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Abstract

:

Unconventional lithography (such as nanosphere lithography (NSL) and colloidal lithography (CL)) is an attractive alternative to sequential and very expensive conventional lithography for the low-cost fabrication of large-area nano-optical devices. Among these, nanohole (NH) arrays are widely studied in nanoplasmonics as transducers for sensing applications. In this work, both NSL and CL are implemented to fabricate two-dimensional distributions of gold NHs. In the case of NSL, highly ordered arrays of gold NHs distributed in a hexagonal lattice onto glass substrates were fabricated by a simple and reproducible approach based on the self-assembling of close-packed 500 nm diameter polystyrene particles at an air/water interface. After the transfer onto a solid substrate, the colloidal masks were processed to reduce the colloidal size in a controllable way. In parallel, CL was implemented with short-range ordered gold NH arrays onto glass substrates that were fabricated by electrostatically-driven self-assembly of negatively charged colloids onto a polydiallyldimethylammonium (PDDA) monolayer. These distributions were optimized as a function of the colloidal adsorption time. For both approaches, controllable and reproducible procedures are presented and discussed. The optical responses of the NH structures are related to the short-range ordering level, and their good performances as refractive index transducers are demonstrated.
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1. Introduction


The recent widespread interest in nanomaterials has favored the development of nanofabrication techniques for fine control of their size-, shape-, and relative spacing-dependent properties. The top-down techniques routinely used to fabricate nanostructures with high degrees of repeatability and purity, periodic arrangements, and a few nanometer-sized features include electron beam lithography (EBL) [1], focused-ion beam lithography (FIB) [2,3], scanning tunneling microscopy [4], and atomic force microscopy [5]. These techniques are poorly cost effective, time-consuming, use very specialized equipment, require multiple processing steps, are unsuitable for large-area (larger than a few μm2) patterning, and are poorly massively parallel approaches. As a low-cost, simple, large-area and general in regard to materials and substrates alternative to these inherently serial processes nanosphere lithography (NSL) [6,7] and colloidal lithography (CL) [8,9] are receiving a considerable amount of interest in laboratories around the world. These approaches use self-assembly processes of polymer (silica, latex, or polystyrene) colloids at a liquid–liquid or liquid–solid interface, and they start with a suspension of commercial monodispersed colloids with sizes ranging from 30 nm to 250 µm in spherical diameter [10,11].



NSL is attracting a growing interest because of its compatibility with wafer-scale processes as well as its potential to manufacture a wide variety of nanostructured materials. It enables parallel surface patterning of large areas, hence, allowing the creation of complex nanostructured systems with variable shapes and distributions. Combining the major advantages of both top-down and bottom-up approaches, NSL enables the fabrication of nanostructured materials on a desired substrate. This is achieved by depositing metals through the small apertures of a low-cost lithographic mask composed of a compact array of polystyrene nanospheres. Under appropriate conditions, these nanospheres can self-assemble into a close packed array (CPA), which is a two-dimensional, crystal-like structure characterized by hexagonal geometry [12,13].



For applications demanding a homogeneous distribution of metal nanostructures on a very large area, CL is a valid alternative. Its working principle is the electrostatically-driven adsorption of likely-charged polymeric colloids onto a collector surface. The collector surface is preliminarily countercharged by depositing a polyelectrolyte multilayer. Adsorption and arrangement of the colloidal mask results from the interplay between several interactions, mainly colloid–substrate attraction, colloid–colloid repulsion, in-plane Brownian diffusion, and capillary lateral attractive forces present during drying [14,15,16].



The main difference between the colloidal arrangements resulting from NSL and CL is the degree of ordering, that is, long- and short-range ordering in the former and latter case, respectively. From an application standpoint, the colloidal distributions that are self-assembled by capillary and/or electrostatic interactions are used as evaporation and/or etching masks, and they are easily removed by tape stripping. Indeed, planar distributions of plasmonic nanostructures with tailored optical functionalities can be realized by depositing metals through the small apertures of the CPA. In particular, the as-deposited array of nanospheres can be exploited for the fabrication of highly ordered arrays of gold nanoprisms distributed in a hexagonal lattice [6,17,18,19,20,21]. However, several approaches have been recently developed to extend the possibilities offered by NSL for the realization of metal nanoantennas characterized by different geometrical properties [22]. The variety of shapes is especially important for plasmonics, in both fundamental studies and applications, because of the shape-dependence of localized surface plasmon resonances. The CPA of polystyrene (PS) particles deposited onto solid substrates can be modified in a post-treatment etching process, in which the diameter of the spheres can be reduced in a controllable way to a desired size. This process induces the formation of non-close packed arrays of nanospheres [23], which can be exploited for the fabrication of long-range ordered nanohole (NH) arrays into Au thin films [24].



Turning to CL, distributions of short-range ordered metal nanoantennas can be fabricated by etching the thin evaporated film, previously masked by an array of colloidal nanoparticles, followed by removal of the colloidal mask by UV-ozone treatment. Hole mask lithography is a variant of the same technique [25,26,27]. Otherwise, easy removal of the short-range ordered colloids, capped by a thermally evaporated film by tape-stripping, results in a supported perforated film [28].



Advantages of both NSL and CL are their low cost, high reproducibility, large area deposition, and the possibility to tune spacings and sizes of the adsorbed colloids using plasma etching [29].



The top-down, unconventional lithographic techniques described above are particularly interesting for the fabrication of nanoplasmonics systems (i.e., metal nanoantennas and nanohole (NH) arrays) [29,30,31,32,33]. In particular, metallic NH arrays are being widely studied to get a basic understanding and optimization of their optical, as well as their applications in several fields (for instance, sub-wavelength photolithography [34,35], nonlinear optics (interferometric plasmonic lensing) [36,37], surface-enhanced Raman scattering (SERS) [38,39], surface-enhanced fluorescence spectroscopy [40,41,42], and especially as chemical sensors and biosensors [28,43,44,45,46,47]).



