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Abstract

:

Given the exquisite capability of direct, non-destructive label-free sensing of molecular transitions, IR spectroscopy has become a ubiquitous and versatile analytical tool. IR application scenarios range from industrial manufacturing processes, surveillance tasks and environmental monitoring to elaborate evaluation of (bio)medical samples. Given recent developments in associated fields, IR spectroscopic devices increasingly evolve into reliable and robust tools for quality control purposes, for rapid analysis within at-line, in-line or on-line processes, and even for bed-side monitoring of patient health indicators. With the opportunity to guide light at or within dedicated optical structures, remote sensing as well as high-throughput sensing scenarios are being addressed by appropriate IR methodologies. In the present focused article, selected perspectives on future directions for IR spectroscopic tools and their applications are discussed. These visions are accompanied by a short introduction to the historic development, current trends, and emerging technological opportunities guiding the future path IR spectroscopy may take. Highlighted state-of-the art implementations along with novel concepts enhancing the performance of IR sensors are presented together with cutting-edge developments in related fields that drive IR spectroscopy forward in its role as a versatile analytical technology with a bright past and an even brighter future.
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1. Introduction


The infrared (IR) spectral region provides the analytical spectroscopist with a vast amount of molecular information. Infrared spectroscopic measurement techniques are in general versatile non-destructive methods based on the interaction of infrared light with matter by the excitation of vibrational transitions in molecules. They are used in a variety of scenarios for sensing gases, liquids and solids. Due to this inherent molecular selectivity, IR spectroscopy can be used quantitatively and for obtaining chemical, structural and compositional information on analytes which can be analyzed by absorption and transmission techniques [1]. Since this would otherwise go beyond the scope of this review, we refer here to Griffith and Haseth [1], where the basic principles and main scientific drivers of infrared spectroscopy are described in detail. Commonly, the mid-infrared (MIR) is defined as the regime of electromagnetic waves with wavelengths ranging from about 2 µm to about 20 µm. Whereas the near-infrared (NIR) and the far infrared (FIR) are extending the MIR to the shorter wavelength (about 800 nm to 2 µm) and the longer wavelength (15 µm to about 1 mm) regime, respectively. However, in the MIR, wavenumbers are commonly used, as wavenumbers represent inverse wavelength and thus provide a clear overview of the important fingerprint region. As this spectral region covers a rather wide wavelength regime, the MIR is split in more detailed regions depending on the field of application with respective conventions via DIN (Deutsches Institut für Normung, German Institute for Standardization), CIE (International Commission on Illumination) or ISO (International Organization for Standardization). Hence, common classifications are short wave mid infrared (SWIR, IR-A, 1.4–3 µm), mid wave infrared (MWIR, IR-B, 3-8 µm) or the long wave infrared (LWIR, IR-C, 8–15 µm). Additionally, the infrared can be classified into bands-similar to the radio frequency bands-which is mostly used in infrared astronomy, following atmospheric transparent windows. In the infrared, there are bands such as the J, H and K bands that cover the near-infrared wavelengths as well as the L, M, N, and Q bands, which refer to the mid-infrared spectral region [2]. A brief overview of the respective band positions in the IR is given in Figure 1.



As evident by the manifold definitions of the IR, this spectral window is of growing interest (see Figure 2) and high importance to equally manifold fields of application. Given the recent evolution from an analytical method that was rather exclusively used by specialized laboratories, into a widely used routine method, the according development of IR-based tools is evident. To derive possible future applications of IR spectroscopy, such as medicine, the food industry, and the environment, as well as its potential as a non-invasive, on-line, fast, and in-situ analytical method, it is necessary to review and briefly discuss the historical development as well as the previous obstacles that have limited the broader application of IR spectroscopy. Furthermore, recent trends and adaptions of IR spectroscopy leading to future deployment scenarios will be elucidated. Finally, the potential role and positioning of IR spectroscopy in view of emerging challenges within the next decades is discussed in this perspective review.




2. Infrared Spectroscopy: The Past


Given the close resemblance to spectroscopy in the visible spectral region, NIR spectroscopy has been developed in a straightforward fashion. Fused silica is highly transparent in the NIR and thus is an excellent choice for NIR optics. Bright light sources as well as silicon based (e.g., line array) detectors for NIR spectroscopy are readily available at a fair price. A conceptual drawing of the basic elements of a spectroscopic setup is given in Figure 3. NIR spectroscopy provides excellent information, e.g., on the water content in analyte matrices [3]. Furthermore, carbohydrates, proteins, fats as well as plastics can be identified in the NIR [4]. Hence, industrial sorting machines are a main application of NIR spectroscopy as long as the broad and overlapping features in the NIR spectra are sufficient for identification, classification and quantification [5]. Hence, NIR has its capitalizing on highly sensitive and cheap photodetector technologies, which are not useable in MIR. Worthy of note is that the NIR spectral features are the overtones of the fundamental MIR vibrations, and thus, broader—and consequently more overlapping/less discriminatory—and significantly weaker in signal strength vs. the fundamental vibrational signatures prevalent in the MIR [6].



