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Abstract

:

Plasmonic-active nanomaterials are of high interest to scientists because of their expanding applications in the field for medicine and energy. Chemical and biological sensors based on plasmonic nanomaterials are well-established and commercially available, but the role of plasmonic nanomaterials on photothermal therapeutics, solar cells, super-resolution imaging, organic synthesis, etc. is still emerging. The effectiveness of the plasmonic materials on these technologies depends on their stability and sensitivity. Preparing plasmonics-active nanostructured thin films (PANTFs) on a solid substrate improves their physical stability. More importantly, the surface plasmons of thin film and that of nanostructures can couple in PANTFs enhancing the sensitivity. A PANTF can be used as a transducer for any of the three plasmonic-based sensing techniques, namely, the propagating surface plasmon, localized surface plasmon resonance, and surface-enhanced Raman spectroscopy-based sensing techniques. Additionally, continuous nanostructured metal films have an advantage for implementing electrical controls such as simultaneous sensing using both plasmonic and electrochemical techniques. Although research and development on PANTFs have been rapidly advancing, very few reviews on synthetic methods have been published. In this review, we provide some fundamental and practical aspects of plasmonics along with the recent advances in PANTFs synthesis, focusing on the advantages and shortcomings of the fabrication techniques. We also provide an overview of different types of PANTFs and their sensitivity for biosensing.
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1. Introduction


Plasmonics is the study of interactions of light with plasmonic-active materials. It is an active field of research in nanotechnology bearing numerous potential applications in the field of biomedical science and energy, including chemical and biological sensing, photothermal therapeutics, super-resolution imaging, surface-enhanced Raman spectroscopy, solar cells, photocatalyst for organic synthesis, etc. [1,2,3]. The surface of plasmonic-active materials consists of confined surface plasmons, which are the coherent oscillation of free electrons [4]. A thick planar metal surface in contact with two dielectrics on the opposite boundaries support two independent surface plasmons. Interestingly, in a nanometer-thin planar metal-dielectric interface, surface plasmons on the opposite boundary couple with each other enhancing the electromagnetic field [5]. When the frequency of light waves (electromagnetic waves) matches that of surface plasmon, light waves can couple, excite, and propagate the surface plasmons at the metal-dielectric interface, called propagating surface plasmon resonance or surface plasmon polaritons (SPP) [5] (Figure 1a). However, simply hitting the smooth planar surface by light source does not match the frequencies of light and surface plasmon. The matching of frequencies can be achieved by enhancing the frequency of light using the attenuated total reflection or diffraction through different coupling devices [5]. The commonly used coupling devices for the excitation of surface plasmons on thin film are prism, waveguide, and grating. Among these, a prism in Kretschmann configuration has been extensively used in SPP-based biosensors as shown in Figure 1a. The excited surface plasmons can propagate tens to hundreds of microns along x and y axis on planar metal films, whereas the evanescent field produced on z axis decay exponentially with distance [5]. The change in refractive index near plasmonic-active planar thin film alters the evanescent waves changing the properties (angle, wavelength, intensity, and phase) of the light wave, which can be used as a probe for sensing molecules [6].



Unlike SPP, the surface plasmons of zero-dimensional nanostructures (e.g., nanoparticles, nanorods, nanostars, etc.) can be excited by the direct incident of light on nanostructures (Figure 1b). The excited surface plasmons resonate locally around the nanostructures with the frequency called localized surface plasmon resonance (LSPR) [4]. The LSPR depends on the shape, size, and composition of nanostructures as well as a change in the refractive index around nanostructures [7]. With the advancement of the plasmonics field, it is now possible to design a wide variety of zero-dimensional nanostructures with controlled shapes, sizes, and compositions [8]. This helps to tune the LSPR peak wavelength from UV to IR regions for desired applications. In general, pointy nanostructures have sharp peaks and are more sensitive toward change in the refractive index [9]. A smaller nanostructure of a particular material typically has sharper peak and initial peak wavelength falls at lower wavelength region compared to larger nanostructures of the same material [10]. However, the shift of peak wavelength with the change in refractive index is higher for larger nanoparticles but with a broader peak. The sensitivity of the silver nanomaterial is better than other metals, but it is prone to oxidation for use in many applications.