The interest in NH arrays dates to the discovery of the extraordinary optical transmission phenomenon [48,49]. This is the occurrence of transmission resonances and enhancements unpredicted by Bethe’s classical theory [50] in sub-wavelength holes periodically arranged in an optically thick metal film. All of this was first attributed to resonant excitation of Bloch-wave surface plasmon polaritons (SPPs), where incident wave-grating coupling satisfies momentum- and energy-matching conditions [51,52]. According to this interpretation, transmission maxima were associated with Block wave SPPs. However, a red-shift of transmission maxima was experimentally reported, which was theoretically predicted by lattice-coupling mechanisms [2,3,4,5,6,7,8,9,10,11,12,13,14,15,16,17,18,19,20,21,22,23,24,25,26,27,28,29,30,31,32,33,34,35,36,37,38,39,40,41,42,43,44,45,46,47,48,49,50,51,52,53,54] as well as the correlation between transmission minima and propagating SPPs (PSPR modes) and between transmission maxima and localized surface plasmon modes (LSPR) [55]. Presently, LSPRs are of particular interest because of their practical convenience in easily fabricating short-range ordered NH systems by CL. On the other hand, since most research has focused on long-range ordered (periodic) metal NH arrays over the last decades, the effects of short-range ordering on the optical response of NH arrangements and the analogies between periodic/long-range situations deserves further investigation.



In this work, both NSL and CL are implemented to fabricate two-dimensional distributions of metal NHs onto flat substrates. To detail, the ordered NH array prepared by NSL was obtained by a very simple and reproducible bottom-up approach based on the preparation of self-assembled monolayers of close-packed polystyrene particles 500 nm in size on a liquid surface. This method enables the creation of highly ordered, colloidal crystals at the air/water interface over macroscopic areas, in the range of several square centimeters. Careful control of several parameters involved in the fabrication process (e.g., deposition rate, composition of the colloidal solution, glass slide deposition angle, humidity, and temperature) allowed for the colloidal suspension to be deposited on the liquid surface, inducing the formation of a floating, self-assembled monolayer of polystyrene particles. The assembled monolayer, easily transferred onto a flat glass substrate and subsequently modified by a post-treatment etching process in which the diameter of the spheres could be reduced in a controllable way to a desired size, thus allowed the fabrication of highly ordered, hexagonal lattice arrays of NHs.



In parallel, the CL method was also implemented by the adsorption of negatively charged polystyrene nanospheres from a salt-free aqueous solution onto a polydiallyldimethylammonium (PDDA) polyelectrolyte monolayer, rather than the conventional polyelectrolyte multilayer. By means of this simplified CL protocol, and by tuning the adsorption time of colloids, we demonstrate good quality NH distributions with negligible agglomeration effects from lateral capillary forces. We focus our discussion on the colloidal diameter of 80 nm, based on the evidence that field enhancement of NH arrangements is more homogeneous and confined to the NH region when the NH diameter is lower than 100 nm [56]. Hence, we fabricated short-range ordered NH arrays with NH diameters of 80 nm in optically thin (i.e., 20 nm thick) gold films, and we characterized them in terms of NH ordering (distribution and NH-to-NH average distance).



For both nanofabrication techniques, the choice of proper experimental conditions for the mask assembly is crucial for the resulting long- and short-range ordered NH distributions. Here, such conditions are discussed and correlated with the optical properties of the NH array, namely, the excitation and spectral identification of propagating and localized surface plasmon modes. For instance, the obtained short-range ordered NH distribution obtained by CL is demonstrated to yield transmission resonances, which can be related to surface plasmon modes (either propagating or localized) as observed in the periodic counterpart distributions. For both approaches, controllable and reproducible procedures are presented and discussed. Functional characterization related to the detection of refractive index changes in a liquid environment is reported, thus, paving the way for future perspectives in the biosensing field.




2. Materials and Methods


2.1. Long-Range Ordered Nanoholes: Fabrication Protocol by Nanosphere Lithography


The self-assembly of nanospheres at the air/water interface was carried out in a homemade apparatus, schematically reported in Figure 1a. The designed setup allowed for a slow dispense of the particle suspension, using a tilted glass slide partially immersed into the water. The colloidal mask fabrication was carried out in standard glass Petri dishes, with diameters between 5 and 10 cm, filled with deionized water. The tilt angle of the glass slide used to dispense particles at the air/water interface played a key role in the quality of the final monolayer. Therefore, in the assembled setup, a separate holder enabled precise control of the slide position. In our experiments, tilt angles in the range between 35° and 40° were chosen. Polystyrene particles with a nominal diameter of 500 nm were used in the experiments; the particles were purchased from Sigma-Aldrich in aqueous suspensions with a concentration of 10 wt%; the coefficient of variation (CV) was specified to be 2.4%, while the density of the PS particles was 1.05 g/cm3. In order to obtain a high-quality colloidal mask, an accurate control of the meniscus shape, where the lattice started forming, was required. To this purpose, the substrate must present a homogeneous hydrophilic surface, which can be achieved with the following procedure, compatible with a wide variety of surfaces (silicon, optical glass, and metal surfaces). After dicing, the substrates were pre-cleaned by five minutes of ultrasonication and rinsed with acetone, ethanol, and deionized water. Following this, a well-established hydrophilization process based on oxygen plasma treatment (Diener Atto, 1 mbar O2, 100 W, 5 min) was applied immediately before the deposition process. In order to trap the polystyrene nanosphere at the air/water interface, a mixture of alcohol and polystyrene water solution was employed. In this work, the polystyrene particle solution was diluted to a final concentration of 2.5 wt % in a 1:1 ratio with 2-butanol, which acted as a spreading agent on the water surface. A motorized syringe pump allowed a slow dispense of a controlled volume of colloidal solution onto the glass slide, with a deposition rate of 2 μL/min. After the close packed array formation at the air/water interface, the monolayer had to be transferred onto a solid support. In order to avoid monolayer damage, the transfer from the air/water interface to the substrate was realized by a two-step water removal, based on the use of a peristaltic pump and a self-vaporization step. After the transfer onto a solid substrate, a post-treatment process based on oxygen plasma etching could be applied in order to induce the polystyrene mask modification, as schematically reported in Figure 2. A commercially available plasma cleaning setup (Diener ATTO, Diener electronics) was used to investigate the etching process of polystyrene nanospheres on different kinds of solid substrates. Polystyrene spheres were etched using 100 W RF (i.e., radio-frequancy) power plasma at a pressure of 10 mTorr, and exposure times were increased (2–6 min). A constant oxygen flow of 5 sccm was maintained throughout the etching process. As an example, the obtained non-close packed monolayers were used as lithographic masks to fabricate a planar distribution of highly ordered gold nanoholes.




