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Abstract： Infrared gas sensing， based on the characteristic infrared absorption of gas molecules， provides an opti⁃
cal approach for gas identification and concentration quantification.  It has found broad applications in environmen⁃
tal monitoring， industrial safety， breath analysis， remote sensing， and other fields.  Driven by the growing de⁃
mand for miniaturized， integrated， and multi-component detection systems， the performance of infrared gas sen⁃
sors is no longer determined by individual device optimization alone， but increasingly depends on the coordinated 
design of light sources， gas-light interaction structures， detectors， and spectral models.  This review summarizes 
recent advances in infrared gas sensing from the perspective of system-level design and key enabling technolo⁃
gies.  The evolution of light sources from broadband incoherent emitters to lasers and frequency combs is first dis⁃
cussed.  Gas-light interaction structures， including free-space gas cells， hollow-core fibers， and on-chip wave⁃
guides， are then reviewed.  Detector technologies are summarized in terms of photon， thermal， and photoacoustic 
detection mechanisms.  In addition， spectral modeling methods for information extraction， including sampling op⁃
timization， multivariate regression， and machine learning， are discussed.  Finally， future directions toward high 
sensitivity， multi-component analysis， miniaturization， intelligent sensing， and on-chip integration are outlined.
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Introduction
Infrared gas sensing is an optical detection technolo⁃gy that enables gas identification and concentration quan⁃tification based on the characteristic infrared absorption of gas molecules［1-2］.  Gas molecules exhibit distinct ab⁃sorption features in the infrared region arising from vibra⁃tional and rotational energy-level transitions， allowing in⁃frared absorption spectroscopy to provide high molecular selectivity， real-time response， and quantitative capabili⁃ty.  In particular， in the mid-infrared region （2-20 μm）

［3-7］， most gas molecules possess strong fundamental ab⁃sorption bands， whose absorption intensities are typically much higher than those of overtone and combination bands in the near-infrared region.  This makes mid-infra⁃red gas sensing especially advantageous for trace gas de⁃tection［8-15］， complex mixture analysis［16-20］， and in situ monitoring［21-23］.  After decades of development， infrared gas sensing has expanded from conventional laboratory spectroscopic instruments to diverse platforms， including atmospheric remote sensing［24-25］ ， open-path monitor⁃

ing［26-27］ ， industrial field detection［28］ ， portable sen⁃sors［29-32］， and on-chip integrated devices［33-36］.  It has be⁃come an important interdisciplinary field that integrates molecular spectroscopy， optoelectronic devices， micro- and nanophotonics， and data analysis methods.The development of infrared gas sensing is essential⁃ly driven by the continuous optimization of key perfor⁃mance metrics， including sensitivity， selectivity， re⁃sponse speed， system size， cost， and stability.  Tech⁃niques such as Fourier-transform infrared spectroscopy and tunable diode laser absorption spectroscopy［37-38］ can provide high spectral resolution and high-precision ana⁃lytical capability.  However， they often rely on complex optical configurations， high-performance light sourc⁃es［39-41］， long-path gas cells［42-45］， or highly sensitive detec⁃tors［46-48］， which limits their use in miniaturized， low-cost， and distributed sensing applications.  Meanwhile， practical sensing systems are still challenged by weak trace absorption signals［49-51］， spectral overlap among mul⁃tiple gas species［52］， complex background interference， and insufficient long-term stability［53］.  These issues cre⁃
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ate intrinsic trade-offs among sensitivity， selectivity， in⁃tegration level， and application adaptability.  Therefore， achieving highly sensitive， selective， and stable gas de⁃tection under constraints of limited volume， power con⁃sumption， and spectral resources remains a central chal⁃lenge in this field.To address these challenges， infrared gas sensing technologies have evolved rapidly in recent years in terms of light sources， light-gas interaction， signal detec⁃tion， and data interpretation.  Emerging infrared light sources［54］， high-performance detectors［46-47］， and low-noise readout techniques［55-57］ have continuously improved the signal-to-noise ratio （SNR） and spectral resolving ca⁃pability of sensing systems.  Multi-pass gas cells， hollow-core fibers［58-59］， micro- and nanowaveguides， and on-chip photonic devices have extended the effective optical path length and expanded the spatial scales of gas sens⁃ing［60］.  Meanwhile， spectral modeling methods， includ⁃ing sampling optimization， multivariate inversion［61］， and machine learning［62-63］， have provided new approaches for information extraction in low-resolution， few-channel， and multi-component detection scenarios.  These advanc⁃es indicate that performance improvement in infrared gas sensing is shifting from the optimization of individual de⁃vices toward the coordinated design of hardware struc⁃tures， spectral information， and algorithmic models.This review aims to provide a systematic overview of infrared gas sensing from the perspectives of technologi⁃cal evolution and system performance.  First， the funda⁃mental principles， system architecture， and key perfor⁃mance metrics of infrared gas sensing are introduced.  Then， recent progress in key components and methodolo⁃gies， including light sources， gas interaction structures， detectors， and spectral models， is discussed， with em⁃phasis on their technical features and applicable scenari⁃os.  Finally， representative infrared gas sensing technolo⁃gies are comprehensively compared in terms of detection limits， operating spectral regions， and effective optical path lengths， so as to evaluate their sensitivity levels， system scales， and application adaptability.  Future trends toward high sensitivity， multi-component detec⁃tion， miniaturization， intelligent sensing， and on-chip integration are further discussed.
1 Principles, architecture, and metrics 

The physical basis of infrared gas sensing is the se⁃lective absorption of infrared light by gas molecules at specific wavelengths.  When the frequency of incident light matches the vibrational or rotational energy-level transitions of a gas molecule， part of the optical energy is absorbed， producing characteristic absorption features in the transmission spectrum.  For a single absorbing gas， under ideal conditions， the transmitted light intensity can be described by the Beer-Lambert law：
I = I0 ⅇxp ( - kLx) , (1)

where I0 is the incident light intensity， I is the transmit⁃ted light intensity， k is the absorption coefficient， L is the effective optical path length， and x is the gas concen⁃tration.  This relationship indicates that the infrared ab⁃

sorption signal is jointly determined by the incident opti⁃cal intensity， molecular absorption strength， light-gas in⁃teraction length， and gas concentration.  Therefore， im⁃proving the performance of infrared gas sensing does not rely on a single parameter， but requires systematic opti⁃mization of spectral acquisition， path-length enhance⁃ment， signal readout， and concentration retrieval.Based on this fundamental relationship， an infrared gas sensing system can be understood from four key as⁃pects， as illustrated in Fig.  1.  First， the infrared light source determines the accessible spectral range， incident optical power， and spectral resolving capability.  Broad⁃band incoherent sources are suitable for low-cost and multi-band detection， laser sources enable highly selec⁃tive detection targeting specific absorption lines， and fre⁃quency combs provide both broad spectral coverage and precise frequency references.  Second， the light-gas inter⁃action structure determines the effective optical path length and the spatial scale of the system.  Free-space gas cells can enhance absorption signals through multi-pass reflection， hollow-core fibers can extend the light-gas in⁃teraction path within a compact volume， and on-chip waveguides further push gas sensing toward the chip scale.  Third， infrared detectors convert absorption-in⁃duced optical changes into measurable signals， and their response mechanisms and noise characteristics directly affect the detection limit， response speed， and applica⁃ble spectral range.  Finally， spectral models determine how gas species and concentration information can be ex⁃tracted from limited， overlapping， or noisy measurement signals， which is particularly important for low-resolu⁃tion， few-channel， and multi-component detection.Therefore， infrared gas sensing can be regarded as an integrated system composed of light sources， gas cells， detectors， and spectral models.  These four ele⁃ments correspond， respectively， to the incident optical intensity， absorption path， output signal， and concentra⁃tion retrieval process in the Beer-Lambert framework， and together determine the sensitivity， selectivity， inte⁃gration level， and application adaptability of the system.  The framework shown in Fig.  1 also forms the main struc⁃ture of this review.  The following sections will discuss the development of infrared gas sensing technologies from mature methods to emerging directions， focusing on infra⁃red light sources， gas interaction structures， infrared de⁃tectors， and spectral models.
2 Light sources: spectral generation 

