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Abstract

:

Photonic sensors utilize light–matter interaction to detect physical parameters accurately and efficiently. They exploit the interaction between photons and matter, with light propagating through an optical waveguide, creating an evanescent field beyond its surface. This field interacts with the surrounding medium, enabling the sensitive detection of changes in the refractive index or nearby substances. By modulating light properties like intensity, wavelength, or phase, these sensors detect target substances or environmental changes. Advancements in this technology enhance sensitivity, selectivity, and miniaturization, making photonic sensors invaluable across industries. Their ability to facilitate sensitive, non-intrusive, and remote monitoring fosters the development of smart, connected systems. This overview delves into the material platforms and waveguide structures crucial for developing highly sensitive photonic devices tailored for gas and biosensing applications. It is emphasized that both the material platform and waveguide geometry significantly impact the sensitivity of these devices. For instance, utilizing a slot waveguide geometry on silicon-on-insulator substrates not only enhances sensitivity but also reduces the device’s footprint. This configuration proves particularly promising for applications in biosensing and gas sensing due to its superior performance characteristics.
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1. Introduction


Photonic sensors based on optical waveguides (WGs) operate at the forefront of cutting-edge technology, leveraging the fundamental principle of guided light propagation to establish a sophisticated mechanism for exceptionally sensitive and specific environmental monitoring [1,2]. Photonic sensors based on evanescent field principles represent a sophisticated and versatile class of optical sensing devices [3]. These sensors exploit the evanescent field, an electromagnetic wave that extends just beyond the surface of a material, to detect changes in the surrounding environment. In these systems, light is typically coupled into a WG or optical fiber, permitting the evanescent field to interact with the adjacent medium. The interaction induces alterations in the transmitted light, such as changes in intensity or wavelength, which are then precisely assessed. This modulation in the optical signal serves as a sensitive indicator for variations in the targeted parameters, such as refractive index, temperature, or the presence of specific biomolecules. Photonic sensors based on evanescent field principles find applications in a myriad of fields, ranging from biochemistry and medical diagnostics to environmental monitoring and industrial sensing [4,5,6]. Their high sensitivity, real-time monitoring capabilities, and non-invasive nature make them vital tools for progressing our capabilities in precision sensing and measurement technologies.



Optical WG biochemical sensing represents a convergence of optical WG technology with biological and chemical methodologies. Within the realm of chemical sensors, biosensors specifically play a pivotal role in this interdisciplinary field. Optical biochemical sensing can be categorized into labeled and unlabeled approaches, with refractive index sensing being an example of the latter. In the context of optical WG biochemical sensors, alterations in the evanescent field induced by changes in parameters like the refractive index and absorption coefficient occur. Typically, these changes stem from variations in the phase of transmitted light, leading to a distinct effective refractive index in the optical transmission mode. The mode coupling theory, applicable to sensors like surface plasmon resonance (SPR) and grating sensors, is employed to calculate the resultant change in the effective refractive index [7,8,9]. This calculation method extends to devices such as microring resonators (MRRs) [10,11], Mach–Zehnder interferometers (MZIs) [12], multimode interferences (MMIs) [13,14], fiber Bragg gratings [15], photonic crystals [16], and other differential interferometers [17].



Utilizing the refractive index change or absorption spectrum, optical WG refractive index biochemical sensors enable qualitative or quantitative analyses of gases, liquids, and solid substances in testing scenarios. Beyond that, these sensors find applications in detecting harmful gas concentrations in the environment, monitoring food and water quality, and identifying bacteria and viruses for public health concerns and chemical threat perception [8]. The label-free detection mechanism employed by biochemical sensors relies on the change in the refractive index caused by molecular interactions. This approach is particularly advantageous for measuring chemical substances, viruses, or bacteria, as it is directly correlated with the target sample concentration or surface density. Notably, this method is both cost-effective and straightforward, making it a valuable tool in various analytical applications [18].



Integrated photonic sensors offer numerous advantages in various applications. One significant advantage is their compact size, allowing for easy integration into small devices and systems. They also exhibit high sensitivity and accuracy, making them suitable for precise measurements in fields such as biomedical sensing, environmental monitoring, and telecommunications [2,19]. Additionally, integrated photonic sensors typically have low power consumption, enabling prolonged operation without frequent battery changes or recharging. However, these sensors also come with certain disadvantages. Fabrication processes can be complex and expensive, limiting their accessibility to some researchers and industries [20]. Furthermore, their performance may be susceptible to environmental factors such as temperature fluctuations and mechanical vibrations, requiring additional measures for robustness and reliability. Despite these drawbacks, ongoing research and advancements continue to address these challenges, paving the way for the wider adoption of integrated photonic sensors in diverse applications.