2.2. Short-Range Ordered Nanoholes: Fabrication Protocol by Colloidal Lithography


Microscope glass slides, carefully cleaned by successive sonication in acetone and isopropanol, were used to fabricate supported gold (Au) NH arrays based on the following experimental procedure. The glass substrates were treated under oxygen plasma (100 sccm, 100 Watt, 250 mTorr for 60 s) to create a negatively charged surface that acted as an electrostatic binder of the positively charged polydiallyldimethylammonium (PDDA) (MW 200,000–350,000, Sigma Aldrich, Saint Louis, MO, USA polyelectrolyte. A salt-free and low concentration (0.2% in Milli-Q water) solution of PDDA [55] was adsorbed onto the plasma-processed glass substrates for ΔtPDDA = 40 s [57,58,59]. Prior to blow-drying with an N2-stream, the obtained PDDA monolayers were carefully rinsed with Milli-Q water to remove any excess and weakly bounded PDDA chains. Subsequently, the PDDA monolayers were immersed in salt-free colloidal solutions containing negatively charged commercial sulfate stabilized polystyrene beads (Thermo Fisher, 0.1 in Mili-Q water) with a concentration of CPS = 0.1% (diameter of 80 nm). The adsorption time ΔtPS of the polystyrene beads was tuned from 25 s to 10 min, then, each sample was carefully rinsed with Milli-Q water, immersed for 1min in a water bath heated at 100 °C [9], and blow-dried with N2. The experimental procedure described above yielded distributions of polystyrene nanospheres self-assembled onto a PDDA monolayer (Figure 1b, left panel) that were used as colloidal masks for the fabrication of short-range ordered NHs. In detail, an optically thin (20 nm Au) film was thermally evaporated over the colloidal masks. Then, the removal of the Au-capped polystyrene nanospheres by tape stripping (Figure 1b, middle panel) yielded a glass-supported Au film perforated with short-range ordered NHs (Figure 1b, right panel).



Based on the deposition parameters, the distributions of Au-capped polystyrene nanospheres will be referred to as PSDPS (ΔtPDDA − ΔtPS), where PS stands for “polystyrene”, DPS is the colloidal diameter, ΔtPDDA and ΔtPS refer to the adsorption time of PDDA and polystyrene beads, respectively, and CPS = 0.1% is understood. Straightforwardly, the associated Au NH array (Figure 1b, right panel) will be termed NHDPS (ΔtPDDA − ΔtPS). Table 1 lists the fabricated samples, named by the above detailed nomenclature and the associated fabrication parameters.




2.3. Topography, Spectral, and Refractometric Sensing Characterizations


According to the experimental method described above, a colloidal mask and the associated NH system shared ordering and interparticle distances. Hence, topography analysis of the colloidal masks provided complete information on the distribution of the counterpart NH arrays. On this basis, scanning electron microscopy (SEM) and atomic force microscopy (AFM) analyses were performed on the fabricated samples.



The SEM setup consisted of a Zeiss NVISION 40 (Jena, Germany) dual-beam focused ion beam (FIB) system, equipped with a high-resolution SEM Gemini column and an Oxford 350 x-act Energy Dispersive X-ray Spectrometer (EDS) (Oxford Instruments, Wiesbaden, Germany). Statistical analysis of the SEM images provided information on interparticle average distance and fractional coverage. The shown SEM micrographs were representative of the distribution features, as a result of SEM inspection of several areas of each sample.



The topography analyses of the NH distributions were performed by atomic force microscopy (AFM NT-MDT Spectralight, Moscow, Russia), and the topographic height signal images in semicontact mode were obtained.



Spectral characterization of the NH structures was performed based on (i) zero-order transmission and integration of sphere-based diffuse reflectance (R) spectra, recorded by a Cary 500 UV-VIS-NIR Spectrometer (Varian, Palo Alto, CA, USA) in air at normal illumination of the sample by a white light source, and (ii) angle-dependent transmittance measured in air for incidence angles varying from zero (normal incidence) to 50° by the same spectrophotometer integrated with a manually driven rotating stage. The presented zero-order transmittance was acquired over the 400–1000 nm spectral range and normalized to the transmission of a bare glass substrate. All spectra were acquired with a spectral resolution Δλ = 1 nm.