The light source is the starting point of an infrared gas sensing system， determining the accessible spectral range， optical power， modulation scheme， spectral reso⁃lution， and system complexity.  For absorption-based sensing governed by the Beer-Lambert law， the light source not only affects the incident optical intensity I0， but also determines what type of molecular absorption in⁃formation can be acquired by the system.  According to their emission characteristics and operating mechanisms， light sources used in infrared gas sensing can be broadly classified into incoherent broadband sources， semicon⁃
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ductor light-emitting devices， laser sources， and frequen⁃cy comb sources.  These categories correspond to differ⁃ent technical routes， including broadband spectral cover⁃age， low-power integration， highly selective detection， and precise multi-component analysis.  Fig.  2 summariz⁃es representative advances in these light-source technolo⁃gies for infrared gas sensing.Incoherent thermal radiation sources are the most commonly used light sources in non-dispersive infrared 
（NDIR） gas sensing， owing to their broadband emis⁃sion， low cost， and simple structure.  Although conven⁃tional miniature lamps and micro-electro-mechanical sys⁃tems （MEMS） thermal emitters have been widely used， their performance can still be limited by modulation fre⁃quency， spectral coverage， and system integration.  Broadband infrared sources based on super-aligned car⁃bon nanotube films［64］ provide a promising alternative.  As shown in Fig.  2（a）， such films can serve as compact infrared emitters， with an emission spectrum covering 0. 2–334 μm and a high average emissivity in the mid-infrared range of 2– 25 μm.  Owing to the fast electro⁃thermal response of carbon nanotube films， this type of source enables electronic modulation with modulation fre⁃quencies up to approximately 150 kHz， thereby reducing the dependence on mechanical choppers.  Fig.  2（b） fur⁃ther demonstrates its application in human-exhaled CO2 detection.  These studies indicate that the development of incoherent infrared sources is no longer limited to in⁃creasing radiated power， but is moving toward high emis⁃sivity， fast electrical modulation， and easy integration， offering a new source platform for miniaturized， multi-gas， and fast-response NDIR sensing.

Semiconductor light-emitting devices generally fea⁃ture low power consumption， compact size， and strong integration potential.  However， the emission wave⁃lengths of conventional infrared light-emitting diodes 
（LEDs） are usually fixed after fabrication， making it dif⁃ficult to meet the multi-band matching requirements of multi-gas detection.  Strain-tunable black phosphorus 
（BP） LEDs［65］ represent a new strategy for source-level spectral control.  Taking advantage of the high strain sen⁃sitivity of the BP bandgap， the photoluminescence peak can be continuously tuned over the range of 2. 3– 5. 5 μm， while the electroluminescence peak of BP-MoS2 het⁃erojunction LEDs can be tuned from 2. 70 to 4. 07 μm.  As shown in Fig.  2（c）， the emission spectrum of BP de⁃vices can be actively controlled by tensile or compressive strain， and Fig.  2（d） demonstrates the application of this tunable LED in CO2 and CH4 detection.  Unlike the conventional scheme of “broadband source plus optical filter，” this approach matches gas absorption bands by directly tuning the emission spectrum of the light source itself， reflecting the evolution of infrared semiconductor sources from fixed-wavelength emission toward actively tunable emission.Laser sources are characterized by narrow line⁃width， high brightness， and good wavelength tunability， enabling highly selective and sensitive detection of spe⁃cific molecular absorption lines.  Among them， tunable diode laser absorption spectroscopy （TDLAS） is a repre⁃sentative high-performance approach in infrared gas sens⁃ing.  As shown in Fig.  2（e）-（g）， a methane tunable di⁃ode laser absorption spectroscopy system based on a 1. 65 μm distributed-feedback （DFB） laser scans the 

Fig.  1　Key optimization directions in infrared gas sensing technologies： （a） Infrared light sources for providing molecular absorption 
information； （b） Gas interaction structures for enhancing the effective optical path length； （c） Infrared detectors for converting absorp‐
tion-induced signals into measurable outputs； （d） Spectral models for optimizing spectral sampling and retrieving gas species and con‐
centrations
图 1　红外气体传感技术中的关键优化方向：（a） 红外光源，用于提供分子吸收信息；（b） 气体相互作用结构，用于增强有效光程；
（c） 红外探测器，用于将吸收引起的信号转化为可测量输出；（d） 光谱模型，用于优化光谱采样并反演气体种类和浓度
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CH4 absorption line near 6050 cm-1 using a 30 m multi-pass cell， achieving methane detection over the range of 1–100 ppm.  The system further combines a Transform⁃er-based denoising network with a multilayer percep⁃tron［66］ to realize end-to-end concentration prediction from noisy transmission spectra， improving retrieval sta⁃bility under low-concentration conditions.  This type of work demonstrates the advantages of laser sources in ab⁃sorption-line selection， high-resolution measurement， and concentration quantification.  It also indicates that la⁃ser-based gas sensing is increasingly moving toward the coordinated optimization of light sources， optical paths， noise suppression， and intelligent retrieval.Frequency comb sources combine broad spectral coverage， narrow-linewidth comb teeth， and precise fre⁃quency references， making them an important platform for simultaneous multi-component detection in complex gas mixtures.  As shown in Fig.  2（h）， mid-infrared fre⁃quency combs can be combined with high-finesse optical cavities and interferometric readout structures to achieve high-resolution gas detection over a broad spectral range.  A representative modulated ring-down frequency-comb interferometry system［67］ covers two mid-infrared regions， 1850– 2230 cm-1 and 2700– 3330 cm-1， and achieves cavity finesses of approximately 23，000 and 14，000 in the 5 μm and 3 μm bands， respectively.  Fig.  2（i） shows representative spectral results obtained from inter⁃ferogram processing of breath samples， where the Fourier components corresponding to different cavity resonances can be used to extract ring-down times.  This system fur⁃ther enables simultaneous quantification of 20 molecular species in breath and ambient air with ppt-level detection sensitivity， highlighting the frontier capability of frequen⁃cy comb sources in broadband， high-resolution， high-dy⁃namic-range， and complex molecular fingerprint analy⁃sis. Overall， the development of infrared light sources reflects a transition from simply “providing sufficient op⁃tical power” to “providing high-quality spectral informa⁃tion. ” Incoherent thermal sources are well suited for low-cost and compact NDIR systems； tunable semiconductor sources emphasize low power consumption and source-level spectral control； laser sources achieve highly selec⁃tive detection through narrow linewidth and wavelength tunability， and are increasingly being integrated with in⁃telligent algorithms； frequency comb sources are orient⁃ed toward broadband， high-resolution， and simultaneous multi-component analysis.  In the future， infrared light sources for gas sensing will continue to evolve toward broader spectral coverage， low-power modulation， wave⁃length tunability， system integration， and more efficient use of spectral information.
3 Gas interaction: path-length engineer⁃
ing 

Gas interaction structures determine the interaction length， interaction volume， and spatial scale between in⁃frared light and target gas molecules， and therefore play a crucial role in sensing sensitivity and system configura⁃