Within the literature, numerous photonic sensors have been exemplified, showcasing their reliance on the intricate mechanism of the evanescent field [21,22,23,24]. These sensors leverage the unique properties of the evanescent field to achieve enhanced sensitivity and precision in detecting changes in the surrounding environment. The diverse applications of these sensors encompass fields such as biomedical research, environmental monitoring, and industrial processes. By exploiting the evanescent field, these photonic sensors provide a robust foundation for advancing sensing technologies, offering innovative solutions with broad implications for scientific research and practical applications [25,26,27,28,29]. This review systematically delves into the nuanced concept of the evanescent field ratio in Section 2, elucidating its critical role in the development of highly sensitive photonic devices. Section 3 meticulously explores diverse WG geometries, offering a comprehensive analysis of their potential applications in realizing heightened sensitivity. Moving forward, Section 4 delves into the material platforms, providing a discerning examination of their significance in relation to the evanescent field ratio. Section 5 delves into practical implementations, focusing on two prevalent applications—gas sensing and biosensing—where the evanescent field of the WG mode becomes instrumental. The paper culminates with insightful concluding remarks in Section 6, summarizing key findings and paving the way for future advancements in the realm of evanescent field-based sensing technologies.




2. Concept of Evanescent Field Ratio


The evanescent field of a mode propagating in a WG is a crucial concept in the study of electromagnetic waves and their behavior within confined structures. The evanescent field refers to the portion of the electromagnetic field that extends beyond the core of the WG into the surrounding medium. Unlike the propagating field, which carries energy along the WG axis, the evanescent field decays exponentially as it moves away from the core [30]. This phenomenon arises due to the total internal reflection of the mode within the WG, causing the electromagnetic field to extend into the adjacent medium. The evanescent field plays a crucial role in various applications, including sensing and WG-based devices, where interactions with the surrounding medium or nearby structures are essential for functionality [31,32,33]. A graphical illustration of the evanescent field of the WG mode interacting with the ambient medium is shown in Figure 1. Understanding and manipulating the evanescent field is fundamental for optimizing the performance of such devices [34].



The evanescent field ratio (EFR) is a parameter that characterizes the strength of the evanescent field compared to the total field in a WG. It is particularly significant in the study of guided electromagnetic modes, such as those in optical fibers or other confined structures. The EFR is calculated by determining the proportion of the total field that comprises the evanescent field. Mathematically, it is expressed as the square of the amplitude of the evanescent field divided by the square of the amplitude of the total field. This ratio provides insights into the extent to which the electromagnetic energy associated with a mode is confined within the WG core and the degree to which it penetrates the surrounding medium. A higher EFR indicates a more pronounced influence of the evanescent field, which is crucial in applications such as sensing, where interactions with the external environment play a vital role in device performance [35,36]. Researchers often use numerical simulations or experimental techniques to measure and analyze the EFR in practical WG configurations [37].




3. Deciphering Evanescent Wave Patterns in Diverse WG Geometries


Rib WGs, ridge WGs, and slot WGs are different types of optical WGs, and their properties, including the characteristics of the evanescent field, can vary. Rib WGs typically consist of a thin strip (rib) of high-refractive-index material on a lower-refractive-index substrate. The evanescent field in rib WGs is generally confined within the high-index region of the WG. The field extends into the cladding but is typically more localized compared to other types of WGs. Ridge WGs have a raised section (ridge) on the WG core, which helps in confining and guiding light. Like rib WGs, the evanescent field in ridge WGs is primarily localized within the high-index region. The dimensions of the ridge can affect the characteristics of the evanescent field. The normalized E-field distribution in a standard ridge WG determined by the finite-element method (FEM) is shown in Figure 2a.



Whereas slot WGs consist of a low-index region (slot) between two high-index regions [38], these WGs are designed to have a substantial part of the optical field concentrated in the low-index slot region as shown in Figure 2b. This design allows for strong light–matter interactions in the slot, making them advantageous for applications such as sensing [4]. While rib and ridge WGs primarily confine the evanescent field within the high-index regions, slot WGs intentionally utilize a low-index slot to enhance the interaction between light and the surrounding medium. The choice of WG depends on the specific requirements of the application, such as the desired level of confinement, interaction strength, and the nature of the surrounding medium.



In [35], Butt et al. proposed a novel metal-assisted silicon strip WG configuration aimed at enhancing the EFR, thereby making it suitable for highly sensitive sensor applications. The metal-assisted WG structure incorporates a thin SiO2 layer positioned between the gold layer and the silicon strip WG. The mode in the metal-assisted silicon strip WG is heightened, leading to an approximately 10% increase in power within the upper cladding, while the power in the substrate experiences a reduction of approximately 5%. The normalized E-field distribution in the metal-assisted silicon strip WG is shown in Figure 2c. These results showcase a significant improvement in the evanescent field within the upper cladding region of a straight strip WG, positioning it as an ideal choice for gas absorption sensors relying on evanescent field interactions.



The subwavelength grating (SWG) WG is recognized for its ability to enhance the evanescent field, a crucial feature in various optical applications [39]. By leveraging periodic structures with dimensions smaller than the wavelength of the guided light, subwavelength gratings facilitate strong coupling between guided modes and the surrounding medium. This design leads to a significant increase in the penetration depth of the evanescent field beyond the WG core. The subwavelength grating’s unique geometric configuration allows for fine-tuning of the effective refractive index and dispersion characteristics, providing engineers with a versatile tool to tailor the evanescent field’s strength and distribution [40]. This enhanced evanescent field is particularly advantageous in applications such as sensing, where interactions with the surrounding environment play a critical role. The subwavelength grating WG’s capability to amplify the evanescent field opens up new possibilities for achieving heightened sensitivity and improved performance in optical devices [41,42,43].