The functional characterization of the transducer for sensing applications was performed in a liquid environment with a compact optical fiber system equipped with a deuterium halogen light source, a portable spectrometer (Thorlabs CCS100/M, Munich, Germany, wavelength ranging between 350–700 nm), and optical fibers in a transmission configuration. White light (450–700 nm) emerging from the first optical fiber immersed into the liquid environment had a perpendicular incidence on the sample. The transmitted signal was coupled into a detection fiber and analyzed by a compact UV-vis spectrometer. The sample of interest was immersed in liquid environments with a refractive index (RI) that was increased from 1.33 (water) to 1.40 (50% v/v mixtures of glycerol and water). Under these conditions the spectral shift of the wavelength position of the transmission features was detected and used to evaluate the bulk sensitivity Sb = Δλ/ΔRI.





3. Results


3.1. Distribution Characterization


3.1.1. Long-Range Ordered Distributions


Figure 3a shows a photograph of the CPA self-assembled monolayer after the transfer onto a glass substrate. The formation of a crystal-like structure by the appearance of iridescent colors under white light illumination was demonstrated. Figure 3b displays the typical AFM images of the assembled monolayer of polystyrene particles, with a diameter of 500 nm. As can be observed, the developed deposition technique enabled the realization of a uniform monolayer of polystyrene nanospheres arranged with a long-range order and few lattice defects. In addition, the higher resolution images reported in Figure 3c clearly displayed the formation of close-packed hexagonal ordered arrangements of polystyrene nanospheres. Non-close packed arrays of polystyrene nanospheres were obtained by applying the oxygen plasma etching process, detailed in the experimental section, for increasing exposure times. As sketched in Figure 2a, polystyrene particles with starting diameters of 500 nm were etched at a constant power setting for 2 min, removed from the plasma reactor, and analyzed by AFM microscopy. As can be noticed in the AFM image reported in Figure 2c, a non-close packed array of polystyrene particles with average diameters of 350 nm and a constant period of 500 nm were obtained following the previously described etching procedure. By exploiting the geometry of this low-cost lithographic mask, highly ordered array of gold nanoholes distributed in a hexagonal lattice on a very large area has been fabricated. A two-step metal evaporation process was adopted, with 2 nm of Ti followed by a thin Au layer and a nominal thickness of 50 nm. After the colloidal-mask removal, an array of gold NHs characterized by a circular shape was revealed on the substrate, as noted in Figure 2d.




3.1.2. Short-Range Ordered Distributions


The topmost panel of Figure 4 shows plan-view SEM images of the sample, fabricated by setting ΔtPDDA = 40 s and ΔtPS = 1 min as the times of exposure of polyelectrolyte and the PS NPs aqueous solutions, respectively, the latter was prepared with an NaCl content of 2 mM. This was the reason why this last sample was named PS80 (40 s–1 min)NaCl, as reported in Figure 4.



The middle and bottom panels of Figure 4 shows SEM images of the samples deposited in short-time adsorption (i.e., PS80 (40–25 s) and PS80 (40 s–1 min)) and long-time adsorption (i.e., PS80 (40 s–5 min) and PS80 (40 s–10 min)) conditions, respectively.



In the presence of NaCl, electrostatic screened interbead repulsion, extended empty areas, locally disordered particle arrangements, and the formation of small agglomerates can be clearly observed. Because of the nonhomogeneity of the arrangement, no statistical analysis could be accurately performed in this case.



On the contrary, salt-free samples exhibited nearly uniform arrangements of the polystyrene nanospheres with minimal agglomeration effects, favored by a relatively low coverage. As a result of the statistical analysis, the average spacing between polystyrene nanospheres was estimated to be dNN = (212 ± 30) nm, corresponding to a fractional coverage of 11.4%.



The comparison between PS80 (40 s–1 min)NaCl and PS80 (40 s–1 min) indicated that shielded interparticle electrostatic repulsion could adversely impact the level of ordering of the colloidal mask.



Therefore, salt-free colloidal suspensions are considered hereafter. In this respect, once given ΔtPDDA = 40 s, the middle and bottom panels of Figure 4 show colloidal masks with good ordering, good separation of polystyrene nanospheres, and a negligible presence of agglomerates. In regard to short-time adsorption conditions, ΔtPS prolonged from 25 s to 1 min demonstrated no effective influence on the distributions, which were characterized by very similar arrangements of the polystyrene nanospheres and comparable interparticle spacing (dNN = (202 ± 31) nm for PS80 (40–25 s) versus dNN = (203 ± 31) nm for PS80 (40 s–1 min)). Upon increasing ΔtPS up to 5 min, an increased coverage was induced while well-isolated and uniformly distributed polystyrene nanospheres were retained with rare occurrences of dimers. Similar distributions (apart from the occurrence of sparse dimers in PS80 (40 s–10 min)) and comparable interparticle spacing was found (dNN = (161 ± 32) nm for PS80 (40 s–5 min) and dNN = (156 ± 32) nm for PS80 (40 s–10 min)).



Notably, under short-time adsorption conditions (ΔtPS = 25 s, 1 min), the comparable value of dNN meant no effective improvements in the number of the adsorbed colloids versus time. On the other hand, under long-time adsorption conditions (ΔtPS = 5 min, 10 min), the comparable value of dNN meant that the saturated adsorption coverage was achieved at nearly ΔtPS = 5 min.