tion.  According to the Beer-Lambert law， increasing the effective optical path length can enhance the absorption signal.  However， this often comes at the cost of in⁃creased system volume， more complex optical align⁃ment， higher coupling loss， and longer response time.  Therefore， the central challenge in the development of gas interaction structures is how to enhance light-gas in⁃teraction within a limited space while maintaining stabili⁃ty， compactness， and integrability.  Fig.  3 summarizes several representative structures， illustrating the evolu⁃tion of infrared gas interaction platforms from free-space gas cells to hollow waveguides， hollow-core fibers， and on-chip waveguides.Discrete optical gas cells are the most classical inter⁃action structures in infrared gas sensing.  Single-pass cells are simple in configuration but provide limited opti⁃cal path length， whereas multi-pass cells can significant⁃ly extend the path length through repeated mirror reflec⁃tions， usually at the expense of larger volume and precise optical alignment.  In addition to regular reflective optical paths， integrating-sphere structures based on diffuse re⁃flection offer a new approach for compact long-path sens⁃ing.  As shown in Fig.  3（a）， a rotating integrating-sphere gas cell［68］ uses a highly reflective inner wall to scatter infrared light multiple times inside the sphere， achieving an equivalent optical path length of approxi⁃mately 66 cm within a compact volume.  Its cross-section⁃al structure further shows that the light source， gas inlet and outlet， and multiple filter channels can be arranged around the sphere.  Fig.  3（b） demonstrates the mixed-gas detection process， in which different filter channels sequentially respond to components such as CH4， N2O， and C2H4 through mechanical rotation.  Fig.  3（c） pres⁃ents the detection limits for multiple gases， indicating that this type of structure can not only enhance optical path length but also support multi-channel NDIR detec⁃tion and gas mixture analysis.  These results suggest that discrete optical gas cells are evolving from simple path-length enhancement toward multi-channel integration， system simplification， and mixture reconstruction.Hollow waveguides further combine the optical transmission path and gas absorption space into a single structure， providing an important route toward compact infrared gas sensing.  Compared with free-space multi-pass cells， hollow waveguides can provide meter-scale absorption paths within a small volume， while offering advantages such as simple configuration， mechanical flexibility， fast response， and ease of board-level integra⁃tion.  As shown in Fig.  3（d）， a typical board-level sens⁃ing system employs an AgI/Ag-coated flexible hollow waveguide［69］ as the CO2 absorption cell， with the light source， driving circuit， gas flow path， and detector inte⁃grated on a compact substrate.  In this system， a 1 m long hollow waveguide is coiled within a board-level volume of approximately 180×100×10 mm3， achieving CO2 detec⁃tion limits of approximately 174 ppb and 263 ppb under straight and coiled waveguide configurations， respective⁃ly.  Fig.  3（e） shows the absorption spectra at different CO2 concentrations， where the mid-infrared absorption 
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feature increases with gas concentration.  The continuous concentration measurement in Fig.  3（f） further demon⁃strates that the miniaturized hollow-waveguide gas cell can provide fast and stable dynamic response， with a re⁃sponse time of approximately 2. 5 s in single-wavelength detection.  These results highlight the potential of hollow waveguides for optical path compression， board-level in⁃tegration， and portable gas detection.  It should be noted that a longer hollow waveguide is not always preferable： although the absorption signal increases with length， propagation loss and background noise also increase.  Therefore， the effective optical path length， coupling ef⁃

ficiency， transmission loss， and system volume must be comprehensively optimized.Hollow-core fibers further improve the overlap be⁃tween the optical field and gas sample.  Hollow-core pho⁃tonic bandgap fibers and anti-resonant hollow-core fibers can confine both light and gas within a micrometer-scale hollow core， enabling efficient interaction over long dis⁃tances.  In addition to direct absorption measurements， hollow-core fibers can be combined with photothermal phase detection， converting weak absorption signals into phase modulation signals.  As shown in Fig.  3（g）， a rep⁃resentative all-fiber photothermal interferometric sys⁃

Fig.  2　Representative infrared light sources for gas sensing： （a）， （b） Super-aligned carbon nanotube film broadband infrared source， 
including the source image， temperature-dependent emission spectra， and exhaled CO2 detection demonstration［64］； （c）， （d） Strain-tun‐
able BP mid-infrared LED， including its operating principle， strain-dependent emission spectra， and CO2/CH4 sensing results［65］； （e）-
（g） DFB-laser-based TDLAS system for methane detection， including the experimental setup， concentration-dependent spectra， and 
comparison between standard and measured concentrations［66］； （h）， （i） Mid-infrared frequency-comb spectroscopy， including the gas 
detection configuration and spectral data processed from breath-sample interferograms for ringdown-time extraction［67］

图 2　气体传感中的代表性红外光源： （a）， （b） 超顺排碳纳米管薄膜宽谱红外光源，包括光源图像、温度相关发射光谱以及呼出 
CO2 检测演示［64］；（c）， （d） 应变可调谐 BP 中红外 LED，包括其工作原理、应变相关发射光谱以及 CO2/CH4 传感结果［65］；（e）-（g） 
基于 DFB 激光器的甲烷 TDLAS 系统，包括实验装置、浓度相关光谱以及标准浓度与测量浓度的对比［66］；（h）， （i） 中红外频率梳光
谱，包括气体检测结构以及由呼气样品干涉图处理得到的用于提取环降时间的光谱数据［67］
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tem［70］ uses a 10 m long hollow-core photonic bandgap fi⁃ber as both the gas absorption region and the phase modu⁃lation region.  The pump and probe beams strongly over⁃lap with the target gas in the hollow core， and the photo⁃thermally induced phase change is read out through an in⁃terferometric structure.  Fig.  3（h） shows the second-har⁃monic （2f） lock-in output obtained when the pump laser scans the absorption line of acetylene， with the signal amplitude increasing as the acetylene concentration rises from 50 ppm to 400 ppm.  This system achieves a noise-equivalent concentration of approximately 2 ppb for acet⁃ylene and an equivalent absorption sensitivity of about 2. 3×10-9 cm-1， demonstrating the high-sensitivity detec⁃tion capability of hollow-core fibers combined with photo⁃thermal phase readout.  These studies show that the de⁃velopment of hollow-core fiber gas cells has progressed beyond path-length enhancement alone， and now in⁃volves coupled enhancement mechanisms based on photo⁃thermal effects， phase modulation， and interferometric readout.On-chip waveguides represent a further step toward miniaturized and integrated gas interaction structures.  Compared with discrete gas cells and hollow-core fibers， on-chip waveguides offer small footprint， batch manufac⁃turability， and compatibility with integrated light sourc⁃es， detectors， and electronic circuits， making them an important platform for chip-scale infrared gas sensing.  However， because on-chip waveguides are physically short and the overlap between the evanescent field and gas molecules is limited， weak absorption detection usu⁃ally requires higher interaction efficiency per unit length.  Slow-light photonic crystal waveguides［71］ provide an effective solution to this challenge.  As shown in Fig.  3
（i）， a suspended silicon two-dimensional photonic crys⁃tal waveguide is integrated into the sensing arm of an on-chip Mach-Zehnder interferometer.  The entire chip is ap⁃proximately 4. 5 mm long and 0. 13 mm wide， in which a 1 mm long two-dimensional photonic crystal waveguide is used to enhance photothermal gas interaction， while a conventional strip waveguide serves as the reference arm.  Through a dual slow-light mechanism， this struc⁃ture simultaneously enhances pump absorption and probe phase modulation， enabling gas detection within a chip area of approximately 0. 6 mm2.  Fig.  3（j） presents an Allan deviation analysis based on noise data， showing that the on-chip photothermal sensor achieves a C2H2 de⁃tection limit of approximately 12 ppm at an integration time of 200 s.  This work indicates that on-chip gas sens⁃ing is shifting from merely reducing device size toward improving light-gas interaction efficiency per unit length through slow light， suspended structures， thermal man⁃agement， and interferometric readout.Overall， the development of gas interaction struc⁃tures shows a clear trend toward spatial-scale compres⁃sion.  Discrete optical gas cells extend the effective opti⁃cal path length through specular or diffuse reflection， making them suitable for high-sensitivity and multi-chan⁃nel NDIR detection.  Hollow waveguides compress meter-scale optical paths into flexible guiding channels， balanc⁃

ing portability and board-level integration.  Hollow-core fibers enhance weak absorption detection through long-distance optical-field overlap and photothermal phase readout.  On-chip photonic crystal waveguides use slow light and suspended structures to enhance interaction effi⁃ciency per unit length at the millimeter scale.  In the fu⁃ture， the development of gas interaction structures will no longer simply pursue longer optical path lengths， but will seek an optimal balance among path length， loss， volume， response time， and integration level， in coordi⁃nation with light sources， detectors， and spectral mod⁃els.
4 Detectors: signal readout 