In addition to dielectric waveguides, another type of optical waveguide that facilitates strong light–matter interaction through a high evanescent field is a plasmonic WG [44]. These WGs are designed to guide SPPs, which are collective oscillations of electrons coupled to photons at a metal–dielectric interface. The widely deployed plasmonic WGs for sensing applications are metal–insulator–metal (MIM) WG [45], insulator–metal–insulator (IMI) WG [46], wedge SPP WG [47,48], metallic strip [49,50], etc. The evanescent field in plasmonic WGs extends into the surrounding medium, allowing for strong light–matter interactions in the adjacent regions. This property is particularly advantageous for applications such as sensing, where the evanescent field can be used to probe changes in the refractive index or absorbance of the surrounding medium. Other types of WGs, such as dielectric or photonic crystal WGs, may also offer high evanescent fields depending on their specific design parameters and configurations [16,51,52]. However, plasmonic WGs are often specifically engineered to enhance the evanescent field and enable efficient light–matter interactions in their vicinity.




4. Choice of a Suitable Platform for Sensing Applications


Silicon-on-insulator (SOI), silicon nitride (Si3N4), and polymer materials are three distinct platforms that play crucial roles in the realm of photonic sensors, each offering unique advantages and tailored properties to meet specific sensing requirements [20,53,54,55,56,57]. SOI platforms are characterized by their high refractive index contrast between the silicon WG and the surrounding insulator layer, allowing for efficient light confinement [58]. This enables the creation of compact and low-loss photonic components, such as WGs and resonators, making SOI an excellent choice for integrated photonics. SOI’s compatibility with standard silicon processing techniques ensures seamless integration with electronic devices, fostering the development of highly integrated sensor systems.



Si3N4, on the other hand, boasts a wide transparency range and compatibility with CMOS processes, making it well-suited for various photonic applications. Si3N4’s transparency in the visible and near-infrared regions is essential for effective light transmission in sensors. Its compatibility with CMOS processes facilitates the integration of electronic and photonic components on a single chip, contributing to the advancement of integrated photonic circuits [55,59].



Polymeric materials, such as SU-8 and PDMS, offer a different set of advantages. Their tunable optical and mechanical properties allow for the fabrication of flexible and customizable sensor structures [60]. Polymers are particularly valuable for their ease of fabrication, low cost, and biocompatibility, making them suitable for applications like biosensing [61,62]. The adaptability of polymers to various deposition and patterning techniques further enables scalable and cost-effective manufacturing processes [63]. Figure 3 illustrates the EFR of ridge WGs based on SOI, Si3N4, and SU-8 polymer materials. The numerical analysis is conducted via FEM. The optimization of WG core dimensions, specifically width (W) and height (H), enhances the EFR values, contributing to a superior sensing performance. Observing Figure 3a–c, it is evident that the SOI platform outperforms the Si3N4 and SU-8 polymer in terms of EFR. Notably, the SOI-based device exhibits a smaller footprint compared to the other two platforms, underscoring its compact design. This compactness not only contributes to the efficient use of space on chips but also emphasizes the potential for highly sensitive photonic sensors based on SOI.



Moreover, the sensitivity of the device can be further enhanced by modifying the WG architecture [64]. The sensitivity of optical WGs varies with their geometry primarily due to differences in the distribution of the optical mode and its interaction with the surrounding medium. The geometry of a WG dictates the confinement and propagation characteristics of the guided optical mode. For instance, in slot WGs, where a low-index region is sandwiched between high-index layers, the optical mode extends into the low-index region, leading to a stronger interaction with changes in the refractive index of the surrounding medium [65,66,67]. On the other hand, WGs with different geometries, such as ridge WGs, may confine the optical mode within a high-index core, limiting its interaction with the external environment. The sensitivity is influenced by the extent to which the optical mode penetrates the surrounding medium, allowing for the enhanced detection of changes in refractive index or other environmental parameters. Therefore, the choice of WG geometry plays a crucial role in determining the sensitivity of the WG for specific applications, such as sensing, communication, or signal processing [39].



Figure 4a illustrates the correlation between device sensitivity and EFR concerning the optical WG’s geometry, including rib, ridge, and slot WG. Notably, the slot WG exhibits a superior EFR, thereby leading to heightened device sensitivity. Consequently, it is recommended to produce photonic sensors based on slot WGs for an enhanced sensing performance. In Figure 4b, the association between the refractive index of the material platform and EFR is depicted. It is crucial to note that slot WGs cannot be realized using low-index materials like polymers. Consequently, the fabrication of standard WG geometries such as rib and ridge becomes the feasible option. Additionally, optical platforms capable of providing a higher refractive index contrast can be employed to create various WG types, including slot and hybrid configurations. In summary, material platforms featuring high-refractive-index contrast play a pivotal role in achieving elevated EFR, thereby facilitating the development of highly sensitive devices. It is essential to consider these factors in the design and manufacturing processes of photonic sensors for optimal performance.