3.2. Spectral Characterization


3.2.1. Long-Range Ordered Nanohole Distributions


Gold NH arrays support both localized and propagating surface plasmon resonances (PSPR and LSPR modes). Both of these optical modes can be tuned across the Vis to near-IR spectral range by simply modifying the periodicity, diameter of the hole, or the composition of the metal layer. In this work, the diameter of NH fabricated by NSL and the thickness of the deposited gold layer were carefully chosen in order to obtain a long-range ordered distribution of metal NH that exhibited LSPR and SPP resonant modes in the same spectral region of the short-range ordered NH distributions. For both the fabricated NH arrays, transmittance and/or reflectance spectra were recorded in air, exhibiting interesting optical features in the Vis-NIR spectral range. As an example, the zero-order transmittance spectrum of long-range ordered distributions of NH realized on a 50 nm thick Au layer in the 400–1100 nm spectral range is reported in Figure 5. The fabricated NHs were characterized by a diameter of 350 nm and a periodicity of 500 nm. Owing to the excitation of the LSPR mode, the transmittance signal of these nanostructures exhibited a pronounced dip in the visible spectral range located at 595 nm. However, if the ordered NH array presented a sufficient periodicity, propagating surface plasmon polariton (SPP) modes can also be excited by the incident light, leading to an extraordinary optical transmission (EOT) of the sample [48,60]. In particular, owing to the grating-like nature of the fabricated nanohole array, an increased optical transmission band can be noticed around 750 nm, which can be attributed to the excitation of SPP modes.




3.2.2. Short-Range Ordered Nanohole Distributions.


Figure 6 shows the zero-order transmittance measured under normal incidence, the reflectance, and the calculated (Abs = 100-R-T) absorbance curves of the NH samples NH80 (40–25 s), NH80 (40 s–1 min), NH80 (40 s–5 min), and NH80 (40 s–10 min) that were fabricated from the starting colloidal masks PS80 (40–25 s), PS80 (40 s–1 min), PS80 (40 s–5 min), and PS80 (40 s–10 min), respectively, according to the protocol sketched in Figure 1b.



The transmission peak was spectrally located at 513 nm for NH80 (40–25 s) and at 519 nm for NH80 (40 s–1 min), NH80 (40 s–5 min), and NH80 (40 s–10 min). These spectral positions were blue-shifted with respect to the broad transmission band that peaked at 532 nm that we measured for a 20 nm-thick gold film. The transmission maximum intensity was found to slightly increase on increasing the NH coverage, while it was lower than the transmission efficiency of the reference Au film because of the suppressed transmission of NH arrays in ultrathin metal films [61]. Regarding the transmission minimum, it showed a linear blue-shift for decreasing NH-to-NH spacing (i.e., dNN). This behavior was consistent with the theoretically predicted relationship between the lattice constant and the wavelength of the transmission resonance associated with a PSPR mode in periodic NH arrays.



Turning to the reflectance spectra, minimum transmittance and maximum reflectance were spectrally close to each other as well as maximum transmittance and minimum reflectance. Unlike minimum reflectance at ~496 nm that was independent on dNN, maximum reflectance was sensitive to dNN changes exactly as the minimum transmittance was. The absorbance peak was also spectrally close to the transmittance minimum. These characteristics of the measured spectra would indicate that the transmittance maximum and minimum could be associated with a LSPR and PSPR mode, respectively [55,62,63,64,65].



In general, the transmission peaks of long-range ordered NH systems were associated with Block-wave SPPs excited by grating-coupling mechanisms and, because the momentum relationships matched, they were dependent on the incidence angle of the exciting photons. Hence, in order to assign the modes of our short-range ordered NH arrangements to either PSPR modes (which spectrally shift versus the incidence angle) or PSPR modes (which are almost insensitive to changes of the incidence angle) [55,62,63,64,65], transmittance spectra, as a function of the incident angle of the exciting light that was varied from zero (normal incidence) to 50°, were acquired. In this respect, Figure 7 shows the AFM topography of NH80 (40 s–1 min) (top-most left panel), considered as a representative sample, and the corresponding transmittance spectrum depending on incidence angle (top- most right panel) and polarization (bottom line panels).



It can be observed how the spectral position of the transmission maximum was quite insensitive to changes in the incidence angle, and the transmission maximum linearly blue-shifted. These experimental findings support the assignment of the transmission peak and dip to the excitation of a propagating and localized plasmonic mode, respectively, in the NH system [53]. As a further confirmation of this identification, we also measured the transmittance spectra versus changes of the incident angle of p-polarized and s-polarized exciting light (Figure 7, bottom row panels). According to the literature, in our short-range ordered NH distribution we found a negligible red-shift of the transmission minimum under p-polarized exciting light and no spectral shift under s-polarized incident exciting light for increasing incidence angles [66].



Definitively, the spectral characterization analyses described above allowed us to assign the transmission maxima and minima of our short-range ordered NH arrays to an LSPR and PSPR mode. In particular, as asymmetric NH structures in optically thin films (thickness below 50 nm) can only support the strongly damped short range SPP mode associated with a transmission minimum [65], the transmission minimum of our samples can be associated with an LSPR mode of the short range SPP kind.





3.3. Refractometric Sensing Characterization


3.3.1. Long-Range Ordered Nanohole Distributions


As proof of concept, the ability of the fabricated nanostructures to detect even small changes in the refractive index (RI) of the external environment was investigated. We analyzed the functional properties of the fabricated long-range NH array. The optical transmission of the system was monitored after immersion in different glycerol solutions. Five refractive index standard solutions were prepared by glycerol diluted in deionized water, allowing the calibration of the optical response to several bulk RI changes in the range from 1.333 to 1.400. Exploiting a homemade micro-fluidic chip, we monitored the variations of the LSPR transmission dip when the system was covered with the prepared solutions. As reported in Figure 5b, the effect of the high-index dielectric surrounding was a spectral shift of the resonance toward higher wavelengths. A linear dependence of LSPR response on the RI of the environment was measured, thus confirming the ability of the transducer to detecting even small bulk refractive index changes. From the slopes of the calibration curve, a bulk refractive index sensitivity of about (200 ± 30) nm/RIU (RIU = Refractive index unit) (R2 = 92%) was calculated.