Detectors are key components in infrared gas sens⁃ing systems for signal conversion， directly determining the noise level， response speed， operating temperature， spectral coverage， and cost of the system.  According to their signal conversion mechanisms， infrared detectors can be broadly classified into photon detectors， thermal detectors， and photoacoustic/thermoelastic detectors， corresponding to “optical-to-electrical，” “optical-to-ther⁃mal-to-electrical，” and “absorbed-energy-to-thermal/acoustic/mechanical-vibration-to-electrical” readout path⁃ways， respectively.  These mechanisms offer different ad⁃vantages in sensitivity， response speed， system complex⁃ity， and application scenarios， and together form the main development routes of the detection end in infrared gas sensing.  Fig.  4 summarizes several representative detectors and signal readout mechanisms， illustrating the evolution of infrared gas sensing from semiconductor pho⁃todetection and array-based spectroscopic detection to on-chip spectral selection and thermoelastic readout.Photon detectors generate electrical signals by excit⁃ing charge carriers in semiconductors with infrared pho⁃tons， followed by the separation and collection of photo⁃generated carriers.  They usually provide high response speed and high sensitivity， making them the most direct readout approach for high-performance infrared gas sens⁃ing.  For mid-infrared detection， photon detectors gener⁃ally require narrow-bandgap absorbing materials， while dark-current suppression and interface engineering are essential for improving room-temperature detection per⁃formance.  A van der Waals complementary-barrier infra⁃red detector based on BP/MoS2
［72］ provides a representa⁃tive example.  As shown in Fig.  4（a）， the device uses BP as the infrared absorption layer， forms an electron barrier through the Au/BP Schottky contact， and intro⁃duces a hole barrier using wide-bandgap MoS2， thereby jointly suppressing thermally generated dark current in the narrow-bandgap material.  The Arrhenius dark-cur⁃rent analysis in Fig.  4（b） further compares the dark-cur⁃rent behaviors of PN junction， unipolar-barrier， and complementary-barrier structures， demonstrating the role of complementary-barrier design in dark-current suppres⁃sion.  The device achieves a broadband room-temperature response from 290 to 3600 nm and a peak detectivity of 8. 37×10-9 Jones under blackbody radiation testing.  Fig.  4（c） shows its photoresponse under CH4 concentrations 
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ranging from 0 to 3%， with the methane absorption spec⁃
trum shown in the inset.  Based on this device， NDIR 
methane detection with a detection limit of 23. 9 ppm is 
achieved， indicating that two-dimensional-material pho⁃
ton detectors can not only serve infrared photodetection 
but also support compact gas sensing.

In advanced infrared spectroscopic systems， mature 
narrow-bandgap semiconductors such as mercury cadmi⁃
um telluride （HgCdTe） remain important photon detector 
materials.  Their bandgaps can be tuned by composition 
engineering to cover the near-infrared to mid- and far-in⁃
frared regions， and they offer high quantum efficiency 

and array-based readout capability.  Therefore， they have 
long been used in high-resolution spectrometers and 
spaceborne remote sensing payloads.  Taking the atmo⁃
spheric carbon dioxide grating spectrometer on TanSat［73］ 
as an example， as shown in Fig.  4（d）， the payload con⁃
tains three spectral channels， namely O2 A-band （O2A）， 
weak CO2 （WCO2）， and strong CO2 （SCO2） channels， 
operating at 0. 758 – 0. 778 μm， 1. 594 – 1. 624 μm， 
and 2. 042–2. 082 μm， respectively.  The two CO2 chan⁃
nels use HgCdTe focal plane arrays for high-resolution 
spectroscopic detection.  The spectral resolving powers of 
the three channels reach approximately 19，000， 12，

Fig.  3　Representative gas interaction structures for infrared gas sensing： （a）-（c） Rotating integrating sphere optical gas cell for com‐
pact multi-gas NDIR sensing， including the cell structure， mixed-gas sequential detection， and multi-gas detection limits［68］； （d）-（f） 
Board-level hollow waveguide gas cell for compact CO2 sensing， including the experimental setup， concentration-dependent absorption 
spectra， and continuous concentration measurements［69］； （g）， （h） Hollow-core photonic bandgap fiber for photothermal interferometric 
gas sensing， including the 10-m-long fiber-based experimental setup and second-harmonic acetylene signals at different concentra‐
tions［70］； （i）， （j） On-chip photonic crystal waveguide for photothermal gas sensing， including the silicon-integrated Mach-Zehnder inter‐
ferometer chip and Allan deviation analysis ［71］

图 3　红外气体传感中的代表性气室：（a）-（c） 用于紧凑型多气体 NDIR 传感的旋转积分球光学气室，包括气室结构、混合气体顺序
检测以及多气体检测限［68］；（d）-（f） 用于紧凑型 CO2 传感的板级空心波导气室，包括实验装置、浓度相关吸收光谱以及连续浓度测
量结果［69］；（g）， （h） 用于光热干涉式气体传感的空心光子带隙光纤，包括基于 10 m 长光纤的实验装置以及不同浓度下的乙炔二次
谐波信号［70］；（i）， （j） 用于光热气体传感的片上光子晶体波导，包括硅基集成 Mach–Zehnder 干涉仪芯片以及 Allan 偏差分析［71］

7



红 外 与 毫 米 波 学 报 XX 卷

800， and 12，250， respectively， and long-term observa⁃tional stability is ensured through in-orbit radiometric and wavelength calibration.  Fig.  4（e） presents the glob⁃al distribution of the signal-to-noise ratio for single obser⁃vations in July 2018， showing that the O2A， WCO2， and SCO2 bands all provide stable large-scale observations.  Such systems demonstrate that， in spaceborne remote sensing， photon detectors are not isolated photoelectric conversion units， but are integrated with gratings， imag⁃ing optics， low-noise readout， temperature control， and radiometric calibration to form high-precision gas spectro⁃scopic detection systems.Thermal detectors convert absorbed infrared radia⁃tion into temperature changes and then convert the ther⁃mal signal into an electrical signal.  Because they do not rely on photon energy directly exceeding a semiconductor bandgap， thermal detectors offer broadband spectral re⁃sponse， room-temperature operation， relatively low cost， and good array compatibility， and are widely used in compact NDIR gas sensing.  Conventional thermal detec⁃tors usually operate together with external bandpass fil⁃ters， whereas narrowband thermal detectors integrate the spectral selection function into the detector pixels them⁃selves.  As shown in Fig.  4（f）， gold nanodisk antenna arrays［74］ combined with metal-insulator-metal absorber structures can generate localized resonant absorption in selected mid-infrared bands and convert the absorbed en⁃ergy into thermal signals.  Fig.  4（g） further shows an NDIR architecture based on a metamaterial narrowband pyroelectric detector： broadband mid-infrared light pass⁃es through the gas cell and is then received by a multi-el⁃ement narrowband pyroelectric detector array， in which different detector elements obtain different response peaks through nanoantenna design.  A typical narrow⁃band detector element near 5. 52 μm exhibits a full width at half maximum of approximately 670 nm， a responsivi⁃ty of about 90 V/W at a modulation frequency of 5 Hz， and a noise-equivalent power of 1. 90×10-8 W Hz-1/2.  Fig.  4（h） shows that the measured narrowband responses of multiple metal–insulator–metal （MIM） absorber struc⁃tures can be matched to the infrared absorption bands of eight gases， including H2S， CH4， CO2， CO， NO， CH2O， NO2， and SO2， enabling multi-gas NDIR detec⁃tion.  This strategy indicates that thermal detectors are evolving from broadband energy detection toward on-chip spectral selection and multi-channel functional detector arrays， providing a new detection-end solution for low-cost multi-gas NDIR sensing.Photoacoustic and thermoelastic detectors read out weak signals through absorbed-energy conversion.  Con⁃ventional photoacoustic spectroscopy detects acoustic waves generated by periodic gas absorption of modulated light， while quartz-enhanced photoacoustic spectroscopy further amplifies the acoustic response using a high-Q quartz tuning fork.  Light-induced thermoelastic spectros⁃copy uses modulated light carrying gas absorption infor⁃mation to irradiate a quartz tuning fork， inducing light-driven thermoelastic vibration and generating an electri⁃cal signal through the piezoelectric effect.  In this configu⁃