MIR spectroscopy has clearly found widespread use in academic research facilities such as universities as well as industrial laboratories. The basic concept of accessing fundamental rotational, vibrational and roto-vibrational molecular transitions has long matured into convenient-to-operate devices, albeit requiring more specialized optics, materials, light sources and detectors than in the NIR. With IR spectroscopy gaseous, liquid and solid phase (i.e., condensed phase) samples can be accessed. Here, MIR spectroscopy enables the non-destructive probing of analytes in various matrices via their well-pronounced MIR signatures providing fundamental transitions of much higher signal strength vs. the NIR. In the early days of MIR spectroscopy, bulky devices requiring sophisticated and delicate optics, including refractive and diffractive optical components, limited the applicability or the wide acceptance of MIR spectroscopic devices as on field tools, and complementary techniques-as for example NIR spectroscopy benefitting from the optical telecommunications revolution-had progressed faster towards lower cost and portable devices. Since then, slow scanning speeds, limited energy throughput and spectral resolution since have been overcome by the development of Fourier-transform infrared (FTIR) spectroscopy. The Fellgett (i.e., high signal-to-noise ratio), Jacquinot (i.e., high throughput) and Connes (i.e., wavelength accuracy) advantages are well-known hallmarks of FTIR technologies and are classical textbook knowledge. From a technological point of view, long-lived radiation sources such as silicon carbide-based blackbody radiators along with high wavelength stability ensured via narrow-band laser sources such as helium-neon (HeNe) lasers have led to a customer-friendly mode of operation. Further technological developments have enabled the implementation of highly sensitive room temperature operated pyroelectric deuterated (L-Alanine) tri-glycine sulphate (DTGS, DLaTGS) or thermoelectrically cooled photoelectric or photovoltaic mixed-semiconductor (e.g., mercury-cadmium-telluride; MCT) detectors facilitating the evolution of MIR spectroscopy not only for routine demands, but also as a high-end research tool. Further developments have led to exceedingly robust and miniaturized interferometers (e.g., Michelson interferometers) providing fast wavelength modulation with a compact device footprint. Hence, entire system footprints on the order of magnitude of a sheet of letter sized or A4 paper and even handheld devices have since entered the markets. However, device scaling remains associated with a trade-off between the highest spectral resolution (i.e., requiring a long travel pathlength of the moving interferometer mirror), fast scanning speed, and portability resulting in dedicated device technology–and performance figures-of-merit–adapted to specific application scenarios. Yet, potent computers enabling fast-Fourier transform algorithms basically in real-time, the introduction of attenuated total reflection (ATR) based sensing techniques, and the increased quality of optical components albeit still requiring specialized MIR transparent materials such as ZnSe, CsI, KBr, CaF2, etc. have led to MIR spectroscopy catching up with NIR methods in almost any field of application [7]. Figure 4 displays schematically the possible applications of such IR-transparent materials for the use of FTIR spectroscopes with an interferometer in combination with various sample accessories for the detection of gas, liquid and solid applications. The introduction of ATR techniques has significantly facilitated the probing of aqueous or water-containing samples, in any way, shape or form, as water itself is a pronouncedly strong IR absorber and commonly gives rise to a largely opaque sample matrix in the MIR. Additionally, probing solid samples has been eased in terms of sample preparation, i.e., usually encasing into KBr pellets, which has become almost obsolete in most application scenarios placed by ATR techniques. Consequently, MIR spectroscopy has increasingly ventured into applications requiring analytical spectroscopy with inherent molecular discrimination exemplarily—but not limited to—environmental monitoring, as hyphenated analytical tool (e.g., GC-IR, LC-IR, etc.), in food quality [8], for recycling of plastics [5], in wastewater monitoring [9], for surveillance, purposes in winery applications [10,11,12], for restauration [13], in industrial quality control (e.g., surface coatings quality) [14], in paint analysis, as well as for pharmaceuticals [15,16] and in oil/fuel analysis [17].



Lastly, FIR or THz spectroscopy at the other end of the spectrum primarily uses antenna technologies to take advantage predominantly of antenna, and has developed into a tool mainly used in space observation, as various gases provide distinct features in the THz region [18]. Similarly, FIR is applied to the study of low-energy lattice vibrations, such as minerals, but is increasingly adopted for investigating large (bio)molecular constructs as proteins and DNA. These distinct features are detected by the excitation of low-energy modes that cause all atoms in the molecule to move collectively and therefore lead to these spectral signatures of many organic molecules in the terahertz range. But when comparing THz/FIR spectroscopy with MIR spectroscopy, the development of THz/FIR spectroscopy has been delayed due to the difficulties in developing instruments in this range, which are due to obstacles such as the insufficient intensity of radiant energy from light sources in the THz/FIR spectral range. In addition to the development of light sources, the development of dedicated THz/FIR detectors has also been ongoing. This development benefited primarily from advances in ultrafast laser techniques for generating and detecting this radiation. Techniques for generating or detecting ultrafast THz laser beams include electro-optic generation/detection, photoconductive generation/detection, and generation in air. Furthermore, it was not easy to exclude the effects of water vapor in the THz/FIR region. Besides, the band assignments of the low-frequency oscillation modes were not clear, making it difficult to find applications for FIR spectroscopy.