3.3.2. Short-Range Ordered Nanohole Distributions


In order to estimate the refractometric sensing performances of the NH distributions with DNH = 80 nm, we measured the zero-order transmittance spectra of NH80 (40 s–10 min), which corresponded to the saturation adsorption conditions, versus changes of the surrounding refractive index (Figure 8). A linear red-shift versus increasing refractive index of the transmittance minimum wavelength was found, which was associated with a propagating mode by means of spectral characterization. On the basis of a linear fit, bulk sensitivity was calculated to be (252 ± 31) nm/RIU (R2 = 94%) for the transmission minimum of NH80 (40 s–10 min) (Figure 8). The sensing performance of our short-range ordered NH samples were comparable with, or even better than, the results reported in the literature [29,45,46,55,67,68,69,70,71].






4. Discussion


4.1. Long-Range Ordered Nanohole Distributions


Highly ordered arrays of plasmonic nanostructures have been fabricated by developing a simple and reproducible approach based on nanosphere lithography (NSL). This cost-effective method is based on the self-assembling of close-packed polystyrene particles at air/water interfaces, and enables the fabrication of colloidal masks characterized by a high-quality crystal structure. Periodic arrays of metal nanostructures can be easily prepared on large area by exploiting the geometry of this low-cost lithographic mask. In particular, highly ordered arrays of gold nanoholes distributed in a hexagonal lattice on glass substrates have been fabricated. The realization of a high-quality monolayer of polystyrene particles is crucial for the fabrication of large areas and defect-free arrays of long-range ordered nanostructures. Therefore, a deep understanding of the self-assembling process of colloidal particles at air/water interfaces is required.



As recently suggested by Nikolaides et al. [72], this process is based on a fine balance between different forces, including inter-particle electrostatic forces and flotation capillary forces. A fine balance between these repulsive and attractive interactions is necessary to achieve long-range order in the self-assembling CPA. The first observable effect confirming the formation of a crystal-like structure is the appearance of iridescent colors under white light illumination. Known as structural color, this effect arises from the Br agg reflection of light on periodic structures. A divergent light source was used during and after the deposition process in order to investigate the existence of structural ordering in the PS nanosphere monolayer. As an example, a CPA of a PS nanosphere with a diameter of 500 nm deposited on a glass substrate has been reported in Figure 2a. Depending on the colloidal mask quality, one or more iridescent colors can be found on the sample surface, owing to the presence of crystal domains characterized by different orientations.



In this work, we integrated a conventional NSL fabrication strategy with a reactive ion etching (RIE) process for the fabrication of long-range ordered NHs arrays into Au thin films. Based on an appropriate oxygen plasma etching process, this post-deposition treatment is a key step in the controlled preparation of non-close packed monolayers of polystyrene particles. The volume and the composition of the applied gases can vary depending on the size and nature of the chosen nanospheres. For polystyrene particles around 500 nm in diameter, a shorter and more aggressive etching process based on the use of oxygen gas is suggested. Figure 3c shows an AFM image of a non-close packed array of polystyrene particles with average diameters of 350 nm and a constant period of 500 nm, which was obtained following the etching procedure detailed in the experimental paragraph. As recently reported by Plettl et al. [73] and Blattler et al. [74], the size of polystyrene nanospheres decreased almost linearly with increasing etching time until a saturation state, in which the periodicity of the polystyrene monolayer could be irreversibly damaged. Therefore, the mean nanohole diameter could be tuned by varying the duration of the oxygen etching process. In addition, by choosing polystyrene nanoparticles of different diameters, the period of nanostructures can also be tuned. Compared with the short-range counterparts, the long-range ordered metal NHs arrays should present better regularity and narrower plasmon resonance bands from the far-field coupling effects among arrays [75,76]. Furthermore, these kind of nanostructured metal films are able to support the simultaneous excitation of localized (LSP) and propagating surface plasmon (SPP) under Kretschmann configurations, combining the advantages of high electric field enhancement generated by LSP and the large volume investigated by an SPP field. These advantages make them very attractive for several applications such as SERS- and SPR-based sensors.




4.2. Short-Range Ordered Nanohole Distributions


Distributions of negatively charged polystyrene nanospheres with a diameter DPS = 80 nm were made to adsorb a salt-free suspension onto a PDDA monolayer with a PDDA adsorption time of ΔtPDDA = 40 s and for varying adsorption times of the polystyrene nanospheres from a short time (ΔtPS = 25 s, 1 min) to a long time adsorption (ΔtPS = 5 min, 10 min).



Hereafter, we rationalize our choice of the experimental conditions and discuss their impact on distribution and ordering of the colloidal masks under examination in this study. This is a very important issue in order to correctly relate optical and structural responses. Indeed, disordered NH distributions, where uncorrelated disorder occurs, do not present transmission resonances. Instead, quasi-periodic and short-range ordered NH systems exhibit correlated disorders that yield transmission resonances, as observed in the periodic counterpart systems [77].



In our experiments we planned to use salt-free colloidal suspensions to maximize the interbead electrostatic repulsion and stabilize the distribution at a larger interparticle spacing. According to the most widely used model for picturing the kinetics of formation of a likely-charged colloidal monolayer, the extended random sequential adsorption (RSA) model [15,78], colloidal particles adsorb randomly onto the collector countercharged surface until excluded-area effects dominate as a result of the electrostatic repulsion between the already adsorbed and the attempting-to-adsorb colloids.



