Nanostructured Photonic Crystal Slabs as Multidomain Platforms for Label-Free Optical, Electrochemical, and Opto-Electrochemical Sensing
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Modern sensing platforms increasingly require more than a single readout mechanism. Many surface processes relevant to chemical, biological, environmental, and electrochemical systems involve several coupled phenomena, including refractive-index (RI) changes, adsorption, ion redistribution, charge accumulation, surface modification, and changes in local dielectric properties. A sensor that can observe only one of these effects may provide incomplete information about the interface. Therefore, architectures capable of combining optical and electrochemical readouts within the same surface platform are attractive for future analytical and operando sensing systems. Label-free optical sensing is particularly useful because it enables rapid, non-destructive, and real-time detection of target–surface interactions without the need for fluorescent or chemical labels. In such systems, the sensing signal is usually based on RI changes near the sensor surface. When molecules adsorb, when a thin layer forms, or when the composition of the surrounding medium changes, the local optical environment is modified. This modification can be detected as a change in the optical response of the sensor. Nanostructured photonic crystal (PhC) slabs represent a promising platform for this purpose. A PhC slab is a periodically patterned optical structure that supports resonant modes. When light interacts with the periodic surface, guided-mode-resonance (GMR)-type spectral features can be generated. The wavelength position of these resonances is highly sensitive to the local dielectric environment near the structured surface. As a result, surface adsorption, thin-film growth, biomolecular binding, or RI variation in the surrounding medium can be monitored through measurable resonance wavelength shifts. The proposed concept is to extend this PhC slab platform from purely optical sensing toward electrochemical/opto-electrochemical operation. In this configuration, the same structured interface would perform two roles. First, it would act as an optical transducer, where resonance shifts report near-surface optical or dielectric changes. Second, it would operate as an electrochemically addressable interface, where current–potential signals provide information about charge-transfer, ion transport, or other electrochemical processes. The combination of these two readouts could provide a more complete description of the same interfacial event. This dual-readout strategy is important because optical and electrochemical signals are not equivalent. An electrochemical signal can indicate electron-transfer activity, capacitive charging, or redox processes, but it may not directly reveal whether a molecular layer has formed, whether the local RI has changed, or whether a passive interfacial film is growing. Conversely, an optical resonance shift can detect dielectric or adsorption-related changes near the surface, but it may not identify the electrochemical origin of those changes. Combining both signals may therefore help separate optical, chemical, and electrical contributions at complex interfaces. The main aim of this work is to define the concept and key material requirements for adapting PhC slabs from label-free optical sensors into electrochemical and opto-electrochemical sensing interfaces. Practical realization requires functional films that can simultaneously support optical/electrochemical operation. Such films should provide sufficient electrical conductivity, electrochemical stability within the selected electrolyte and potential window, chemical robustness, low optical absorption in the resonance range, conformal coverage of the nanostructure, and compatibility with surface functionalization. At the same time, the PhC design must preserve a sufficiently sharp and stable resonance while allowing the optical field to interact efficiently with the electrochemically active interface. Such a multidomain platform could be relevant for monitoring adsorption, biomolecular binding, ion accumulation, surface oxidation, corrosion-layer formation, electrocatalytic modification, and electrically induced interfacial changes. For example, a surface process that produces only a weak current response may still modify the local dielectric environment and become visible optically. This makes the concept attractive for interface studies where conventional single-channel sensing may be insufficient. Therefore, further development requires careful selection of active films, analytes, electrolyte conditions, robust surface architectures, and measurement protocols. This contribution introduces nanostructured PhC slabs as a conceptual bridge between label-free optical sensing and electrochemical interface monitoring. The aim is to present the platform to see how such structures could be adapted for meaningful electrochemical and opto-electrochemical applications.
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