ration， the tuning fork does not need to be directly placed in the target gas environment.  As shown in Fig.  4
（i）， a recent CO-LITES （light-induced thermoelastic spectroscopy， LITES） system［75］ combines an algorithm-optimized three-mirror multi-pass cell with a polydimeth⁃ylsiloxane （PDMS）-modified low-frequency round-head quartz tuning fork.  It achieves an effective optical path length of 25. 8 m within a compact volume of 165. 8 mL， corresponding to a path-length-to-volume ratio of 15. 6 cm-2.  The system employs a 4. 59 μm CO absorption line and a distributed-feedback quantum cascade laser （DFB-QCL） source with an optical power of approximately 145 mW.  The low-frequency round-head quartz tuning fork has a resonance frequency of about 9. 5 kHz， and after PDMS modification， the quartz tuning fork （QTF） signal is enhanced by approximately 10. 59 times compared with that of a commercial quartz tuning fork.  Fig.  4（j） shows the second-harmonic signals at different CO con⁃centrations， demonstrating a clear concentration-depen⁃dent response to low-concentration CO.  The Allan vari⁃ance analysis in Fig.  4（k） further shows that the system achieves a detection limit of 23 ppt and a detection capa⁃bility of 920. 7 ppq at an integration time of 500 s.  These studies indicate that photoacoustic/thermoelastic detec⁃tion， through absorbed-energy conversion and mechani⁃cal resonance amplification， has outstanding potential for weak-absorption and ultra-trace gas detection.Overall， the development of infrared detectors is ex⁃panding from single photoelectric conversion toward multi-mechanism energy-conversion readout.  Photon de⁃tectors emphasize fast response， high sensitivity， and high-resolution spectroscopic readout， and can serve a wide range of systems from room-temperature NDIR sen⁃sors to spaceborne remote sensing instruments.  Thermal detectors emphasize room-temperature operation， broad⁃band response， and low cost， and are gaining on-chip spectral selection capability through metamaterial absorb⁃ers.  Photoacoustic and thermoelastic detectors exploit ab⁃sorbed-energy conversion and mechanical resonance am⁃plification， showing high-sensitivity advantages for weak-absorption and ultra-trace detection.  In the future， detec⁃tor development will not only focus on the responsivity or detectivity of individual devices， but will also place greater emphasis on the coordinated optimization of de⁃tection mechanisms， spectral selection， noise suppres⁃sion， array-based readout， and system integration.
5 Spectral models: information retrieval 

As infrared gas sensing systems evolve toward minia⁃turization， low cost， and multi-component detection， spectral models are becoming increasingly important.  Conventional high-resolution spectrometers can directly acquire complete absorption spectra， whereas compact sensing systems often provide only limited spectral bands， a small number of channels， or signals with low signal-to-noise ratios.  Therefore， sensing performance depends not only on the light source， gas interaction structure， and detector， but also on how spectral sam⁃pling windows are selected， how component information 
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is extracted from overlapping spectra， and how robust re⁃trieval is achieved under complex background condi⁃tions.  Fig.  5 summarizes three representative types of spectral models， including sampling optimization mod⁃els， linear retrieval models， and nonlinear intelligent re⁃trieval models.  These three categories correspond， re⁃

spectively， to the questions of how to acquire effective spectral information， how to separate overlapping compo⁃nent contributions， and how to achieve robust identifica⁃tion and prediction under complex conditions.For low-resolution or few-channel NDIR systems， spectral modeling first appears as the optimization of sam⁃

Fig.  4　Representative infrared detectors and signal readout mechanisms for gas sensing： （a）-（c） Two-dimensional-material-based van 
der Waals complementary barrier infrared detector for room-temperature NDIR methane sensing， including the device band diagram， 
dark-current Arrhenius analysis， and methane photoresponse from 0 to 3%［72］； （d）， （e） HgCdTe focal plane array detectors for satellite-
based atmospheric CO2 spectroscopy， including the in-flight atmospheric carbon dioxide grating spectrometer and global single-sounding 
SNR maps for the O2A， WCO2， and SCO2 bands［73］； （f）-（h） Metamaterial-integrated narrowband pyroelectric detectors for multi-gas 
NDIR sensing， including the gold nanodisk antenna array， detector-integrated NDIR architecture， and spectral matching with eight gas 
absorption bands［74］； （i）-（k） CO light-induced thermoelastic spectroscopy based on an optimized multi-pass cell and a PDMS-modified 
quartz tuning fork， including the sensor schematic， concentration-dependent 2f signals， and Allan variance analysis［75］

图 4　气体传感中的代表性探测器：（a）-（c） 基于二维材料的范德华互补势垒红外探测器，用于室温 NDIR 甲烷传感，包括器件能带
图、暗电流 Arrhenius 分析以及 0-3% 甲烷光响应［72］；（d）， （e） 用于卫星大气 CO2 光谱探测的 HgCdTe 焦平面阵列探测器，包括在
轨大气二氧化碳光栅光谱仪以及 O2A、WCO2 和 SCO2 波段的全球单次观测 SNR 分布图［73］；（f）-（h） 用于多气体 NDIR 传感的超
材料集成窄带热释电探测器，包括金纳米圆盘天线阵列、探测器集成式 NDIR 架构以及与八种气体吸收带的光谱匹配［74］；（i）-（k） 
基于优化多通池和 PDMS 修饰石英音叉的 CO 光诱导热弹光谱，包括传感器示意图、浓度相关 2f 信号以及 Allan 方差分析［75］
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pling strategies.  Conventional filter selection usually em⁃phasizes whether the center wavelength is aligned with the absorption peak of the target gas.  However， practical sensing performance is jointly affected by the filter band⁃width， source spectrum， detector response， and noise level.  An overly narrow bandwidth may exclude a large amount of useful absorption light and reduce sensitivity， whereas an overly broad bandwidth may introduce more non-absorbing background light， increasing noise and de⁃grading the signal-to-noise ratio.  Therefore， the optimal sampling window does not necessarily correspond to the strongest single absorption peak， but should instead bal⁃ance the integrated absorption signal and the noise contri⁃bution.  As shown in Fig.  5（a）-（c）， an optical band⁃width matching method［76］ is demonstrated using CO de⁃tection as an example.  Five filters with different center wavelengths and bandwidths are compared， and the de⁃tection limits under different spectral bandwidths are test⁃ed.  By establishing the relationship among detection lim⁃it， sensitivity， and noise， this method calculates the per⁃formance distribution corresponding to different center wavelengths and bandwidths under shot-noise-dominated conditions.  The experimental results agree well with the theoretical predictions， with the optimal filter located near 4665 nm and 240 nm full width at half maximum 
（FWHM）， corresponding to a CO detection limit of 11. 34 ppm.  These results show that sampling-window design itself can serve as an effective system optimization strategy for guiding filter selection， channel design， and performance prediction in NDIR sensors.When continuous or multi-channel spectral informa⁃tion is available， the role of spectral models further shifts toward multi-component concentration retrieval.  For complex gas mixtures， the absorption spectra of different molecules often strongly overlap， and a single wave⁃length or channel is usually insufficient to provide ade⁃quate selectivity.  Partial least-squares regression［77］ is a representative linear multivariate retrieval method.  It re⁃duces the dimensionality of high-dimensional spectral da⁃ta by constructing latent variables and maximizes the co⁃variance between the spectral matrix and the concentra⁃tion matrix， thereby alleviating the instability caused by collinearity among spectral variables and overlapping ab⁃sorption features.  As shown in Fig.  5（d）， an experimen⁃tal system based on a mid-infrared supercontinuum source uses an 11. 6 cm absorption cell and a spectral an⁃alyzer with a resolution of 0. 5 cm-1 to reconstruct the broadband absorption spectra of CH4， C2H6， and C3H8 in the 2850 – 3175 cm-1 region.  For natural-gas-like mix⁃tures， the C-H stretching absorption bands of these three alkanes strongly overlap， and their concentration ratios are highly unbalanced.  Fig.  5（e）， （f） compare the spec⁃tral reconstruction performance of multiple linear regres⁃sion （MLR） and partial least-squares regression （PLSR） for mixed-gas spectra， showing that PLSR can more effec⁃tively separate the spectral contributions of different com⁃ponents.  In three-component mixture analysis， MLR achieves average prediction accuracies of 91%， 68%， and 75% for CH4， C2H6， and C3H8， respectively， where⁃