The net effect of the interparticle coulomb repulsion and the zeta potential of the polyelectrolyte collector surface determines the final fractional coverage and ordering of the colloidal mask [14]. When no more colloids can be accommodated onto the collector surface, a saturated coverage is achieved, and the distribution is electrostatically stabilized.



The interparticle spacing of this arrangement strongly depends on the ionic strength of the colloidal suspension as well as the surface charge of the colloids. In our experiments, the colloids with a diameter DPS = 80 nm have a surface charge of 1.2 µC/cm2, and no intentional addition of an electrolyte to the colloidal solution rules out screening effects of this surface charge. As a consequence, the distance of closest approach of the polystyrene nanospheres is dictated by the surface charge, that is, the colloids adsorb further apart. Hence, control of the ionic strength of the colloidal solution is a simple way to tune the distance between the adsorbed particles. Salt-free solutions offer an effective mean to limit the detrimental influence of the lateral attractive capillary forces during the drying of the colloidal mask. Indeed, unlike coulomb repulsion, closely spaced particles favor agglomeration effects driven by the attractive capillary interaction [15,16,79]. Unlike NSL, capillary forces impact adversely on the short-range ordering of colloidal masks prepared by CL, which demands careful control of the deposition approach to limit agglomerates.



According to the above background, the absence of agglomerates observed in the case of the salt-free samples reported in Figure 4 can be ascribed to the use of salt-free colloidal suspensions and the effective surface charge of the colloids. Consistently with this conclusion, the distribution of PS80 (40 s–1 min)NaCl suffers from agglomeration effects due to NaCl-induced electrostatic screening. Further control experiments in the presence of electrostatic screening demonstrated sparsely distributed colloids with large void areas in low coverage conditions and more severe agglomeration in high coverage areas. Moreover, clustered colloids would result in defective NH arrangements, with detrimental effects on the spectral properties and losses of the PSPR mode [80]. Notably, in the perspective of using the colloidal masks for fabricating short-range ordered arrangements of NHs, the interparticle spacing dNN should be tuned in such a way to get a proper NH diameter-to-periodicity ratio (DNH/dNN, where DNH = DNH refers to the diameter of a NH). Owing to the literature, the RI sensitivity of an NH array increases linearly with an increasing DNH/dNN ratio and can be improved for DNH/dNN = 0.5 [81]. This is the choice made in this work.



To summarize, salt-related progressive shortening of the electrostatic decay length could be unnecessary for applications involving NH arrays, and it would favor the formation of agglomerates. The degree of correlated disorder can be more effectively controlled using salt-free colloidal suspensions. On the other hand, field enhancement of NH arrangements was reported to be more homogeneous and confined to the NH location for DNH < 100 nm [56].



Definitively, DNH = 80 nm and salt-free colloidal suspensions are, in principle, suitable experimental conditions for fabricating NH arrays acting as large-area functional transducers for sensing applications.



In regard to the colloidal assembly process, likely-charged colloids adsorb and arrange onto a countercharged collecting surface from an aqueous solution in a two-stage process. This process is dominated by attractive particle–adsorptive substrate interactions in its early stage and by interbead repulsion upon increasing coverage up to the electrostatically stabilized distribution in its later stage [14]. Therefore, interplay between the adsorption time of PDDA (that affects the adsorption efficiency of the collector surface) and the adsorption time of the colloids (that leads to increasing influence of the coulomb repulsion according to the RSA model) are expected to impact the distribution of the mask and can be studied by short- and long-time adsorption conditions.



On the basis of the evidence that the deposition of PDDA achieves 90% saturation in 40 s and slows down over 60 s [59], we considered ΔtPDDA = 40 s as a control value. Notably, preliminary investigation on the morphology of the PDDA monolayer provided evidence of a very smooth surface, which means there is an absence of surface features that would impact the adsorption kinetics of the colloidal mask. This result was expected based on the low concentration and absence of salt of the PDDA aqueous solution, which favors extended chains and no chain conformational changes [57].



For given ΔtPDDA = 40 s and DPS = 80 nm, we prolonged ΔtPS from 25 s to 10 min and were able to fabricate colloidal masks with a good correlated disorder (uniform arrangements of isolated polystyrene nanospheres without agglomerates). The average interparticle spacing was found to range from ~203 nm under short-time adsorption (Figure 4, samples PS80 (40–25 s) and PS80 (40 s–1 min)) to ~156 nm under long-time adsorption (Figure 4, samples PS80 (40 s–5 min) and PS80 (40 s–10 min)). The counterpart NH samples yield a DNH/dNN ratio equal to 0.40 for NH80 (40–25 s), 0.39 for NH80 (40 s–1 min), 0.48 for NH80 (40 s–5 min), and 0.51 for NH80 (40 s–10 min).



While presenting our results about the spectral characterization of the short-range ordered NH arrays with DNH = 80 nm (Figure 6 and Figure 7) we pointed out complementary transmission, reflectance, and absorbance resonances as well as spectral responses dependent on the incidence angles and polarization of the exciting photons, fully consistent with what expected in optically thin metal films patterned with sub-wavelength NHs. The refractometric sensing measurements demonstrated good bulk RI sensitivity performances too. Definitively, both spectral and sensing response of our samples confirm that the experimental conditions applied for fabricating 80 nm-diameter short-range NH distributions in optically thin Au-film effectively leads to a good correlated disorder.