5. Applications


Optical WG-based photonic sensors utilizing the evanescent field have found diverse applications across various scientific and technological domains. These sensors leverage the unique property of the evanescent field, a phenomenon where the electromagnetic wave extends beyond the WG’s core, interacting with the surrounding medium. In biochemical sensing, these sensors are employed for the label-free detection of biomolecules, such as proteins and DNA, enabling the real-time monitoring of molecular interactions crucial for medical diagnostics and pharmaceutical research [68]. Environmental monitoring benefits from these sensors by detecting and analyzing pollutants in air or water. The versatility and sensitivity of optical WG sensors utilizing the evanescent field make them invaluable tools across a wide spectrum of scientific and industrial applications [69]. Within this section, our attention is directed towards two prevalent applications of photonic sensors, specifically in the realms of gas sensing and biosensing. Some of the recently proposed photonic devices used for biosensing and temperature sensing are charted in Table 1.



5.1. Evanescent Field Absorption Gas Sensors


Gas sensors play a pivotal role in safeguarding human health and the environment by enabling the detection of toxic gases and facilitating environmental monitoring [70,71]. In industrial settings, where various hazardous substances may be present, gas sensors serve as critical tools for early warning and the mitigation of potential threats. These sensors can detect the presence of harmful gases, such as carbon monoxide, hydrogen sulfide, or volatile organic compounds, which are often colorless and odorless, posing a significant risk to human health. In environmental monitoring, gas sensors contribute to assessing air quality, tracking pollution levels, and ensuring compliance with regulatory standards [72,73]. The timely and accurate detection of toxic gases allows for swift response measures, helping to prevent accidents, minimize exposure, and mitigate environmental damage [74]. Additionally, gas sensors are essential in public spaces, residential areas, and workplaces to create safer and healthier environments. The continuous advancements in gas-sensing technologies enhance our ability to monitor and manage air quality, providing valuable data for informed decision-making and contributing to sustainable practices for a cleaner and safer world.



The mid-infrared (MIR) spectrum serves as a crucial domain for gas analysis due to the presence of distinctive absorption lines for various gases. Each gas exhibits unique absorption features at specific wavelengths in the MIR region, creating distinct absorption lines as shown in Figure 5 [75]. These lines result from the vibrational and rotational transitions of gas molecules when exposed to MIR radiation. The ability to identify and analyze these absorption lines enables the precise identification and quantification of gases in complex mixtures. This characteristic spectral fingerprinting is particularly valuable in environmental monitoring, industrial process control, and gas-sensing applications. For instance, carbon dioxide (CO2), methane (CH4), and water vapor (H2O) each display characteristic absorption lines in the MIR, facilitating their selective detection and measurement. The study and exploitation of absorption lines in the MIR spectrum have become integral to advancing technologies for gas sensing and analysis across a diverse range of scientific and industrial domains [36].



When formulating the integrated photonic sensor, particular attention must be given to a multitude of parameters. These design parameters wield considerable influence, shaping crucial aspects such as sensitivity and dynamic range within the WG sensor. Leading among these considerations is the profound significance of the evanescent field’s penetration into the low index/cladding region. This specific measure, denoted as the penetration depth of the evanescent field, stands out as a pivotal factor in the overall efficacy of the sensor design. Understanding and optimizing the penetration depth is paramount for achieving optimal performance and accurate sensing capabilities [76]. Each gas possesses a distinct absorption peak, akin to a unique fingerprint, defining its molecular identity. When the WG sensor is placed in a gaseous environment, constituting the cladding, the evanescent field engages with the gas present. Consequently, the transmitted light undergoes attenuation if its wavelength aligns with the absorption lines of the targeted gas. The extent of attenuation is typically contingent upon both the concentration of the sensing gas and the evanescent field ratio (EFR) of the WG which is defined as the ratio of the evanescent field power in the cladding gas to the total modal power [77]. This interplay forms the basis for discerning and quantifying the presence of specific gases, making the WG sensor a sophisticated tool for gas-sensing applications.



The works presented in [5,78] have comprehensively explored the analysis of methane gas sensors based on SOI technology. However, their work highlights a limitation beyond the wavelength of 3.6 μm, where the SiO2 material undergoes high absorption. Consequently, the use of SOI-based WGs in the MIR region becomes impractical. Considering this constraint, alternative materials exhibiting a broad transparency range in the MIR region, as discussed by [79,80,81], emerge as viable candidates. Materials such as Ge and CaF2, characterized by high-index contrast, present promising alternatives for methane gas-sensing applications when compared to SOI materials. For a comprehensive understanding of gas-sensor analyses for different gases, noteworthy contributions have been made in [82,83]. These studies collectively contribute to the broader landscape of gas-sensing technologies, providing valuable insights into the diverse applications and material considerations essential for advancing sensor performance.