as PLSR improves these values to 98%， 93%， and 94%.  These results indicate that linear latent-variable models can effectively enhance the multi-component analytical capability of broadband infrared sensing while maintain⁃ing relatively low computational complexity.In more complex application scenarios， infrared spectral signals can also be affected by low signal-to-noise ratios， variations in background radiation， nonuni⁃form instrument response， and nonlinear radiative trans⁃fer.  Traditional linear models are often unable to fully de⁃scribe the complex mapping between measured signals and gas species or concentrations.  Machine learning and deep learning methods therefore provide more flexible tools for nonlinear modeling.  The Cross-talk Transform⁃er［78］ developed for uncooled snapshot infrared spectro⁃scopic imaging systems is a representative example of this direction.  As shown in Fig.  5（g）， the uncooled snapshot infrared spectral imager （USIRS） system uses multi-channel infrared spectroscopic imaging over the 7-14 μm range to realize long-distance gas identification and concentration prediction.  This method first establish⁃es a radiative transfer model that includes background ra⁃diation， gas radiation， atmospheric transmission， opti⁃cal-system transmittance， detector response， and noise to generate large-scale simulated data.  Then， as shown in Fig.  5（h）， a convolutional neural network （CNN） is used to extract shallow features from low-SNR signals and the gas spectral library， while a Transformer atten⁃tion mechanism learns the deep correlation between the measured signal and the standard spectral library.  Final⁃ly， two multilayer perceptron （MLP） branches are used for classification and regression， outputting the gas spe⁃cies and concentration， respectively.  Fig.  5（i） shows the model training process and concentration prediction results.  On experimental data， this method achieves a recognition accuracy of 98. 63% for 11 gases and a root-mean-square error （RMSE） of 0. 51 kppm over a concen⁃tration range up to 30，000 ppm， outperforming compari⁃son methods such as CNN， MLP， and conventional Transformer models.  This type of work indicates that non⁃linear intelligent retrieval is not simply replacing physi⁃cal models， but is moving toward the integration of physi⁃cal radiative transfer， spectral priors， and data-driven networks.Despite these advances， the physical interpretabili⁃ty and generalizability of data-driven spectral models re⁃main major barriers to practical deployment.  Most cur⁃rent models are trained using simulated spectra or closed datasets covering predefined gas species， concentration ranges， environmental conditions， and instrument re⁃sponses.  Their performance may therefore degrade for unseen gas mixtures， unexpected interferents， tempera⁃ture- and pressure-induced spectral shifts， detector ag⁃ing， or calibration drift.  Moreover， black-box predic⁃tions make it difficult to determine whether a model has learned molecular absorption features or dataset-specific correlations.  Future work should emphasize external vali⁃dation across instruments and operating conditions， un⁃certainty quantification， domain adaptation， transfer 
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learning， and continual calibration.  Physics-informed and hybrid models that embed the Beer-Lambert law， ra⁃diative-transfer relationships， spectral databases， or in⁃strument-response functions into network architectures or loss functions provide a promising route to improving in⁃terpretability， data efficiency， and out-of-distribution ro⁃bustness.Overall， the development of spectral models reflects a progression from sampling design to information inter⁃pretation.  Sampling optimization models address how to acquire the most effective spectral information under lim⁃ited hardware conditions.  Linear retrieval models ad⁃dress how to separate component contributions from multi-channel or continuous spectra.  Nonlinear intelli⁃

gent models target robust identification and concentration 
prediction under complex backgrounds， low-SNR condi⁃
tions， and nonlinear system responses.  In the future， 
spectral models will no longer serve merely as back-end 
data processing tools， but will become an essential part 
of infrared gas sensing system design.
6 Discussion and outlook 

The development of infrared gas sensing is not a lin⁃
ear process in which one technical route simply replaces 
another.  Instead， it represents the parallel evolution of 
multiple approaches driven by different application re⁃
quirements.  The central issue has always been how to 

Fig.  5　 Representative spectral models for infrared gas sensing： （a）-（c） Sampling optimization model based on optical bandwidth 
matching for CO detection， including filter selection， bandwidth-dependent detection-limit evaluation， and theoretical performance map‐
ping［76］； （d）-（f） Linear retrieval models for multi-gas analysis， including broadband absorption spectra of CH4， C2H6， and C3H8， and 
spectral reconstruction based on MLR and PLSR［77］； （g）-（i） Nonlinear intelligent retrieval model based on the Cross-talk Transformer 
for gas recognition and concentration prediction， including the USIRS， network architecture， and prediction results［78］

图 5　红外气体传感中的代表性光谱模型：（a）-（c） 基于光带宽匹配的采样优化模型，用于 CO 检测，包括滤光片选择、带宽相关的
检测限评估以及理论性能分布图［76］；（d）-（f） 用于多气体分析的线性反演模型，包括 CH4、C2H6 和 C3H8 的宽带吸收光谱，以及基
于 MLR 和 PLSR 的光谱重构［77］；（g）-（i） 基于 Cross-talk Transformer 的非线性智能反演模型，用于气体识别和浓度预测，包括 
USIRS 系统、网络结构以及预测结果［78］
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balance sensitivity， selectivity， system scale， optical path length， response speed， power consumption， cost， and environmental adaptability.  High-sensitivity detec⁃tion usually requires stronger molecular absorption， lon⁃ger effective optical path lengths， lower noise， and more refined spectral analysis.  In contrast， portable， field-de⁃ployable， and on-chip applications place greater empha⁃sis on compact structure， low power consumption， low cost， and system integration.  Therefore， infrared gas sensing technologies should not be evaluated using a sin⁃gle metric alone， but rather through a comprehensive as⁃sessment that considers the target gas， operating spectral region， detection limit， optical path length， and applica⁃tion scenario.Fig.  6（a） presents the performance distribution of representative infrared gas sensing studies in terms of de⁃tection limit， operating wavelength， and effective optical path length （see details in Table 1）.  It can be seen that both near-infrared and mid-infrared regions have support⁃ed a variety of mature detection schemes， among which the mid-infrared region plays an important role in trace gas detection and complex gas analysis because it corre⁃sponds to the fundamental absorption bands of many gas molecules.  Differences in detection limits among differ⁃ent technologies arise not only from absorption strength， but also from light-source brightness， gas interaction length， detector noise， and signal processing methods.  Long-path multi-pass cells， cavity-enhanced structures， hollow-core fibers， and photoacoustic/thermoelastic read⁃out methods can significantly enhance weak absorption signals and therefore show outstanding performance in achieving low detection limits.  In contrast， NDIR sen⁃sors， waveguide sensors， on-chip photonic structures， and multivariate spectral models offer unique advantages in system compactness， low power consumption， multi-channel detection， and application adaptability.  The op⁃tical path length represented by the scatter size further in⁃dicates the intrinsic relationship between detection sensi⁃tivity and system scale： longer path lengths help enhance absorption signals， whereas shorter path lengths and smaller volumes require stronger absorption bands， low⁃er-noise detection， optical-field-enhancement struc⁃tures， or spectral models to improve information utiliza⁃tion efficiency per unit system scale.Fig.  6（b） further summarizes the application land⁃scape of infrared gas sensing from the perspective of spa⁃tial scale.  Infrared gas sensing now covers multiple lev⁃els， ranging from global atmospheric remote sensing， re⁃gional gas monitoring， open-path and in situ detection， to portable sensors and on-chip gas sensing chips.  The technical emphasis varies across these scales.  Global and regional monitoring require broad spectral coverage， radiometric calibration， long-term stability， and robust retrieval models.  Industrial field and in situ detection fo⁃cus more on sensitivity， response speed， anti-interfer⁃ence capability， and system reliability.  Miniaturized and on-chip systems place greater emphasis on low power con⁃sumption， low cost， batch manufacturability， and opto⁃electronic integration.  These characteristics show that in⁃