3. Infrared Spectroscopy: The Present


Currently, basic instrumentation for NIR and MIR spectroscopic devices has been continuously refined and improved. Again, developments in several technological fields have led to significant improvements in IR spectroscopic instruments (see Figure 5). Again, from a technological point of view the introduction of silicon-based detectors and inexpensive thermopile detectors (i.e., low cost down to few euro-cents), as well as high-end sensitive room-temperature-operated MCT detectors has enabled rapid detection schemes with high signal to noise levels. Commonly, MCT detectors had to be cooled with liquid nitrogen, requiring the respective infrastructure, or at least thermoelectric cooling (TEC) via Peltier elements, which results in some bulky cooling components as well as the need for heat dissipation. In addition, various concepts that have been developed for UV/Vis and NIR spectroscopy are increasingly transitioned into MIR spectroscopic tools. NIR spectroscopy has benefited from development pressure at telecom wavelengths. Global data communication greatly benefits from glass fibers that provide ultra-low losses down to few dB/km at adequate manufacturing efforts. As a consequence, the cost and performance of optical components such as sources, detectors, lenses and mirrors have been optimized for wavelengths around 1300 nm. Furthermore, silicon-based source and detector concepts greatly benefit from advances in microfabrication technologies derived from integrated microelectronic circuits. Yet, these co-parallel developments, interconnections within microelectronics, and UV/Vis and NIR spectroscopy benefitting from communications technology are dictated by the utilized material platforms, which is by far and large silicon. Hence, first smartphone-based handheld spectroscopic devices have emerged on the consumer marked, e.g., for the detection of nutrition values as well as potential food spoilage based on NIR techniques.



Traditionally, IR spectroscopy has relied on broadband thermal infrared emitters that emit black body radiation via resistive heating across a certain wavelength band. The respective emission is dictated by the material (e.g., tungsten (W) or SiC, etc.) and the temperature of operation. With the increasing availability of light emitting diodes (LEDs) that are capable of emitting IR wavelengths, small footprint IR sources with a reduced power consumption have recently become available and will become increasingly common within the next decades [19,20]. Recent progress in microfabrication has led to MEMS based sources that provide a broad selection of emission wavelength/frequencies as well as high spectral energy densities [21]. In this context, non-coherent IR light sources such as NIR-LEDs, MEMS-based thermal infrared emitters, as well as coherent IR light sources such as inter-band cascade lasers (ICLs) [22], and quantum cascade lasers (QCL) [23,24], have since become high-performance alternatives replacing traditional lead salt laser diodes or CO2 lasers. ICLs are characterized by a particular low energy consumption, which enables applications in remote or wearable scenarios, e.g., for spectroscopic sensing of biomarkers in breath or volatile organic compounds in environmental monitoring [25,26]. QCLs, on the other hand, provide high emission power at the cost of increased power consumption. First, applications of QCLs for remote gas sensing or chemo/bio sensing in transmission mode, as well as spectroscopic sensing with ATR accessories have been shown to and will become more ubiquitous within the next few years. Rather limited spectral coverage of tuneable diode lasers (TDL) absorption spectroscopy (TDLAS) [27] scenarios has recently been brought to a new level, as, e.g., broadly tuning QCLs and QCL-arrays have become available that are capable of covering broad wavelength ranges of up to 1200 cm−1 [28]. Those lasers have gained interest for the development of exceedingly sensitive spectroscopic applications such as cavity ring down spectroscopy (CRDS) [26,29,30], providing well defined, short pulses combined with accurate wavelength selection at a compact form factor. Additionally, the 3D-printing of gas cells and even very complex optical structures such as multi-pass gas cells further increase the accessibility of complex TDLAS experiments [31,32,33]. Thus, trace gas detection via IR techniques continue to be an emerging topic, in the decades to come, as those lasers ideally fit the needs for sensing narrow rotational bands in complex matrices. Recent trends in laser resonator techniques allow for the envisioning of even broader spectral coverage with complex resonator structures such as tuneable external cavities [34] or multiple integrated DFB resonator concepts. An exciting strategy for such advanced structures are ring-or dual-ring-QCLs, whereby the quantum cascade structure is arranged in a circular way that facilitates high integration levels. The combination of a QCL source and QC detector in close vicinity are also interesting, e.g., for gas sensing scenarios and will provide an interesting alternative to, for example, existing non-dispersive infrared sensors [35,36]. Increased levels of control on the quality of quantum layers now enables the fabrication of devices with tailored electronic band structures at wafer scale production levels. Hence, low-cost MIR emitting IC-LEDs made, for example, from indium arsenide/antimonide phosphide (InAsSbP), are within reach. Furthermore, in the context of FTIR spectroscopy, diode lasers have recently been applied as stable and long-lived wavelength reference replacing He-Ne laser tubes, thus facilitating an additional reduction of device footprints.



