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Abstract

:

The selection of an affordable method to fabricate plasmonic metasurfaces needs to guarantee complex control over both tunability and reproducibility of their spectral and morphological properties, making plasmonic metasurfaces suitable for integration into different sensing devices. Displacement Talbot lithography could be a valid solution thanks to the limited fabrication steps required, also providing the highly desired industrial scalability. Fabricated plasmonic metasurfaces are represented by a gold nanohole array on a glass substrate based on a triangular pattern. Scanning electron microscopy measurements have been recorded, showing the consistency of the surface features with the optimized design parameters. Reflectance and transmittance measurements have also been carried out to test the reliability and standardization of the metasurface’s optical response. Furthermore, these plasmonic metasurfaces have also been successfully tested for probing refractive index variations in a microfluidic system, paving the way for their use in sensitive, real-time, label-free, and multiplexing detection of bio-molecular events.
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1. Introduction


The development of the next-generation sensing devices faces the challenge of guaranteeing rapid and efficient detection of multiple analytes in parallel, together with portability features, mainly related to mechanical stability, low power consumption, accessibility, and user-friendly interfaces [1].



Biosensing technologies are commonly based on the interaction of a target molecule (analyte) with a specific receptor, properly immobilized on the surface of a sensor, which converts the analyte–receptor binding events into a measurable signal. Depending on the method of detection of the target analyte, biosensors can be categorized into a few common groups, such as optical, electrochemical, or mechanical-based sensors. In particular, optical detection platforms based on surface plasmon resonance (SPR) offer several advantages, including high sensitivity to refractive index changes in the local environment, multiplexing capability, photostability, label-free reading, and the ease of miniaturization [2].



Among others, plasmonic metasurfaces (PMs) are widely applied as sensing platforms for the detection of contaminants and relevant (bio)markers and (bio)molecules for environmental, (bio)medical and food applications [3,4,5,6]. Indeed, dielectric/metal periodic structures allow surface plasmon resonances to be tailored by optimizing the surface topography, i.e., by changing the shape of the unit cell, tuning the lattice periodicity, and varying the crystal symmetry [7]. Extensive efforts are addressed in providing effective improvements for reliable and cost-effective manufacturing solutions, enabling massive production of miniaturized nanostructured sensing devices suitable for hybrid integration with other components into portable platforms [1,8]. However, the challenge remains to find a balance between the desired theoretical efficiency of the PMs and the most suitable technique for combining adequate resolution, good reproducibility, and quality of the PMs’ structures. Nonetheless, nanofabrication methods allowing cost- and time-efficient runs of patterning large areas (wafer scalability) are highly desired in view of massive scaling-up, making their manufacture attractive both to academic research and industry [9].



One of the most applied structures in plasmonics consists of a hybrid metal/dielectric metasurface made of periodically arranged gold nanohole array (GNA), offering the possibility of controlling the light coupling with both propagating surface plasmon resonances and localized surface plasmon resonances [8,10,11,12]. Its main advantage relates to its simplicity in tuning and adjusting the spectral properties according to the structural parameters of the holes in the array, as well as to its metal-layer properties [11,12,13]. Indeed, the symmetry of the structure, shape, dimensions, and spacing of the holes, together with the thickness of the gold layer, are important parameters that can affect the optical properties and then the sensing performance of the GNAs [14]. PMs based on GNAs have been efficiently tested as biosensing platforms for several applications, like SPR [8,15,16] and plasmon-enhanced fluorescence (PEF) [17,18,19,20].



In this framework, Plasmore Srl [21] has developed a sensor based on GNA fabricated by resorting to a multistep approach, combining nanosphere lithography and plasma-based processes. The resulting PM consists of a hexagonal arrangement of polymer/air nanoholes, embedded in an optically thick gold layer deposited on a glass substrate. This PM has been demonstrated to be an effective high-performance biosensing platform in SPR and SERS applications [16]. Successful preliminary trials have already been performed targeting multi-signal analysis by also resorting to PEF detection [17]. In addition, a remarkable level of technology implementation into actual devices has been achieved and the PM has been successfully incorporated into a compact and monolithically integrated system for the detection of relevant milk-related analytes [22]. Despite these valuable results, the actual fabrication protocol shows some disadvantages: limited number and size of the samples processable in parallel due to manufacturing equipment constraints and lack of in situ quality control during the different processing steps. This translates into time-consuming efforts, both in terms of personnel and materials, to guarantee reproducible PMs with high-volume production.