The slot WG has emerged as a promising candidate for designing evanescent field absorption-based photonic gas sensors. In [84], three different slot WG structures—conventional slot, partial-strip-loaded slot, and full-strip-loaded slot—are discussed with the aim of analyzing their sensing performance with methane gas as shown in Figure 6a–c. To enhance the EFR in the slot region and consequently improve the gas sensor’s capabilities, these slot WG structures are designed by depositing the germanium layer over calcium fluoride in various ways. The simulation results indicate that the full-strip-loaded slot WG outperforms the others, boasting a higher evanescent field (28%) and increased sensitivity (73.76 L/Mol). Following closely is the partial-strip-loaded slot WG, particularly for a target value of propagation loss (3 dB/cm).



Khonina et al. introduced a significant enhancement in EFR of a ridge WG by transforming it into a dual hybrid plasmonic WG [36]. This improvement is achieved through the strategic tapering of the middle section of the WG and the incorporation of a gold layer on both sides, creating a sub-wavelength gap. The optimization of the WG geometry at 3.392 μm, corresponding to an absorption line of methane gas, further adds to the efficacy of the design. This WG scheme not only optimizes the geometry but also provides a spacious WG cross-section, enabling a flexible yet efficient coupling of light with an intensified evanescent field in the middle section. The E-field distribution in the WG is shown in Figure 6d–g. To validate the findings, the finite-element method is employed to analyze various parameters such as the EFR, propagation loss, confinement factor, and electric field distribution of the WG. The results demonstrate an elevated evanescent field ratio of 0.74, coupled with a low propagation loss of approximately 0.7 dB/μm. The sensitivity of the proposed WG scheme is quantified as 0.0715 (mW/gas conc.), determined by calculating the decay in transmission power due to the absorption of gas in the medium. This work presents a promising advancement in the field of plasmonic WGs with practical applications in gas sensing and other related technologies.



Nanophotonic WGs stand as the backbone of an extensive array of optical sensors, confining light within defined paths on photonic chips and facilitating light–matter interaction through evanescent fields. Despite their versatility, WGs have traditionally fallen short in sensitivity-critical applications, such as trace gas detection, when compared to free-space optics. Challenges such as limited optical path lengths, diminished interaction strengths, and unwanted etalon fringes in spectral transmission have impeded the progress of on-chip gas sensing, keeping it in its emerging stages. In [3], a significant leap forward in the realm of integrated WG sensors is demonstrated, particularly in the MIR range, effectively overcoming these challenges. The microscope image and SEM image of the freestanding shallow rib WG are shown in Figure 6h, and Figure 6i, respectively. The sensor showcased in this work achieves an impressive 107% evanescent field confinement factor in air. This not only matches but surpasses the performance of free-space beams, especially in terms of per-length optical interaction. Notably, the mitigation of facet reflections contributes to a remarkably flat spectral background, resulting in a record-low level of absorbance noise. This breakthrough allows the on-chip sensor to finally rival the precision of free-space spectroscopy. The sensor’s capabilities were rigorously validated at a wavelength of 2.566 μm, demonstrating a remarkable 7 ppm limit of detection (LOD) for acetylene with a mere 2 cm-long WG. This advancement not only enhances the feasibility of on-chip gas sensing but also positions integrated WG sensors as formidable contenders in high-sensitivity applications traditionally dominated by free-space optics.



Frequency comb-based gas detection is another gas-sensing technique which relies on optical frequency combs generated by mode-locked lasers [85,86]. It offers several advantages, including high spectral resolution and the ability to simultaneously detect multiple gas species over a wide spectral range. This technique provides precise measurements of gas concentrations and can identify gases with a high sensitivity [86]. However, frequency comb-based gas detection typically requires complex and expensive equipment, limiting its accessibility in some applications [87]. On the other hand, evanescent field absorption-based techniques are often simpler and more cost-effective than frequency comb-based methods. They can be implemented using compact and robust WG structures, making them suitable for portable and field-deployable gas-sensing devices. However, they may have limitations in terms of spectral resolution and the number of gases that can be simultaneously detected compared to frequency comb-based approaches. The choice between these techniques depends on factors such as the specific requirements of the application, the desired level of performance, and the available resources.




5.2. Biosensing Applications


Photonic devices play a pivotal role in advancing biosensing applications, offering a myriad of advantages that significantly enhance the capabilities of biological detection and analysis [1]. The use of light-based technologies enables the highly sensitive and rapid detection of biological molecules, such as proteins, nucleic acids, and pathogens. Photonic biosensors leverage the interaction of light with biomolecules, allowing for precise and label-free detection, which is crucial for preserving the integrity of biological samples. Moreover, the versatility of photonic devices facilitates the development of miniaturized and portable biosensors, enabling point-of-care diagnostics and real-time monitoring [88]. These devices contribute to the early detection of diseases, biomarker analysis, and environmental monitoring, fostering advancements in personalized medicine and public health [19]. The integration of photonics with biosensing not only enhances sensitivity and specificity but also opens avenues for innovative and interdisciplinary research, paving the way for novel diagnostic tools with broad applications in healthcare, biotechnology, and beyond.