Advancing from NIR wavelengths to longer wavelengths further into the mid-infrared spectral region results in demanding technological barriers, mainly concerning the development of suitable substrate materials or material mixes. Silicon (Si) and silicon dioxide (i.e., SiO2, silica, silica glass, quartz) are suitable materials for fabricating windows or lenses in the UV/Vis and NIR range, but become increasingly opaque in the MIR. On the other hand, micro-bolometers may be fabricated from silicon, which facilitates the straightforward integration of such bolometers into integrated circuits (ICs) for MIR light detection. Bulk manufacturing capabilities that have been developed for Si and SiO2 processing led to the availability of high-quality substrates that can be milled via computerized numerical control (CNC) machines. Such substrates are well suited for depositing such things as highly reflective metallic mirrors. Here, most metallic materials are useful for the fabrication of broadband reflective mirrors due to their high reflectivity in the MIR. It is worthy of note that, gold (Au), silver (Ag), aluminum (Al), copper (Cu) and alloys thereof (i.e., brass and bronze) are appropriate materials for the fabrication of highly reflective mirrors in the MIR. Here, the selection of the specific material is dependent on the required performance as resistivity towards, for example, corrosive media and the acceptable costs. For application in analytical spectroscopy in the MIR, substrate integrated hollow waveguides have been developed that provide a rugged and highly integrated material platform for analysing gaseous environmental and (bio)medical samples [37,38,39]. Another parameter that can be crucial for the material decisions may be weight, especially in application scenarios where the device payload is critical (e.g., drone-mounted IR sensing devices). Aviation, space and high acceleration applications demand exceedingly lightweight yet robust substrate materials [40,41]. Here, silicon carbide (SiC) has recently emerged as a stiff, durable and lightweight substrate material for metallic mirrors that are reflective in a wide spectral window, especially covering the MIR. Most recently, SiC Mirrors were used as the primary mirrors of the EUKLID telescope by the European Space Agency’s Cosmic Vision program. Within this project, a visible imager and a near-infrared spectrometer and photometer together with a Korsch Telescope were built [42].



As an alternative, dielectric mirrors can provide enhanced reflection performance at a narrower spectral range. However, such Bragg reflectors and photonic bandgap structures can be fabricated via gas phase deposition processes (i.e., chemical vapour deposition, CVD; physical vapour deposition PVD; molecular beam epitaxy, MBE; atomic layer deposition, ALD, etc.). Here, alternating layers of specific atomic composition can be deposited to specifically tune the reflected wavelength.



The very same principle has been introduced to prepare highly reflective coatings for MIR optics. Dichroic mirrors represent an implementation of the combination of dielectric mirrors and highly reflective coatings. With such mirrors, narrow-band radiation of different wavelengths can be combined into a single multi-colour beam. Such mirrors represent the standard way for beam combinations where diffractive elements (gratings) or tilted combinations cannot be deployed. Very recently, substrate integrated hollow waveguides (iHWGs) have been developed to achieve such a combination without the need to pass a dispersive element, i.e., the substrate material, of such a dielectric mirror [43].



With efforts towards the reduction of moving parts and the ideally monolithic integration linear variable filter (LVF) elements have also been introduced for IR spectroscopic demands. Such filters, in combination with detector arrays fabricated, for example., from lead zirconate titanate (PZT), provide promising wavelength selective elements for robust spectroscopic sensors in the IR. It is worthy of note that such alternating structures have also been introduced as light emitting and light detecting structures [44].



In general, dielectric materials are the material of choice in the MIR. Similar to UV/Vis and NIR optics, distinct dielectric materials are suitable for the fabrication of lenses, windows, beam-splitters, fibers and waveguides. Germanium (Ge), diamond, zinc selenide (ZnSe), zinc sulphide (ZnS), germanium based chalcogenide glasses (such as AMTIR-1 and AMTIR-3), other germanium based chalcogenide glasses (e.g., Schott IRG, Ge–Sb–Se, Ge–Ga–Sb–S)) [45,46], thallium bromine chloride or iodide (KRS-5, KRS-6), silver halides (AgX, AgClxBr1−x) [47,48,49,50], potassium bromide (KBr), sodium chloride (NaCl) and gallium arsenide (GaAs) [51,52] are only some examples of materials that have been implemented as routinely deployed dielectrics in MIR spectroscopy of late. Many other chalcogenide-based materials are the topics of today’s research on spectroscopy as shown in the articles by Churbanov et al. and Denker et al. [53,54].