frared gas sensing is not a fixed-form detection tech⁃nique， but rather a flexible technological platform that can be configured according to monitoring distance， con⁃centration range， target gas species， and system con⁃straints.To complement the point-by-point comparison in Fig.  6（a）， Fig.  6（c） provides a normalized semi-quanti⁃tative benchmark of nine representative technical routes.  The methods are organized， from left to right， into direct absorption spectroscopy， cavity-enhanced spectroscopy， and indirect absorption spectroscopy.  Each method is scored from 1 to 5 in six dimensions： sensitivity， selec⁃tivity， multi-gas capability， commercial maturity， practi⁃cality， and miniaturization.  The scores synthesize the representative literature summarized in this review togeth⁃er with typical system complexity and component avail⁃ability， and are intended to reveal relative trade-offs rath⁃er than serve as absolute performance specifications.  In this assessment， practicality incorporates typical power demand， response time， alignment and calibration re⁃quirements， and maintenance burden； commercial matu⁃rity reflects component availability， manufacturing re⁃peatability， and cost； and miniaturization reflects the at⁃tainable system volume and integration potential.The comparison reveals distinct technology-depen⁃dent trade-offs.  Among direct absorption methods， NDIR offers the strongest combination of low cost， com⁃pactness， and deployment maturity， but its moderate sensitivity and selectivity limit trace analysis； TDLAS improves sensitivity and selectivity while retaining rela⁃tively fast response， but requires a tunable laser， wave⁃length control， and more complex calibration； Fourier transform infrared spectroscopy （FTIR） provides the best multi-gas capability but generally entails a larger optical platform， higher power consumption， and greater cost.  Cavity-enhanced methods provide the highest sensitivity and selectivity through kilometer-equivalent effective path lengths， but the stringent requirements for high-re⁃flectivity mirrors， mode matching， frequency locking， and cavity cleanliness increase volume， cost， and main⁃tenance complexity.  Off-axis integrated cavity output spectroscopy （OA-ICOS） relaxes alignment and locking requirements relative to cavity ring-down spectroscopy 
（CRDS） and therefore achieves a more favorable practi⁃cality score.  Among indirect methods， photoacoustic spectroscopy （PAS） provides a comparatively balanced route with high sensitivity and moderate system complexi⁃ty， whereas photothermal spectroscopy （PTS） and LI⁃TES avoid conventional photodetectors and offer strong miniaturization potential.  Their broader adoption， how⁃ever， is still constrained by dependence on high-power modulated sources， resonance stability， specialized transducers， and less mature calibration and packaging processes.  Consequently， no single approach is univer⁃sally optimal： technology selection should be based on the required concentration range， number of analytes， al⁃lowable response time， power and volume budgets， and total system cost.Translating laboratory performance into field opera⁃
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tion introduces a different set of constraints.  Tempera⁃ture and humidity variations can change absorption-line strengths， gas density， refractive index， optical align⁃ment， and transducer resonance； contamination and opti⁃cal aging can reduce source power or cavity and wave⁃guide transmission； and detector and electronic drift can gradually invalidate calibration.  These effects require ref⁃erence channels， temperature-pressure-humidity com⁃pensation， automated baseline correction， periodic recal⁃ibration， and long-duration validation under realistic gas matrices.  Technology readiness also differs markedly.  NDIR， TDLAS， FTIR， and several cavity-enhanced ana⁃lyzers have mature commercial implementations， al⁃though high-end laser and cavity systems remain limited by cost and maintenance.  PAS has progressed to field and commercial instruments， whereas many quartz-en⁃hanced photoacoustic spectroscopy （QEPAS）， PTS， LI⁃TES， metasurface， and on-chip waveguide demonstra⁃tions remain at laboratory or prototype level.  For these emerging approaches， manufacturing yield， device-to-de⁃vice variation， hermetic and contamination-resistant packaging， fiber or free-space coupling tolerance， and reproducible mass calibration are as important as the min⁃imum detection limit.  Technology-readiness claims should therefore be application specific and supported by environmental， lifetime， and batch-level tests rather than inferred from short-term laboratory sensitivity alone.From the perspective of technological evolution， the progress of infrared gas sensing is mainly reflected in four aspects.  The development of infrared light sources pro⁃vides the basis for gas analysis across different spectral regions， resolutions， and system complexities.  From broadband thermal emitters and tunable semiconductor sources to lasers and frequency combs， light sources are providing increasingly rich and controllable spectral in⁃formation.  The development of gas interaction structures promotes the balance between optical path enhancement and spatial compression， with free-space gas cells， hol⁃low waveguides， hollow-core fibers， and on-chip wave⁃guides addressing different sensing scales and integration requirements.  The development of infrared detectors has expanded signal readout pathways， with photon， ther⁃mal， and photoacoustic/thermoelastic detection mecha⁃nisms offering distinct advantages in high sensitivity， broadband response， room-temperature operation， and weak-absorption detection.  The development of spectral models further improves the utilization efficiency of limit⁃ed spectral information， with sampling optimization， multivariate regression， and machine learning providing new tools for low-resolution， few-channel， multi-compo⁃nent， and complex-background gas analysis.Several emerging frontiers may further reshape this landscape.  First， metasurface-based platforms can inte⁃grate wavelength-selective absorption， filtering， beam shaping， and detector functions within subwavelength structures， enabling compact multi-channel and compu⁃tational gas sensors.  Their main challenges are reso⁃nance drift， fabrication tolerance， limited interaction length， and scalable packaging.  Second， quantum-en⁃