MRRs stand as pivotal elements within the realm of integrated optics, belonging to the class of common refractive index sensors [35,89]. They offer a myriad of advantages, including a high Q-factor, straightforward preparation, and ease of mass production. Consequently, MRRs find extensive application not only in the sensor domain but also in fields like lasers and detectors. Enhancing the sensor LOD can be achieved through two principal approaches [90,91]. Firstly, the Q-factor of the resonator can be optimized to minimize the impact of noise on the measurement of the resonance wavelength. Secondly, maximizing the mean resonance wavelength shift is attainable by enhancing the interaction between light and biomolecules affixed to the WG surface [92,93].



MRRs have garnered significant attention as silicon photonic biosensors due to their straightforward design and easy fabrication process. The Genalyte platform, a commercially available silicon photonic biosensing system, employs ring resonators for TE polarized light. This configuration offers a bulk sensitivity of 54 nm/RIU and a detection limit of 1 ng/mL, or 10−5 RIU [90]. However, many clinical diagnostic assays demand even lower LODs, necessitating secondary amplification [94]. The key to achieving clinically relevant sensitivities lies in robust surface chemistries that resist fouling, allowing high densities of capture molecules, coupled with optimal sensor performance. Consequently, various research groups have endeavored to enhance the sensitivity of MRRs.



The sensitivity of these sensors is governed by the overlay of the E-field with the analyte, which can be enhanced by increasing this overlap [95]. Given the high index contrast of Si/SiO2, most of the E-field is narrowed to the core of the WG for TE polarized light. One approach to boosting sensitivity for TE light is to reduce the WG thickness, as determined by Talebi Fard et al. with a 90 nm-thick WG achieving a bulk sensitivity of 100 nm/RIU [96]. European collaborative biosensing projects such as SABIO and InTopSens have explored the use of TE polarized slot WGs [97,98], achieving sensitivities of 212 nm/RIU and 298 nm/RIU, respectively [99,100], with LODs on the order of 5 × 10−6 RIU. In a comparable WG geometry, the confinement of TM polarized light is weaker, resulting in improved sensitivities of up to 200 nm/RIU [101].



Finally, a slot WG Bragg grating with a sensitivity of 340 nm/RIU was determined by [102]. These advancements underscore the continuous efforts to refine silicon photonic biosensors, particularly ring resonators, to meet the demanding requirements of clinical diagnostic assays. The methodology for tailoring the effective refractive index and mode profile of an SOI WG by leveraging the capabilities of sub-wavelength gratings (SWG) is presented in [103]. The focus centers on the application of this engineered WG as a biosensor. To realize this design, a 30 μm-diameter SWG RR was meticulously crafted, employing state-of-the-art E-beam lithography for fabrication. Upon comprehensive characterization, this engineered SWG RR exhibited a notable Q-factor, reaching 7 × 103. The bulk sensitivity was measured at 490 nm/RIU, highlighting the device’s precision in detecting changes in refractive index. The system’s limit of detection, LOD, was determined to be 2 × 10−6 RIU, underscoring the device’s remarkable sensitivity.



The landscape of materials employed in integrated optics has evolved significantly, driven by the emergence of innovative materials such as SiO2, LiNbO3, SOI, GaAs, InP, and organic polymers [10,40]. SOI-based optical WG systems boast several advantages, including a substantial refractive index difference, minimal transmission loss, and a high degree of integration capability. This diversification in materials contributes to the versatility and efficiency of integrated optics, expanding their applications across various technological domains.



MZI-structured sensors represent a prevalent category of label-free optical sensing devices known for their simplicity, seamless integration capabilities, and compatibility with special materials or other flexible optical devices. With an LOD typically falling between 105 RIU and 107 RIU, these sensors offer advantages such as high refractive index sensitivity, robust anti-interference capabilities, and efficient detection, making them of significant research interest and practical value in the realm of biochemical sensing. Optical WG sensors, encompassing variations like optical WG temperature sensors, stress sensors, and various biochemical sensors, have become global research focal points. Notably, investigations into optical WG biochemical sensors have predominantly centered on SPR and WG grating sensors. While these sensors boast a high sensitivity and rapid response recovery, they often struggle with poor selectivity and weak anti-interference capabilities. In contrast, MZI optical WG sensors emerge as compelling alternatives, offering heightened sensitivity, robust selectivity, anti-interference prowess, and compact dimensions.



As per existing reports, the MZI optical WG sensor achieves an impressive phase-difference resolution of 5 × 10−5 × 2π, with a refractive index change resolution of approximately 2 × 10−8. The sensor attains a detection capability for specific analytes at concentrations as low as 10−6 [18]. Furthermore, stringent requirements mandate that the transmission loss of the optical WG remains below 1 dB. In the realm of WG-based sensors for optical signal readout, both MRRs and MZIs are widely adopted configurations [104]. MRR biochemical sensors excel in detecting proteins, DNA, viruses, and bacteria due to their heightened sensitivity. However, their reliance on wavelength-tunable lasers and spectral analyzers for wavelength scanning limits their detection capabilities, constrained by the resolution of costly and complex external devices. In contrast, the MZI readout configuration relies on light intensity detection, eliminating the need for tunable lasers or optical spectrum analyzers [105]. This characteristic makes the miniaturization and integration of an optical WG MZI as a sensing platform system not only feasible but also advantageous [66].