Although SPP-based biosensor has emerged as a leading technology for biosensing, LSPR-based biosensor bears great potential because of simple instrumentation and low cost with better sensitivity for molecular adsorption process [11]. Similar to SPP, LSPR also senses molecules and their interactions by monitoring the change in refractive index around nanostructures, commonly to the short-range (below 20 nm) owing to the shorter decay length of LSPR. However, recent studies have shown that even long-range refractive index sensing (>100 nm) is possible using ordered arrays and lines of plasmonic nanostructured films [12]. Therefore, the field of plasmonics is focusing on simultaneous excitation and coupling of surface plasmon of planar thin film and nanostructures, creating different nanostructured films or plasmonic metasurfaces. It was found that 30 nm thick continuous gold film under the array of disk or line nanostructures prepared using electron beam lithography cause plasmonic enhancement with the surface-enhanced Raman scattering (SERS) enhancement factor of 107 for thiophenol detection [13]. Plasmonic-active nanostructured thin films (PANTFs) are unique type of nanostructures, which have the properties of both thin films and individual nanoparticles. The necessity of exploring PANTFs arises due to (1) possibility of improving sensitivity of LSPR/SERS sensors due to coupling of neighboring nanostructures, (2) poor stability and reproducibility of individual nanostructures, (3) ease of systematic study from ordered structures, and (4) generating both LSPR and SPR simultaneously. The planar nanometer-thin film is 2D nanomaterial itself and is plasmonic-active, but we are not considering it as a PANTF. The PANTF must have other nanostructured features besides nanometer thickness and should be directly on contact with each other through the same materials throughout the substrate. Therefore, discrete nanostructures arrays, such as triangular nanoprism prepared using nanosphere lithography technique, are not the focus here as it is beyond the scope of this review. Excellent reviews on synthesis and applications of such structures have been covered elsewhere [14,15].




2. Composition of PANTFs


A wide variety of materials can produce plasmonic resonance. Some of the commonly explored materials for plasmonic-based applications are gold, silver, copper [16], aluminum [17], palladium [18], titanium nitride (TiN) [19], graphene [20], quantum dots [21], etc. Although Au and Ag are most explored for different applications, other material bears their unique advantages. The research on the plasmonic properties of other materials are still in the early phase. The Ag PANTFs have sharper LSPR peak and are highly sensitive compared to other material. However, quick oxidation of Ag can be a problem in many technologies. Researchers have deposited atomic layer thick alumina on top of Ag-based PANTFs by employing the atomic layer deposition technique, which avoids the oxidation of Ag without losing its plasmonic properties. Au PANTFs can trade-off the sensitivity of Ag PANTFs for stability.



Besides being inexpensive, aluminum is the material of choice when plasmonic peaks need to be in the UV region for applications. The plasmonic peak of gold and silver cannot reach UV region. The plasmonic peak of Al can also be tuned along the visible and near-infrared (NIR) regions. On the other hand, graphene-based PANTFs show plasmonic resonance peaks in the mid-IR region [20]. Additionally, it was found that fabricating Au nanostructures on graphene nanomesh greatly enhanced the LSPR peak [22]. TiN shows LSPR peaks on visible and NIR region with weaker plasmonic response than Au and Ag at room temperature but is very stable at higher temperature owing to its bulk melting point of 2930 °C [19]. This leads to the applications in the preparation of high-temperature nanophotonic devices.