hanced spectroscopy uses nonclassical states and optical correlations to reduce measurement noise below the co⁃herent-state shot-noise limit.  Quantum correlation-en⁃hanced dual-comb spectroscopy has demonstrated a 2 dB signal-to-noise improvement beyond the shot-noise limit and comb-line-resolved spectroscopy near 3 μm［79］， al⁃though optical loss， detector efficiency， source complexi⁃ty， and environmental stability currently restrict practi⁃cal gas-sensing deployment.  Third， mid-infrared photon⁃ic integrated circuits are evolving from isolated wave⁃guide sensors toward co-integrated sources， routing struc⁃tures， interaction regions， filters， and detectors.  Recent multifunctional lithium-niobate platforms and co-pack⁃aged QCL modules illustrate a route toward integrated spectroscopic systems［80］.  Achieving true monolithic inte⁃gration will require heterogeneous material integration， low-loss broadband coupling， thermal isolation， gas-ac⁃cessible packaging， and wafer-scale calibration.Therefore， the future development of infrared gas sensing should not focus on the isolated improvement of a single metric， but should instead establish a more appro⁃priate performance balance for specific applications.  For trace detection and high-precision analysis， strong ab⁃sorption bands， high-brightness light sources， long effec⁃tive optical paths， and low-noise detectors remain essen⁃tial.  For multi-component detection and complex-back⁃ground analysis， broadband coverage， multi-channel sampling， and intelligent spectral interpretation will play increasingly important roles.  For field deployment and portable applications， system stability， cost， power con⁃sumption， and response speed are equally critical.  For on-chip gas sensing， an important frontier is how to en⁃hance light-gas interaction within a limited footprint while realizing the coordinated integration of light sourc⁃es， waveguides， detectors， and readout circuits.Three actionable research gaps deserve particular at⁃tention.  First， the fundamental sensitivity limit of chip-scale sensing must be established by separating molecu⁃lar shot noise， optical loss， source relative-intensity noise， detector noise， thermal fluctuations， and adsorp⁃tion-related drift.  Breakthroughs are likely to require slow-light or resonant field enhancement without exces⁃sive loss， stronger evanescent-field overlap， differential or self-referenced architectures， and low-noise on-chip photothermal or photoacoustic transduction.  Second， fair cross-technology benchmarking requires standardized re⁃porting of detection limit together with averaging time， optical power， path length， gas-cell volume， pressure， temperature， humidity， flow rate， response and recovery times， calibration interval， and long-term drift.  Report⁃ing normalized absorption sensitivity and energy- or vol⁃ume-normalized performance alongside application-level metrics would reduce misleading comparisons based on detection limit alone.  Third， monolithic mid-infrared in⁃tegration remains limited by incompatible material plat⁃forms for sources， low-loss waveguides， modulators， and detectors； thermal cross-talk from electrically driven sources； coupling and packaging losses； and the need to expose the sensing region to gas while protecting active 
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devices.  Addressing these gaps will require co-design across materials， photonics， electronics， microfluidics， packaging， and retrieval algorithms， together with wafer-level yield and reliability studies.Overall， infrared gas sensing has evolved from con⁃ventional absorption spectroscopy into an integrated tech⁃nological system involving light sources， gas interaction structures， detectors， and spectral models.  Different technical routes have distinct positions in terms of sensi⁃tivity， spectral region， optical path length， volume， and application scale， together forming the current technolog⁃ical landscape of infrared gas sensing.  By combining per⁃formance distribution with spatial scale， the applicable scenarios and development potential of different technolo⁃gies can be more clearly understood.  In the future， with continued advances in infrared optoelectronic devices， micro- and nanophotonic structures， high-performance detectors， and intelligent retrieval methods， infrared gas sensing is expected to further expand its application boundaries toward high sensitivity， multi-component analysis， miniaturization， intelligence， and integration.
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Fig.  6　Summary of infrared gas sensing technologies from performance and spatial-scale perspectives： （a） Performance landscape of 
representative studies， showing the relationship among operating wavelength， detection limit， target gas species， and optical path 
length.  The color of each marker denotes the detected gas species， the marker size represents the optical path length， and the text label in‐
dicates the main sensing technique （see Table 1 for corresponding references）； （b） Spatial-scale distribution of representative infrared 
gas sensing technologies， illustrating their applications from global atmospheric monitoring and regional remote sensing to in-situ detec‐
tion， miniaturized sensing systems， and on-chip gas sensing［73，78，75，68，65，74，71，36］； （c） Normalized semi-quantitative comparison of represen‐
tative technologies across sensitivity， selectivity， multi-gas capability， commercial maturity， practicality， and miniaturization.  From 
left to right， the radar charts compare direct absorption spectroscopy （NDIR， TDLAS， and FTIR）， cavity-enhanced spectroscopy 
（CEAS， CRDS， and OA-ICOS）， and indirect absorption spectroscopy （PAS， PTS， and LITES）， respectively.  Each metric is rated 
from 1 to 5， with a higher score indicating stronger relative performance
图 6　从性能和空间尺度角度对红外气体传感技术进行总结：（a） 代表性研究的性能分布图，展示了工作波长、检测限、目标气体种
类和光程长度之间的关系。其中，散点颜色表示检测气体种类，散点大小表示光程长度，文字标注表示主要传感技术（参考文献详
见表 1）；（b） 代表性红外气体传感技术的空间尺度分布，展示了其从全球大气监测、区域遥感到原位检测、小型化传感系统以及片
上气体传感等不同应用层级［73，78，75，68，65，74，71，36］；（c） 代表性技术在灵敏度、选择性、多气体检测能力、商业成熟度、实用性和小型化程
度方面的归一化半定量比较。从左到右，三张雷达图依次比较直接吸收光谱（NDIR、TDLAS 和 FTIR）、腔增强光谱（CEAS、CRDS 
和 OA-ICOS）以及间接吸收光谱（PAS、PTS 和 LITES）。各项指标采用 1–5 分制，分值越高表示相应的相对性能越优
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Table 1　| Representative infrared gas sensing technolo⁃
gies and their key performance metrics

表 1　｜代表性红外气体传感技术及其关键性能指标

Ref.
［70］
［71］
［36］
［42］
［37］
［58］
［39］
［31］
［12］
［51］
［65］
［69］
［68］
［7］
［75］
［76］
［15］
［41］
［13］
［14］
［74］
［38］

Gas
C2H2
C2H2
C2H2
CO2
NO
CO
CH4
C2H6
CH2O
CH2O
CO2
CO2
N2O
N2O
CO
CO
NO
NO
NO
NO
NO2
NO2

λ 
（μm）
1. 530
1. 532
1. 532
1. 606
1. 810
2. 327
3. 200
3. 344
3. 531
3. 565
4. 260
4. 260
4. 500
4. 555
4. 588
4. 665
5. 263
5. 263
5. 334
5. 470
6. 200
6. 234

L （m）
1. 0×101

1. 0×10-3

1. 2×10-2

1. 5×101

5. 0×10-1

8. 5×10-1

3. 5×103

2. 0×102

2. 0×101

4. 0×10-2

5. 1×10-2

1. 0×100

6. 6×10-1

5. 3×10-3

2. 6×101

8. 0×10-1

1. 5×103

2. 1×10-1

2. 7×103

5. 0×103

5. 0×100

4. 0×101

LoD 
（ppm）
2. 0×10-3

1. 2×101

3. 3×10-1

5. 9×102

6. 0×101

9. 0×101

1. 6×10-4

7. 0×10-5

1. 5×10-1

3. 0×10-3

5. 0×101

2. 6×10-1

3. 6×100

4. 0×10-3

9. 2×10-7

1. 1×101

1. 0×10-3

2. 7×100

6. 6×10-6

3. 6×10-3

5. 4×101

7. 5×10-5

Method
PTS， HC-PBF

PTS， dual slow-light
PTS， suspended ChGW

TDLAS， MPC
TDLAS， NIR diode

PTS， HC-NCF
CRDS， cw-OPO
2f WMS， Herriott
OA-ICOS， ICL
PAS， GIOPO

NDIR， tunable BP LED
NDIR， HWG

NDIR， rotating IS
QEPAS， QCL
LITES， MPC
NDIR， OBM

ICOS， pulsed QCL
TDLAS， QCL

CALOS， CO laser
OA-ICOS， QCL

NDIR， PMA detector
2f-WMS， MPC

Abbreviations: LoD, limit of detection; PTS, photothermal spectrosco⁃
py; HC-PBF, hollow-core photonic bandgap fiber; ChGW, chalcogenide 
glass waveguide; TDLAS, tunable diode laser absorption spectroscopy; 
MPC, multi-pass cell; NIR, near-infrared; HC-NCF, hollow-core nega⁃
tive-curvature fiber; CRDS, cavity ring-down spectroscopy; cw-OPO, con⁃
tinuous-wave optical parametric oscillator; WMS, wavelength modulation 
spectroscopy; OA-ICOS, off-axis integrated cavity output spectroscopy; 
ICOS, integrated cavity output spectroscopy; ICL, interband cascade laser; 
PAS, photoacoustic spectroscopy; GIOPO, grating-tuned intracavity optical 
parametric oscillator; NDIR, non-dispersive infrared; BP, black phospho⁃
rus; LED, light-emitting diode; HWG, hollow waveguide; IS, integrating 
sphere; QEPAS, quartz-enhanced photoacoustic spectroscopy; QCL, quan⁃
tum cascade laser; LITES, light-induced thermoelastic spectroscopy; OBM, 
optical bandwidth matching; CALOS, cavity leak-out spectroscopy; PMA, 
pyroelectric metamaterial absorber.
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红外气体传感技术：从经典方法到新兴前沿

吴海涛 1，2，3， 杭 锐 1，3， 李 庆 1，2，3*， 胡伟达 1，2，3
（1. 国科大杭州高等研究院 物理与光电工程学院，浙江 杭州 310024；

2. 中国科学院上海技术物理研究所 红外探测全国重点实验室，上海 200083；
3. 中国科学院大学，北京 100049）

摘要：红外气体传感基于气体分子的特征红外吸收，为气体成分识别和浓度定量提供了一种光学检测方法。
该技术已广泛应用于环境监测、工业安全、呼气分析、遥感探测等领域。随着小型化、集成化和多组分检测系

统需求的不断增长，红外气体传感器的性能已不再仅由单一器件优化决定，而是越来越依赖于光源、气室、探
测器和光谱模型的协同设计。本文从系统级设计和关键使能技术的角度，总结了红外气体传感领域的最新

进展。首先，讨论了光源从宽谱非相干热源向激光器和频率梳的演进；随后，综述了包括自由空间气室、空心

光纤和片上波导在内的光学气室；接着，从光子型、热型以及光声检测机制等方面总结了探测器技术；此外，
还讨论了用于信息提取的光谱建模方法，包括采样优化、多变量回归和机器学习。最后，展望了红外气体传

感向高灵敏、多组分分析、小型化、智能化和片上集成方向发展的未来趋势。
关 键 词：红外气体传感；分子吸收光谱；器件集成；光谱建模；智能光谱反演
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