Traditional MZI sensors employing intensity interrogation demand highly sensitive power sensors and exceptionally stable systems to achieve the desired low noise levels and heightened sensitivity. While sensors with RR structures can address this challenge by precisely determining wavelength shifts, they necessitate a high-resolution spectrometer. To enhance sensitivity, some sensors utilize the Vernier effect, particularly those based on two cascaded RRs. However, the remarkable sensitivity achieved through a significantly large Vernier factor comes with certain drawbacks. A breakthrough in this domain was achieved by Jiang et al. [106], who developed ultra-high-sensitivity silicon photonic biosensors using cascaded MZIs and RRs with the Vernier effect. Remarkably, the sensitivities attained for MZI and MZI ring sensors were as impressive as 2870 and 21,500 nm/RIU, respectively. The application of these sensors in biosensing was exemplified by monitoring the interaction between goat and anti-goat immunoglobulin G (IgG). The measurement results showcased that a concentration as low as 1 ng/mL of IgG led to wavelength shifts of 0.035 nm and 0.5 nm for the MZI and MZI ring sensors, respectively. To assess the reliability of these sensors, the measured temperature drifts were found to be 76 pm/°C for MZI sensors and 271 pm/°C for MZI ring sensors. Despite the higher sensitivity of MZI ring-based sensors, the results suggest that both types of sensors hold promise for deployment in medical diagnosis, demonstrating their potential to deliver highly sensitive and accurate measurements in relevant applications.



COVID-19 is anticipated to persist as an endemic disease in the years to come, necessitating global readiness to effectively handle the highly contagious SARS-CoV-2. Swift and early identification of SARS-CoV-2 infection is essential for disease control, disrupting transmission, and ensuring timely medical intervention. An innovative nanophotonic biosensor designed for the quantitative detection of viral particles in under 20 min is presented in [107] as shown in Figure 7a. The establishment of a step junction leads to the formation of two distinct regions. Initially, the junction permits the propagation of the fundamental mode, characterized by a WG core thickness of 150 nm. Subsequently, in the second section, both the fundamental and first-order modes can propagate, with a WG core thickness increased to 340 nm (refer to Figure 7b). The photonic chip, measuring 1 cm in width and 3 cm in length, is equipped with an array of 20 individual straight rib WGs, each having a rib height ranging from 1 to 3 nm (refer to Figure 7c). The BiMW interferometric biosensor system utilizes a low-power polarized laser diode operating at a visible wavelength (λ = 660 nm, P = 120 mW) as the light source. This laser is coupled into the rib WG, while a two-sectional photodiode serves as the detector for reading the interferometric signal (see Figure 7d) [107].



This nanosensor, utilizing bimodal WG (BiMW) interferometric technology, is equipped with novel bioengineered nanobodies (Nb) that specifically target the receptor-binding domain (RBD) of SARS-CoV-2. This methodology involves the direct capture of viral particles, enabling the detection of the SARS-CoV-2 virus with remarkable sensitivity, reaching below 200 TCID50 per mL. It offers accurate viral load determination across a wide dynamic range (102–106 TCID50 per mL). Both the nanobodies and the sensor nanotechnology can be produced on a large scale through highly efficient and cost-effective procedures. They are seamlessly integrated into a user-friendly point-of-care device for decentralized and multiplexed operation. Implementing this unique biosensor in primary care, hospitals, pharmacies, or private laboratories holds the potential to significantly alleviate the burden on healthcare systems and enhance the clinical and social management of COVID-19 [107].





 





Table 1. Recent photonic devices for gas sensing and biosensing applications utilizing an evanescent field.
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	Device Type
	Platform
	Application
	Sensitivity
	Reference





	Ridge WG
	Silicon-on-insulator
	Gas sensing
	-
	[108]



	Slot WG and subwavelength grating slot WG
	Silicon-on-insulator
	Gas sensing
	
	(I)

	
6.66 × 10−5 (ppm−1)




	(II)

	
2.60 × 10−5 (ppm−1)






	[109]



	Double slot WG based MZI
	Polymer
	Biosensing
	2.39 × 105 nm/RIU
	[110]



	Slot WG
	Si3N4
	Biosensing
	212 nm/RIU
	[111]



	Rib WG
	Silicon-on-sapphire
	Gas sensing
	-
	[77]



	Modified ridge WG
	Silicon-on-insulator
	Gas sensing
	0.0175 mW/gas conc.
	[36]



	Horizontal slot WG
	Silicon-on-insulator
	Biosensing
	893.5 nm/RIU
	[112]



	Hybrid plasmonic WG-based ring resonator
	Silicon-on-insulator
	Biosensing
	580 nm/RIU
	[113]