During the last decade, displacement Talbot lithography (DTL) has emerged as a promising manufacturing technique combining the requirements of high resolution, scalability, versatility, and ability to pattern substrates on large areas at relatively low cost [23,24,25,26,27]. The DTL method is based on the use of a selected photomask and UV exposure to create patterns (such as 1D linear gratings, 2D arrays with hexagonal or square symmetry, and more complicated patterns) in a photoresist. This lithography technique relies on setting a specific Talbot distance, integrated into the diffraction field transmitted via a grating mask to obtain effectively patterned large areas, independently from the distance between substrate and mask. The resolution limit relates to the wavelength for the exposure, allowing a minimum pitch slightly below one-half of the wavelength to be achieved. The mentioned advantages of DTL make this method a promising route for a fast, robust, and scalable process in the manufacturing of a periodic PM like the GNAs.



In this paper, we report the feasibility study carried out within the NFFA-Europe-Pilot project, aiming at realizing a PM based on a GNA utilizing a multistep lithographic method based on a novel joint usage of DTL and Ar ion-milling. DTL is used to develop the pattern on the resist onto the gold layer with a custom physical mask made using e-beam lithography. Then, an Ar ion-milling step is used to drill the holes in the metallic layer. While both DTL and Ar ion-milling are already established technologies, the combination of these techniques for the fabrication of wafer-scaled PMs is demonstrated here for the first time to the best of our knowledge, and it is able to guarantee a reliable and standardized optical response (Figure 1). These PMs have been successfully designed and fabricated on a 100 mm glass wafer, assessing the requirement of industrial manufacturing scalability. It is worth noting how the diffraction pattern shown in Figure 1 suggests the presence of a monocrystal, indicating high uniformity of the array pitch over the whole wafer, and thus assessing the scalability of the technique.



The optical characterization showed a response in the range of interest with localized plasmonic resonance in the near-infrared region. These surfaces were effectively probed for refractive index variations in a microfluidic cell, paving the way for their use as potential (bio)sensing platforms, as a valid substitute for the ones obtained using the limited multistep fabrication method used so far by Plasmore Srl.




2. Materials and Methods


2.1. Lithographic Process


The samples were patterned using displacement Talbot lithography (DTL) [23] and then etched into the underlying gold layer via Ar ion-beam milling. Double-sided polished 100 mm round fused silica wafers were used as a substrate; 5 nm Ti adhesion layer and 80 nm gold layer were deposited via thermal evaporation without breaking the vacuum between the layers. The 180 nm AZ Barli-II antireflective coating (ARC) from Merck (Darmstadt, Germany) and 300 nm positive photoresist PFI-88 from Sumitomo Chemical [28] were deposited using spin coating and baked on a hotplate for 60 s at 180 °C and 90 °C, respectively. The exposure was undertaken using a PhableR200C tool and a phase mask with a hexagonal hole array with a period of 600 nm, both from Eulitha AG (Würenlos, Switzerland). During the lithography step, the phase mask was illuminated with coherent collimated UV illumination (with a wavelength of 377 nm in our case). The diffraction of the beam on the periodic pattern forms what is known as the Talbot carpet under the mask. In classical Talbot lithography, the sample is placed in one of the Talbot self-image planes to obtain the exposures, which is very demanding over large areas due to very narrow mask-to-sample distance tolerances. This problem is resolved in the displacement Talbot regime, in which the sample is continuously moving along the beam propagation, as shown by the arrow marked “DTL scan” in Figure 2. This way, the photoresist integrates the intensity of the Talbot peaks and is insensitive to the exact initial location of the substrate in the Talbot carpet. The DTL exposures therefore enable exposures on uneven or even curved substrates due to a very long (theoretically infinite) depth of focus. In the case of small-pitch hexagonal dot (or hole) arrays, the periodicity of the DTL pattern in the photoresist is a one-to-one copy of the mask. We performed the exposure using an unpolarized beam with a wavelength of 377 nm. The DTL scan range was 19 µm, which corresponds to 10 Talbot distances (~2p2/λ). We performed scans over several Talbot distances to avoid possible non-uniformities, which could be caused by non-linear movement of the stage and/or possible inaccuracies or nonuniformities in the height of the phase mask, as we demonstrated recently [29]. After the exposure, the photoresist was developed, and the underlying ARC layer was etched in oxygen plasma. The opened holes were then milled via Ar milling in an IonFab300 tool from Oxford Instruments Plasma technology (Bristol, UK) at 10 deg Ar beam incidence angle on a continuously rotating sample at 20 rpm, table temperature 19 °C, Ar flow 9 sccm, ion acceleration voltage 350 V, ion current 55 mA for 10 min. Finally, the residual resist was removed via oxygen plasma ashing in a TePla 300 tool from PVA TePla AG (Wettenberg, Germany) using O2 flow 300 sccm, pressure 790 mTorr, power 600 W for 20 min.