These materials are transparent in the MIR (the respective transparency regions are given in Figure 6) and provide sufficient robustness, inertness, hardness, and pH-stability. Diamond infrared optics have gained much interest in the military, such as for defence applications for night vision or guidance systems in the form of infrared domes or windows due to their excellent durability. The formerly used ZnS and ZnSe optics were cheaper to produce but much more prone to material damage, such as abrasion and darkening. As fabrication capabilities of diamonds have made this material increasingly available for civil stakeholders, diamond has become the quasi-gold standard for vacuum windows and ATR transducer materials in the MIR [55]. High-quality crystals as well as foreseeably reduced fabrication costs will certainly lead to a much wider implementation of diamond-based infrared optics given the advantage of being inert, non-toxic and will therefore be of increasing importance in food analysis and pharmaceutical analysis [56]. In addition, the fabrication of waveguides such as thin-film waveguides with envisioned applications in ICs requires the existence of optical insulators (i.e., optical buffers) for which such materials are suitable. Recently, smart combinations of, e.g., freestanding diamond waveguide strips [57,58] and membranes as well as AgX, ZnSe [59] or GaAs/AlGaAs [45] -based thin-film waveguides have been developed as efficient ATR transducer elements for MIR sensing tasks. Given these trends, refined fabrication techniques are clearly resulting in the elevated quality of the fabricated structures with existing materials as well as the development of more sophisticated waveguide structures. Some, still more exotic, waveguide designs based on, e.g., slot guiding [60], plasmonic concepts [61], bimodal waveguides [62], on-chip Mach-Zehnder Interferometers [63,64], micro-ring resonators [65] and photonic crystals (photonic bandgap structures) have recently been presented. These structures represent a well performing alternative to more traditional rib, strip and ridge designs of photonic chemo/bio sensors and will lead to highly sensitive implementations in chemo/bio sensors for various tasks. In combination with dedicated microfluidics, highly sensitive devices may be fabricated on a small footprint requiring only a few droplets of analyte and reaction chemicals [66].



Hollow or dielectrically filled waveguide technology with metallic waveguide walls is derived from microwave/terahertz (THz) and radar technology. Such waveguides work well for distinct reflections in dedicated MIR hollow waveguide structures. However, with reduced lateral dimensions towards single mode wave guiding, fast-alternating electric fields induce high losses in the waveguide walls, leading to limited lengths of such hollow waveguides [67,68,69]. Hence, dielectric waveguides (fibers) based on total internal reflection are more efficient as light guiding structures. In particular, waveguide fibers for localized light delivery are most commonly realized from solid materials instead of hollow core fibers. In this context, fibers can be utilized to route light in endoscopic scenarios, enabling IR spectroscopy to be used on inaccessible parts of a patient’s body. Such tools have already been introduced for cancer detection and cartilage evaluation [70,71,72,73]. With a foreseeable market entry of such tools, surgeons will be provided with a tool that facilitates diagnostic decision-making based on the molecular composition of the evaluated tissue. Apart from applications in medical scenarios, probes have been developed for the on-line monitoring of processes such as bio-fermenter status. IR spectroscopic monitoring facilitates the fast detection of reaction states as well as potential spoilage, allowing fast response times and elevated process control. The delivery of high intense laser light emitted from CO2 lasers for application in industrial welding or chirurgical environments benefits from a high damage threshold and low insertion losses of hollow waveguides. Therefore, some hollow core fibers with inner walls that are tailored towards low attenuation at 10.6 µm have emerged on the market.



In addition to advancing capabilities in fabrication and material sciences that lead to advanced application scenarios, novel technological concepts and their adaption in IR spectroscopic techniques provide opportunities that have previously been inconceivable.



Similarly, utilizing the photoacoustic effect in photoacoustic spectroscopy (PAS) has enabled the non-invasive analysis of glucose concentration in interstitial fluid [74]. Therefore, progress towards non-invasive diabetes care based on extended IR spectroscopy will be within reach in the next few of years. Additionally, PAS facilitates the acquisition of depth profiles of organic tissue and thus enables tomographic imaging. Here, screening for skin cancer is an important and emerging field for the application of IR spectroscopy.



At present, MIR spectroscopy is strongly connected to the latest developments in imaging technologies such as MIR microscopy. Previously, scanning techniques were realized by coupling an FTIR spectrometer to a movable ATR tip scanner or to a sharp atomic force microscopy (AFM) tip in so-called Nano-FTIR setups that are based on scattering type near field scanning near field optical microscopy (s-SNOM) techniques.



With the increasing availability of matrix detectors such as MCT arrays or micro-bolometer arrays in combination with fast scanning lasers, IR hyperspectral imaging has emerged from silicon based NIR techniques further into the MIR and have become a current hot-topic and will still be important in the near future.



As rapid image acquisition in reflection and transmission mode has become available, the application of this in medicine, surveillance and even defence is steadily increasing [75].