	Hybrid plasmonic WG-based ring resonator
	Silicon-on-insulator
	
	(I)

	
Gas sensing;




	(II)

	
Biosensing






	
	(I)

	
690 nm/RIU;




	(II)

	
401 nm/RIU






	[93]



	Double slot hybrid plasmonic WG based MZI structure
	Silicon-on-insulator
	Biosensing
	1061 nm/RIU
	[114]



	Racetrack ring resonator
	Silica-titania
	Biosensing
	142.5 nm/RIU
	[11]



	Subwavelength grating structure
	Silica-titania
	Biosensing
	120 nm/RIU
	[43]



	Planar optical WG
	Polymer
	Biosensing
	0.75 pixel/nM
	[115]



	SWG hybrid plasmonic WG
	SOI
	Biosensing
	1000 nm/RIU
	[116]



	Plasmonic WG loaded with functional polymer
	Gold
	Gas sensing
	226 pm/ppm
	[117]



	Polymer WG coupled surface plasmon
	Polymer
	Biosensing
	4518.14 nm/RIU
	[118]










6. Conclusions


Utilizing the evanescent field, photonic sensors provide a sophisticated means of detecting and analyzing diverse substances with exceptional sensitivity. These sensors capitalize on the distinct properties of the evanescent field—an electromagnetic field extending just beyond the surface of an optical WG. As light traverses the WG, a portion of its energy infiltrates the surrounding medium, giving rise to the evanescent field. Photonic sensors exploit variations in this field induced by the presence of specific target substances, including biological molecules or chemical analytes. Interactions between these substances and the evanescent field lead to changes in the field’s intensity or phase, facilitating precise measurements. Particularly beneficial in biosensing applications, this approach enables the label-free detection and real-time monitoring of biomolecular interactions. Evanescent field-based photonic sensors find diverse applications in medical diagnostics, environmental monitoring, and industrial processes, underscoring their versatility and significant potential across multiple fields. Ridge WGs, slot WGs, and hybrid plasmonic WGs each present unique sensitivities in the realm of photonic sensors. Slot WGs offer enhanced sensitivity by leveraging the subwavelength gap between two closely spaced layers, facilitating strong light–matter interactions. Hybrid plasmonic WGs, combining dielectric and plasmonic materials, exhibit heightened sensitivity owing to the surface plasmon resonance effect, amplifying the electromagnetic field at the WG surface. The choice between these WG configurations depends on specific application requirements and the nature of the target analytes, with each design offering a tailored balance between sensitivity, fabrication complexity, and integration capabilities in the context of photonic sensing technologies. This review provides a brief overview of the integrated photonic sensors realized for biosensing and gas-sensing applications.
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Figure 1. Illustration of the WG evanescent field interacting with the analytes in the ambient medium. 






Figure 1. Illustration of the WG evanescent field interacting with the analytes in the ambient medium.



[image: Photonics 11 00198 g001]







[image: Photonics 11 00198 g002] 





Figure 2. Normalized E-field distribution in the WG geometry at an operational wavelength of 1550 nm: (a) ridge WG of dimensions W × H = 450 nm × 250 nm, (b) slot WG of dimensions W × H = 270 nm × 250 nm and a gap = 50 nm, (c) modified ridge WG geometry of dimensions W × H = 450 nm × 250 nm with a 25 nm buffer layer between gold layer and WG core. 
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Figure 3. EFR calculation for (a) SOI ridge WG, (b) Si3N4 ridge WG, (c) SU-8 ridge WG. 
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Figure 4. (a) Relationship between EFR/sensitivity and WG geometry; (b) EFR versus refractive index of material platform. 
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Figure 5. The MIR absorption spectra of specific compounds are characterized by their relative intensities. In this context, H2O represents water, CO2 stands for carbon dioxide, CO denotes carbon monoxide, NO represents nitric oxide, NO2 signifies nitrogen dioxide, CH4 corresponds to methane, O3 indicates oxygen, and NH3 stands for ammonia [75]. 
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Figure 6. (a) Illustration of the structures of three distinct slot WGs employing Ge-on-CaF2 materials: (a) a conventional slot WG [84], (b) a partial-strip-loaded slot WG [84], and (c) a full-strip-loaded slot WG [84]; (d–g) Normalized E-field distribution in dual hybrid plasmonic WG and at different segments of the WG [36]; (h) Optical microscope image from the top view showcasing the fabricated WG [3], (i) Cross-sectional SEM image of the WG. The fabrication process has yielded a membrane with dimensions of 130 µm width and 350 nm thickness [3]. 
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Figure 7. (a) Depiction of the BiMW biosensor designed for the direct detection of the entire SARS-CoV-2 virus, employing bioengineered nanobodies (Nb) as recognition elements [107]; (b) Schematic representation of the sensing principle underlying the BiMW interferometer [107]; (c) Image of the BiMW sensor chip, with a EUR 1 coin included for dimension comparison [107]; (d) Photo of the laboratory setup for conducting BiMW biosensing measurements [107]. 
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