2.2. Optical Characterization


The optical characterization was carried out by measuring reflectance (R) spectra using a fast Fourier transform spectrometer (Bruker IFS66s, Bruker Optics GmbH & Co. KG, Ettlingen, Germany) equipped with either a silicon or an InGaAs photodetector (Teledyne Judson Technologies, Montgomeryville, PA USA) and coupled with a home-made microreflectometer, allowing angle-resolved measurements. The divergence of the impinging light beam was around 1° and the illuminated area on the sample was roughly (200 × 200) µm2. Spectral resolution was set to 16 cm−1. All R intensities were measured using transverse-magnetic (TM) polarized light.



Reflectance measurements at near-normal incidence (5°) were performed from the back of the PMs, by illuminating and collecting light from the glass substrate side of the sample. The same configuration was also used to perform the refractive index (RI) variation measurements. A custom microfluidic cell was made using a plexiglass slide. Water and ethanol (EtOH) solutions in water at different concentrations were injected into the cell. Starting from pure water (n = 1.33), solutions with 10% and 50% of EtOH were used to obtain an RI change of 8 × 10−3 RIU and 2.1 × 10−2 RIU, respectively. The value of RI for each solution was measured immediately before the injection into the microfluidic cell using an Abbe refractometer (Zeiss, Tokyo, Japan). The variations in R relating to the different EtOH solutions were evaluated in terms of the percentage change of the signal with respect to the R measured in pure water.





3. Results


The resulting structures are shown in Figure 3 before and after photoresist removal. One can observe two types of artifacts in the structures after the photoresist removal. The first type appears as some residuals between the holes. We believe they are related either to the redeposition of the material during the milling onto a surface of the photoresist mask or formed during plasma stripping during the plasma-ashing step. One cannot see the sign of these defects on the surface of the photoresist, however (see Figure 3 left). In either case, one possible solution to avoid them is to strip the photoresist chemically. Another type of artifact appears as tube-like structures around the edges of the holes above the surface of the film. These are caused by the redeposition of the milled material onto the sidewalls of the photoresist milling mask. These structures appeared to be very hard to remove using Ar milling at oblique ion incidence angles. We assume that the reason for this is that these structures consist mostly of heavily carbonized gold, while carbon itself is one of the hardest materials to remove using Ar milling. These artifacts are inevitable consequences of the Ar milling process. We therefore decided to make our spectroscopic measurements on these structures as they are. One possible solution to reduce these artifacts in the future would be to use a hard mask or thin down the photoresist layer thickness to a minimum required.



Figure 4 shows the measured R spectrum with a solid line, while the simulated R spectrum is shown with a dashed line. By using a customized particle swarm optimization algorithm implemented in the commercial software Ansys Lumerical FDTD (release 2023 R2.3, v8.30.3578) [30], finite-difference time-domain (FDTD) numerical simulations were performed to optimize the PM to properly engineer the geometrical parameters and design the morphological features to finely tune its optical response within the near-infrared region, as reported in [31].



As for the simulated curves, it is possible to notice an R maximum around 800 nm, showing the opening of a plasmonic band gap, strictly related to the pitch equal to 600 nm in a triangular lattice [17]. The main plasmonic resonance is instead evident in the R spectrum as a dip at 885 nm, corresponding to the tuning wavelength (λt).



Measured and simulated spectra are in good agreement in terms of the position of the plasmonic bandgap and main localized resonance. The spectral shape and the position of the reflectance minimum are well retrieved by the simulations, while the minimum intensity is higher for the simulated data. The difference in the signal intensity can be attributed to a lack of thermal post-treatment, which results in a mechanical weakness and degradation of the gold–air interface.