The combination with label-free and cost-effective detection based on minimal sample volumes makes IR spectroscopy especially suitable for routine clinical laboratory applications [76]. Considerable efforts have been made in recent years in FTIR spectroscopic imaging to study things such as the imaging of biopsy tissues [77], fixed cells [78] and live cells [79,80], including cancer cells [81]. In particular, synchrotron infrared sources coupled to FT-IR microscopy have immense potential for clinical research [82].



However, the long wavelengths of infrared radiation commonly limit lateral resolution in IR imaging. Very recently, smart concepts have been developed to surpass this limitation by exploiting the optical photothermal effect (O-PTIR) [83]. By using visible light as a probe, higher lateral resolution down to the submicron range is achieved for IR imaging and, as a side-effect, Raman scattering may be acquired in the very same experiment [84]. However, energy input is a major issue that hat to be considered when dealing with sensitive samples, as the ineffective Raman scattering process requires a considerable amount of photon flux.



The rich information in the NIR and especially MIR spectra often results in complex spectra. Hence, the interpretation of IR spectra greatly benefits from emerging powerful algorithms and software designed for interpretation and data mining. Tools that have been developed several years ago, such as the partial least squares (PLS) algorithm and principal components (PC) analysis have made their transition from specialized applications to a broad stakeholder community. Together with tools like random forests, K-nearest neighbours (KNN) or support vector machines (SVM), chemometrics with multivariate statistic tools, as well as more advanced extreme learning machines (ELM) [85,86] have become a main part of an IR spectroscopists tools in a variety of different applications [87,88,89,90,91,92,93,94].



Consequently, analytical application scenarios that have been dominated by highly sensitive hyphenated instruments like gas chromatography coupled to mass spectroscopy (GC-MS) are increasingly interested in IR spectroscopic alternatives. In application fields such as food monitoring, IR spectroscopy may provide a fast, simple to operate, inexpensive to maintain and non-destructive method with highly reliable results. First emerging applications of IR spectroscopy classifying mycotoxin spoilage based on regulatory limits pave the way for more wide spread application of IR spectroscopy in associated fields of profession such as life sciences, production of pharmaceuticals and polymer research.




4. Infrared Spectroscopy: The Future


With the most recent publications dealing with techniques based on IR spectroscopic technology, the elevated application and research interest on wavelength regimes is clearly anticipated. An emerging area of interest is NIR-based critical care monitoring. With the high penetration depth of NIR light in biological tissue, non-invasive monitoring of physiological markers is a prevalent application for NIR spectroscopy. So far, blood oxygenation, in combination with the pulse rate, can be monitored, in the fingertips of adult patients or on the cranium of newborns [95,96,97]. Such devices are commonly based on low cost LED emitters and can be readily modified due to their modular nature. Hence, bedside monitoring as well as personal health is a trending market for IR spectroscopic tools. Multiple biological markers, such as lactose or glucose, as well as pathogens, have strong signatures in the NIR and thus can be accessed with tailored tools. Given the recent developments in wearables and smartphone-based sensors, i.e., small-scale potent computers, tele-diagnostics is an emerging area with high potential for IR-based tools [98,99].



As infrared spectroscopy provides fast and non-invasive localized information, more imaging in the form of infrared provides extremely dense data cubes with tremendous molecular information that can be stored, transported and analyzed digitally [100,101]. Therefore, integrated databases with patient data will clearly be extended with IR spectral information in addition to more traditional X-ray or MIR images. Analogous to optical coherence tomography, infrared coherence tomography is a promising tool to extend the accessible tissue range and translate it to data. In this context, big data and artificial intelligence are important catchphrases. Data-based machine learning is of increasing interest as big databases are becoming increasingly available via the internet. Consequently, algorithms can be trained for elevated and reliable variances detection. Among plenty of tools such as PyTorch (https://pytorch.org/, accessed on 17 November 2021), orange (https://orange.biolab.si/, accessed on 17 November 2021) and scykit (https://scikit-learn.org/stable/, accessed on 17 November 2021) that are often available via open-source licensing, Google’s TensorFlow (https://www.tensorflow.org/, accessed on 17 November 2021) has become a widely used tool for the training of non-linear classification problems by users from various fields, including IR spectroscopy.



With the development of more powerful and miniaturized microprocessors/embedded systems (e.g., Raspberry Pi, Arduino, ESP32, ESP8266), which can already be purchased at a very low cost (i.e., up to 50$), a new tool for the evaluation of complex datasets (e.g., breath samples) is on the rise. Most of the already available systems have the ability to perform even complex calculations and use chemometric or deep learning methods for the evaluation of IR data. This is frequently made possible by the fact that popular programming languages (e.g., Python, R, C#, etc.) [102] can be executed on the corresponding platforms (i.e., ARM, ATMEL, PIC and others), and existing libraries are available (e.g., Tensorflow, PyChem, SciPy, NumPy) [103,104], providing an already developed workflow/ algorithm to analyze sensor data. In cases where the datasets are very complex or an array of different sensor data is fused, the collected/recorded data are evaluated over cloud computing, thereby, exploiting the computing power of mainframe computers [105].



