussed in 

the previous question; 2) Lower detection limit. The low detection limit allows our method to 

be suitable for some demanding application scenarios in industry and R&D. Notably, the 

nanoantenna-based gas sensing scheme in this manuscript does not conflict with the NDIR 

sensing technology, but is an improvement and supplement for the NDIR sensing technology, 

as demonstrated in previously reported works [S53]. The disadvantage of our method is that it 

is not as mature as NDIR technology, resulting in a low level of integration with light sources 

and detectors. Compared with electrochemical sensors, our detection method has the following 

advantages: 1) Lower detection limit. The reported detection limit of electrochemical CO2 

sensors is about tens of ppm [S54-S56]; 2) less sensitive to temperature and humidity; 3) less 

cross-sensitivity. Our method is based on the intrinsic infrared vibrational fingerprints of gas 

molecules; 4) longer lifetime. The advantage of electrochemical sensors includes simple 

structure, linear output, and stable operation at high temperatures. Compared with 

photoacoustic sensors, our detection method has the following advantages: 1) low cost. Our 

method does not require high-power light sources and an acoustic transducer; According to the 

reported reference [S52], the cost of photoacoustic sensors is about 100 times higher than 

infrared sensors. 2) low power consumption; Photoacoustic sensors require high energy to 

excite the acoustic waves from gas molecules. The advantage of photoacoustic sensors is long-

term stability and high sensitivity. Overall, we demonstrate a CO2 detection scheme with a low 

detection limit and high sensitivity and provide a promising idea for NDIR to reduce the light-

matter interaction length. 
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