A deeper optical characterization of the main localized mode was carried out using angle-resolved reflectance measurements, with incidence angles varying in the interval between 5° and 35°. The lowest angle value was imposed by our setup, because it is the minimum angle of incidence that can be used; the highest angle was instead defined due to the dip wavelength position, which is too close to the upper detection limit of a standard silicon-based photodetector usually applied for (bio)sensing measurements in the near-infrared spectral range. The spectral position of the resonance dip shifted towards higher wavelengths as a function of the increase of the incidence angle, as reported in Figure 5.




4. Discussion


The SEM images reported in the previous section allow for the interpolation of the structural parameters of the obtained PM. The diffraction pattern of the PM’s wafer shown in Figure 1 indicates high uniformity of the array pitch, which strongly determines the plasmonic resonance position, thus suggesting the uniformity of the optical response.



The DTL technique allowed us to efficiently realize GNA metasurfaces tuned at the wavelength provided via a customized particle swarm optimization algorithm, previously implemented and employed in [31]. Indeed, the resulting GNA is made on a gold layer with a thickness of around 80 nm and shows good reproducibility of the triangular lattice periodicity over the entire area of a 100 mm wafer, with a pitch of 600 nm and a hole diameter of around 200 nm. These features are in good agreement with the model introduced within the FDTD numerical simulations, where the pitch was set to 600 nm and the optimized hole diameter to 194 nm, resulting in the tuning wavelength at 885 nm. Near-normal incidence reflectance spectra show a high-quality optical response compared to standard colloidal lithography [17] as well as e-beam or ion-beam lithography [32,33,34], which are considered reference methods for periodic patterns such as PMs.



The angle-resolved reflectance spectra, acquired in the backside configuration, show dispersion of the localized plasmonic resonance, in line with the results reported for the standard nanofabrication technique in use so far by Plasmore Srl, assessing the consistency of the PM realized by means of DTL. This behavior suggests that reflectance measurements performed from the glass side of the sample are sensitive to refractive index changes at the opposite interface, even if the gold film is relatively thick. Moreover, the possibility of illuminating and collecting light from the glass side of the sample offers the advantage of easily interfacing it with a microfluidic cell, which is an essential requirement for biosensing applications. Indeed, to favor the interaction between analyte and receptor, the biomolecular assays are normally carried out in liquid.



To verify the effectiveness of the fabrication process, the detection capability of the PM under investigation was tested using a sensitivity measurement. The adhesion of molecules to the nanostructured surface is associated with a RI variation of the local environment. Due to the extreme sensitivity of surface plasmonic resonances to such a variation, it is possible to track the changes in their optical signature in R (i.e., the shift of the main resonance dip) as a tool for molecular detection, which is at the basis of SPR sensors [16].



RI changes have been obtained by changing the EtOH concentration in a water solution. The results of the tests obtained with 10% and 50% EtOH solutions are shown in Figure 6. If compared to the spectra reported in the Section 3, it can be noticed that the reflectance minimum of R in water is red shifted with respect to the corresponding spectrum taken in air and the localized resonance dip moves to 912 nm. A further small red shift of a few nm also occurs when the RI of the liquid flowing on the surface of the PM is slightly increased, as in the case of 10% and 50% EtOH solutions. The detail of the R behavior around the resonance minimum reported in the inset of Figure 6 highlights the red shift and the (small) intensity change of the R for the different EtOH solutions.



As an indication of the sensitivity, the collected reflectance data were analyzed to easily quantify the amount of signal variation and correlate it with the RI change. The relative variation (ΔR/R) was calculated as a percentage by considering the difference of the R values between the tested EtOH solution and pure water (ΔR = Rsolution − Rwater) and normalizing the obtained value to the R in pure water (Rwater). The graph of ΔR/R as a function of the wavelength is plotted in Figure 7. It is evident that for increasing values of RI at the exposed surface, the reflectance variation shows two main regions around the wavelength of the localized mode, leading to a positive (increase in the reflectance intensity) and a negative peak (decrease in the reflectance intensity) for the smaller and larger wavelengths, respectively. The ΔR/R variation can be quantified as the peak-to-peak difference between the largest change occurring within those two regions. The total variation can be estimated to be roughly 3.5% for the 10% EtOH solution and 7.5% for the 50% EtOH solution, resulting in a variation of approximately a factor of 2.1 between the two solutions. These values can be compared with the RI changes of 8 × 10−3 RIU and 2.1 × 10−2 RIU measured for the two EtOH solutions, respectively. When a more concentrated solution is considered, the corresponding RI is roughly 2.6 times higher than the one corresponding to the solution at a lower EtOH concentration. The possibility of distinguishing this relative signal variation is in good agreement with RI changes and paves the way for the promising applicability of the presented nanofabrication to realize PMs meant to be applied as sensing platforms, thanks to their capability to measure small refractive index changes, as in the case of (bio)molecule detection.