Apart from increasing demands in global health care applications, recent great trends in human society are associated with climate change, micro plastics, environmental health, food production, sustainability, city growth, energy science as well as space exploration. For each of these great topics, IR spectroscopic tools provide valuable opportunities. The detection of micro-plastics in marine samples has recently been shown via MIR- based tools [106]. Furthermore, oil spills have been detected via FTIR based technologies, potentially matching or even outperforming commonly deployed GC based techniques in the future [94,107,108]. Additionally, airborne infrared imaging has become interesting for precision farming as well as for the analysis of soil quality.



Regarding soil quality, infrared-based tools have also found their way into space research. The US NASA mars rovers have been readily equipped with infrared spectrometers for spectral analysis of soil with the aim to find, traces of water [2]. Space exploration on probes such as orbiters is also a growing application for infrared-based technologies apart from stationary observatories that are screening the sky for infrared signatures of, organic components in the search for extra-terrestrial life (https://breakthroughinitiatives.org/, 17 November 2021). Utilizing IR radiation in the MIR in combination with a vector coronagraph enables discovery of exoplanets that are otherwise outshined by their main star [109,110,111,112]. With the recent entry of privately financed space travel and exploration, IR spectroscopy is certainly among the key technologies for exploration and safety measures among space travel.



The development in unmanned aerial vehicles on earth combined with the opportunity for environmental monitoring also provides future opportunities. The trade-off between the unmanned aerial vehicle demands and the IR sensor technology has yet to be further optimized [113].



All of these applications require bright and highly controllable light sources. For this purpose, QCLs and ICLs provide excellent technologies. A major drawback of QCL technology are the high currents that are required for operation. Heat dissipation as well as resistive losses commonly lead to a lower limit of miniaturization of the auxiliary electronics, although the QCL die can be downsized to a few µm in size. The development of high-performing alloys that provide conductivity beyond copper, ideally realizing room-temperature super conductance, would enable an unprecedented level of design freedom and the emission power of such lasers. Apart from application in more regular spectroscopy tasks, such laser light sources enable elevated acquisition speeds that are allowing single shot experiments [114,115,116]. In particular, frequency combs are promising candidates that allow high-power super continuum spectrum generation with precise control of the spectral characteristics [117]. These sources are ideal candidates for elucidating super-fast molecular transitions and thus visualizing the mechanisms of such processes to improve the understanding of them, especially in combination with further analytical techniques such as within spectro-electrochemistry [118,119,120,121]. Such processes are of crucial importance for, e.g., catalysis or energy conversion in batteries or fuel cells. In particular, the degradation of electrode, separator or electrolyte materials can be investigated via MIR spectroscopy.



In addition, recent trends in additive manufacturing have led to new potential applications of IR spectroscopic tools. Three-dimensional printing has matured into high quality levels enabling the straightforward fabrication of optical quality structures such as waveguides [31,122]. Hence, low-cost, disposable IR analyzer tools are coming online within the next couple of years, similar to recent developments in electrochemical sensors. In addition, active structures that are fabricated and utilized similar to electronics in integrated circuits are on the horizon for applications in IR spectroscopy (Figure 7). Multiplexing analyte-dedicated recognition structures into highly integrated circuits is a mayor advantage and will lead to the elevated exploitation of IR tools in the future. Here, the development of the so-called ‘light or photonic computer concepts’ potentially operating with infrared radiation is a potential key technology that would reduce the cost of IR technology potentially to the level where electrochemical sensors are already at now.



Accessing low target analyte quantities or concentrations in the infrared can be challenging. There are different approaches to elevate signal interaction with the probing photons. First, the probe amount can be increased. Hence, specific concepts for pre-concentration via adsorption, absorption into membranes, porous films [123] or fishing molecules via recognition motives out of a bulk volume are possible for, e.g., virus detection [124,125,126,127]. Second, analytes can be converted into species that provide stronger interaction with infrared radiation, like converting H2S into SO2 [128,129]. Alternatively, sample interactions can be designed so that multiple interactions are achieved. Common approaches via multi-pass cells are accompanied with an increasing number of integrated microscopic structures. Here, structures can be designed to locally elevate electric fields instead of increasing the signal response via multiplied interaction. Standing wave resonators, via, micro-tori [130] and whispering gallery modes [131] are one example of such resonant structures. Surface enhancement in the infrared (SEIRAS; surface enhanced infrared spectroscopy) can be exploited as in Raman spectroscopy (SERS; surface enhanced Raman spectroscopy). To achieve signal enhancement factors ranging from about 10 to 100, plasmonic nanostructures can be deposited on surfaces to locally elevate electric field strength. Normally, noble metal nanoparticles are used for that purpose [132]. The most common shape of spherical nanoparticles has been extended by cubes, rods, and stars [133,134,135] that provide sharp tips as nano-antennas [136]. In addition, alternative materials such as less expensive silver, copper or iron oxide nano particles have been implemented for signal enhancement [137,138]. With the introduction of graphene-based signal enhancement [139,140,141] and quantum dots made from dielectrics and metallic alloys, a wide field of potential materials has been opened. With such materials, the precise tuning of the enhancement as well as the surface decoration thereof will lead to exquisite signal enhancing tools that are potentially non-toxic for applications in biological and medical scenarios.