5. Conclusions


In this paper we have presented large area NH distributions fabricated by NSL, which yields periodic patterns, and by CL, which yields arrangements with correlated disorder. The periodic hexagonal lattice with non-closely packed arrays have been fabricated onto glass substrates by a simple and reproducible NSL approach consisting of the following steps: (i) the self-assembly of close-packed polystyrene particles with diameters of 500 nm at an air/water interface, (ii) their transfer onto a solid substrate to form a colloidal mask, and (iii) the modification of this mask by a post-treatment etching process to reduce the diameter of the nanospheres to a desired size (i.e., 350 nm). The effect of the high-index dielectric surrounding the NH array gives rise to a spectral shift of the resonance toward higher wavelengths, and a calibration curve was measured, thus, confirming the ability of the transducer to detect even small bulk refractive index changes (200 ± 30) nm/RIU). Further significant improvements in the sensing performances could be easily achieved by optimization of their geometrical properties.



The short-range ordering NH distributions have been prepared by a simplified CL protocol using a single polyelectrolyte layer, rather than the conventional polyelectrolyte multilayer. Polystyrene nanospheres with diameters of 80 nm and negative surface charges have been adsorbed from a salt-free colloidal solution onto a PDDA monolayer. This was demonstrated as the changing adsorption times from the colloids impact on the coverage of the colloidal mask. We have investigated the properties of the samples by SEM analyses. Statistical evaluation of coverage and NH-to-NH average distances show their structural evolution depending on the deposition conditions. Distributions with a high level of correlated disorder, well-separated colloids, and absence of agglomerates (due to capillary forces) have been shown and discussed on the basis of the working principle of CL.



Turning to the optical response, transmittance, reflectance, and absorbance spectra of the fabricated short-range ordered NH arrays have been discussed in terms of the occurrence of propagating and localized plasmon modes. Also, good refractometric sensing performances (bulk sensitivity of (252 ± 31) nm/RIU) have been shown, thus demonstrating that short-range ordered metal NH arrays are promising functional transducers for refractive index changes in liquid environments. In this appealing, applicative scenario, the results presented here can be an analytical tool for guiding the choice of geometrical parameters in the realization of metal NH arrays by non-conventional fabrication techniques. This is a first step towards their implementation for monitoring of molecular binding events. The future perspective is to optimize further the sensing performances of the proposed nano-optical transducers, using the large amount of literature in this field [43,82,83,84], and achieve their easy integration in the imaging system leading to compact, low-cost, fully integrated, and multiple-detection lab-on-a-chip devices [85].
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Figure 1. (a) Schematic illustration of the self-assembly at an air/water interface. The water surface is used as a medium to facilitate the self-assembly, then a peristaltic pump is used to slowly remove the water and transfer the ordered close packed array (CPA) monolayer onto a solid substrate located on the bottom of the trough. (b) Sketch of the multistep colloidal lithography protocol implemented to fabricate short-range ordered NH arrangements. Left panel: distributions of polystyrene nanospheres self-assembled electrostatically onto a collector PDDA monolayer. Middle panel: removal of the gold-capped colloids by tape stripping. Right panel: supported gold film perforated with short-range ordered nanoholes (NHs). 
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Figure 2. (a) Plasma processing to reduce the size of the adsorbed colloids and metal evaporation. (b,c) Atomic force microscopy (AFM) and (d) scanning electron microscopy (SEM) images of the polystyrene masks resulting from the treatments in figure (a). The scale bar is 2 µm. 
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Figure 3. (a) Photograph of the CPA self-assembled monolayer after the transfer onto a glass substrate. AFM images at low (b) and high (c) magnifications of a CPA of polystyrene (PS) particles with a diameter of 500 nm. The scale bars are 2 and 1 μm, respectively. 
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Figure 4. SEM plan view images of colloidal mask consisting of 80 nm diameter polystyrene spheres deposited under different conditions. Topmost panel: ΔtPDDA = 40 s, ΔtPS = 1 min, and NaCl-added colloidal solution (PS80 (40 s–1 min)NaCl). Middle panel: short-time adsorption of the colloidal mask (PS80 (40–25 s), PS80 (40 s–1 min)). Bottom panel: long-time adsorption of the colloidal mask (PS80 (40 s–5 min), PS80 (40 s–10 min)) leading to saturated adsorption. 
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Figure 5. (a) Zero-order transmittance spectrum. (b) Dependence on the refractive index of the wavelength position of the transmittance minimum of the of long-range ordered distribution of NHs, with a diameter of 350 nm and periodicity of 500 nm, realized on a 50 nm-thick Au layer. 
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Figure 6. Transmittance (T), diffused reflectance (R), and absorbance (A = 100-R-T) spectra of the NH samples NH80 (40 s–25 s) (topmost left panel), NH80 (40–1 min) (topmost right panel), NH80 (40 s–5 min) (bottom left panel) and NH80 (40 s–10 min) (bottom right panel), measured under normal incidence conditions. 
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Figure 7. AFM topography of NH80 (40 s–1 min) (topmost-left panel). Transmittance spectra versus incidence angle of unpolarized exciting light (top-most right panel). Transmission spectra versus incidence angle for two orthogonal linear polarizations of the exciting light (bottom row panels). 
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Figure 8. Plots showing the linear dependence on the refractive index of the wavelength position of the transmittance minimum of NH80 (40 s–10 min). The estimated sensitivity values are also reported. 
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Table 1. Colloidal masks deposited by colloidal lithography with the corresponding experimental details and available results of the statistical analysis.
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	Colloidal Mask
	DPS
	ΔtPDDA
	ΔtPS
	dNN





	PS80 (40 s–1 min)NaCl
	80 nm
	40 s
	1 min
	NA



	PS80 (40–25 s)
	80 nm
	40 s
	25 s
	(202 ± 31) nm



	PS80 (40 s–1 min)
	80 nm
	40 s
	1 min
	(203 ± 31) nm



	PS80 (40 s–5 min)
	80 nm
	40 s
	5 min
	(161 ± 32) nm



	PS80 (40 s–10 min)
	80 nm
	40 s
	10 min
	(156 ± 32) nm
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