5. Conclusions


In this paper, we reported the successful scaling up of a nanofabrication process to obtain tailored PMs for optical (bio)sensing applications. The study was carried out within the NFFA-Europe-Pilot project, aiming at realizing a PM based on GNA by a DTL manufacturing method, able to guarantee a reliable and standardized optical response. These PMs were based on a bidimensional triangular lattice realized on a gold layer deposited on a glass substrate and were meant to provide a valid substitute for the platform used so far by Plasmore Srl, characterized by a complex fabrication protocol resulting in time-consuming and low-volume production, in combination with limited reproducibility control.



Entering into details, the geometrical and morphological features were investigated using SEM, while the optical response was tested via fast Fourier transform spectroscopy. Microscopy characterization provided good agreement between the surface features (pitch, hole size, gold thickness) identified during the design and optimization steps.



On the other hand, the optical characterization showed a response in the near-infrared region of interest, characterized by a localized plasmonic resonance, well-tuned at 885 nm. Angle-resolved reflectance spectra, acquired by illuminating and collecting light from the glass back of the wafer, showed a dispersion of the localized plasmonic resonance, perfectly in line with the results previously obtained by Plasmore Srl with its standard nanofabrication technique based on colloidal lithography, assessing the consistency of the GNA realized by means of DTL.



To further verify the effectiveness of the fabrication process, the detection capability of small changes in the surrounding refractive index was tested through sensitivity measurements. Sensitivity tests were performed on two solutions with different EtOH concentrations in pure water by means of a customized microfluidic cell, which confirmed GNA competitiveness in terms of SPR-based probing efficiency. This paves the way for applying these GNAs as sensing platforms for the detection of biomolecular binding events, giving a successful chance for SPR sensors to finally reach the market.



A future plan for investigating this manufacturing method has been considered to verify the effectiveness application area with a specific interest in boosting their versatility, in view of the integration of this nanostructured surface into different miniaturized sensing devices. This is particularly interesting from the perspective of broadening the possible fields of application of the resulting structures, pushing the consequent technology transfer impact in cutting-edge technologies. Nonetheless, DTL might also be an alternative to more expensive lithography-based methods, in particular e-beam lithography, for fast prototyping purposes but also first approach purposes for new research-oriented proof-of-concept platforms.



By way of illustration, we are now targeting the understanding of the effect behind the reshaping of the nanoholes. This will require introducing a tapering angle able to manipulate the electric field coupling mechanism, introducing a specific directionality from the front GNA surface to the glass substrate back. In this way, the glass back can be used for both illumination and signal collection, defining a preferred direction of propagation for the electric field and allowing performing measurements in reflection geometry. In this way, the nanostructured front surface is completely available for functionalization and interfacing with the liquid to be analyzed, making the optimized PMs highly compatible with the best practice microfluidic requirements. Indeed, a signal acquisition configuration based on backside reflection is one of the more desirable features when engineering an optical SPR sensor for the detection of (bio)markers and/or (bio)molecules for environmental, (bio)medical, and food applications.
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Figure 1. Picture of the 100 mm wafer obtained as a result of the lithographic process. 
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Figure 2. Schematics of the fabrication process of the plasmonic hole arrays using displacement Talbot lithography and Ar ion milling. 
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Figure 3. SEM-image at 30° inclination angle of the Ar milled Au hole array before (left) and after (right) photoresist removal. 
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Figure 4. Measured (solid line) and simulated (dash line) spectra of reflectance at near normal (5°). The tuning wavelength (λt) is indicated at 885 nm. 
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Figure 5. Reflectance spectra acquired in backside configuration, in the 5–35° incidence angle interval. 






Figure 5. Reflectance spectra acquired in backside configuration, in the 5–35° incidence angle interval.



[image: Optics 05 00012 g005]







[image: Optics 05 00012 g006] 





Figure 6. Shift of the wavelength position for the localized plasmonic resonance, depending on the refractive index variation of the surroundings. 
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Figure 7. Relative reflectance variation for different EtOH solutions in pure water. 
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