Quantum dots have been recently developed for realizing bright light panels in television screens at optical frequencies, namely red, green and blue (RGB). As the emission wavelength of such quantum dots can be precisely tuned by their size, their increased diameters lead to the emission of infrared light. Moreover, such dots can be stimulated in a way to emit highly coherent light, also providing entangled photons in, e.g., N00N-states or squeezed states [142,143,144,145,146]. Such non-classical light enables interferometric sensing beyond the classical noise limit, reaching the quantum limit and thus providing ultra-sensitive sensor tools that provide limits of detection inaccessible by any classical tool, thus defining the ultimate goals for IR spectroscopic tools [147,148].




5. Conclusions


Although IR spectroscopy has been around for a long time, recent developments have evidently boosted the level of performance, integration and technology readiness levels (TRL) of increasingly specialized tools and concepts in IR spectroscopy and sensing. These developments distinctly align with the latest developments in solid-state physics, photonics, electronics, materials sciences, engineering, medicine and informatics. Virtually every component of an IR spectroscopic device has been recently further evolved and is subject to ongoing improvements regarding performance and level of integration. Rapid, non-destructive and label-free access of molecular transitions to date renders IR spectroscopy an indispensable analytical tool applicable in virtually any considered application scenario. Advanced control on the material properties, which is currently reaching atomic levels, facilitates the fabrication of next-generation light sources, signal transducers and detectors, allowing for the task-specific tuning of the device performance to access yet unprecedented levels of sensitivity and precision. Hence, IR spectroscopic measurement strategies can be found in application scenarios ranging from demanding, harsh environments such as monitoring within industrial manufacturing processes and even outer space exploration scenarios, to the ultra-fast detection of catalysis products and biological/biomedical analysis targeting, as with protein dynamics. Consequently, the answer to the question “Infrared Spectroscopy-Quo Vadis?” may be that not even the sky is the limit!
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Figure 1. Electromagnetic wavelength regime defined as ‘infrared’ with associated classification of transitions. 
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Figure 2. Growing number of scientific publications concerned with infrared spectroscopy. Results were retrieved from a SciFinder search querying for the term “infrared”, limiting the results to scientific journal publications. With a total number of over 1.2 M publications, the growth of infrared-related topics from the year 1924 to 2022 (2023 preliminary) is clearly evident. CAplus. CAS. https://scifinder.cas.org/ (accessed on 6 May 2022). 
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Figure 3. Conceptual illustration of an instrument for infrared spectroscopy. Commonly, such a setup comprises a light source, a wavelength selective element, a signal transducer, which defines the interaction path length, and a radiation detection device. This core setup is typically accompanied by sampling accessories such as sample feed conduits, flow cells, etc. as well as a robust housing and system control, signal acquisition and data evaluation electronics and appropriate–in current times multivariate–data evaluation, mining, and classification software packages. 
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Figure 4. Combination of FTIR spectroscopy with (a) an ATR system, (b) a micropath transmission cell, and (c) a GC (gas chromatography) detector (e.g., DTLaGS or MCT). Reprinted with permission from Ref. [17]. Copyright © 2017, John Wiley and Sons. 
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Figure 5. Selected application scenarios where infrared spectroscopy is routinely applied, and which provide growing market shares for infrared spectroscopic tools. Selected images were used from pixabay (pixabay.com; accessed on 18 October 2020). 






Figure 5. Selected application scenarios where infrared spectroscopy is routinely applied, and which provide growing market shares for infrared spectroscopic tools. Selected images were used from pixabay (pixabay.com; accessed on 18 October 2020).



[image: Applsci 12 07598 g005]







[image: Applsci 12 07598 g006 550] 





Figure 6. Spectral transparency range of selected materials used for waveguiding applications in the infrared. 
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Figure 7. Conceptual design of infrared spectroscopy/sensor devices with a high level/on chip integration providing all necessary components hybridized or monolithically integrated onto a single chip-sized die derived from CMOS/IC technology. Such chip-scale devices can be realized, for example, via on-chip laser sources and detectors. Analyte interaction may be realized via various approaches including but not limited to evanescent field interaction via straight strip dielectric waveguides (a), more sophisticated waveguide structures such as slot, bimodal or MZI waveguides (b), plasmonic waveguides (c), or by using resonant cavities with the possible addition of analyte scavenging/enriching motifs (d). Defined sample-photon interaction may be realized via microfluidic channels or hollow structures accommodating gas/vapor, liquid or solid sample matrices, respectively. 
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