3. Substrates


The PANTFs are most frequently prepared on SiO2 substrates (traditional glass, fused silica and quartz), Si wafer, mica and different types of polymeric materials. The choice of the substrate depends on the objective of the study and available techniques. The SiO2 substrates are the most widely used substrate for preparing PANTFs because of their low cost, easy availability, and transparency. These substrates can be easily coated with indium–tin–oxide (ITO) to make it conductive. The conductivity of the substrate is advantageous for the fabrication of PANTFs, such as during deposition by electrochemistry techniques [23] or to prevent charging during patterning on the electron beam lithography technique [24]. Although SiO2 is an optimal substrate for transmission-based plasmonic sensing, Si wafer and mica can be used for reflection-based plasmonic sensing. Moreover, Si wafer-based PANTFs prepared on the large area can be easily cut into smaller chips owing to its single crystalline nature. Among different polymeric substrate, poly (methyl methacrylate) (PMMA), polyethylene terephthalate (PET) and polycarbonate (PC) are commonly used for creating PANTFs. Besides being inexpensive and transparent, these substrates are highly flexible [25]. It was found that depositing thin layers of TiN on PMMA and PET shows similar plasmonic response as that of TiN deposited on SiO2/Si [26]. In another study, large-area hexagonal gold nanohole arrays were fabricated by transferring gold film from silicon template to PC film by thermal annealing followed by the template-stripping method [27]. Chuo et al. took advantage of the flexibility of PET to prepare roll-to-roll embossing of plasmonic-active Au nanohole arrays on a 2000 ft production roll with the sensitivity of 180 nm/RIU [28]. This type of structure is advantageous for high-throughput chemicals and biomolecule detection.




4. Intermediate Layer for Stabilizing PANTFs


The intermediate layer between the substrate and PANTFs has a very important role in the stability and sensitivity of the structure. For many applications, PANTFs need to be strongly bound to the substrate. For example, in biosensing applications, PANTFs should be very stable in water or biological matrixes. Peeling off the PANTFs layer even in a small amount could be problematic for the reproduction of the data. Commonly, the glass substrates are coated with a thin layer of titanium or chromium before depositing the plasmonic materials. However, these non-plasmonic metal layers are known to dampen the sensitivity of the PANTFS due to absorption of light and interference for plasmon resonance, which broadens the LSPR peak [29,30]. They can also be the site for the non-specific binding of biomolecules [31]. Najiminaini et al. compared the effect of the Cr and Ti adhesion layer on the plasmonic property using a nanohole array [32]. They found that the optical resonance bandwidth of LSPR peak depends both on the composition and thickness of the adhesion layer. More importantly, removing 10 nm thick titanium adhesion layer from nanohole array by etching drastically decreases the optical resonance bandwidths. Another study has found that Cr can interdiffuse more with Au to form Cr–Au alloy than Ti, suggesting Ti is the optimal adhesion layer for Au-based PANTFs [33]. The adhesion layer has been engineered to minimize the plasmonic damping by depositing less than 1 nm adhesive, which prevents the layer to overlap with the hotspots of PANTFs [34]; however, thinner layer of adhesive also means low stability of PANTFs.



Different types of self-assembled monolayers (SAMs) with the terminal thio-group, including organosilanes, have been created to attach gold and silver-based PANTFs. Comparative measurements have shown that organic adhesion layers are better with the low plasmonic damping compared to metal-based adhesion layers [30]. However, organic adhesion layers are not compatible with many solvents used in the lift-off process during lithography techniques. A technology to stabilize PANTFs on the substrate without compensating the sensitivity is still a need.




5. Fabrication of Plasmonic-Active Nanostructured Thin Film


There are varieties of deposition methods available for the preparation of thin films, which can be broadly grouped as, (1) physical/chemical vapor deposition (2) sputtering (3) chemical/electrochemical deposition [35,36]. In vapor deposition techniques, a desired solid material is evaporated, commonly using elevated temperature, electricity, or electron beam, and deposited on the substrate as a thin film with or without reacting with substrate and hence called chemical vapor deposition (CVD) and physical vapor deposition (PVD), respectively. In sputtering techniques, the solid target is bombarded with high energy gaseous plasma or ions to eject atoms of target, which is deposited as a thin film on the substrate. Both vapor deposition and sputtering are commonly performed under vacuum to improve the quality of thin films. In chemical or electrochemical deposition method, precursor salts of the desired materials are reduced to deposit nanostructures on conductive film. Although these deposition techniques can deposit films of different thicknesses on the substrate by varying deposition parameters, they may not be able to create a wide variety of desired nanostructures on the substrate.



The PANTFs can be prepared on the substrate by employing different strategies as shown in Figure 2. The first and popular method is by depositing thin film of plasmonic materials on the patterned structure created by template/mask. The second method is by depositing a thin film of plasmonic materials directly on the nanostructured substrate. It is common to design a nanostructured substrate using template/mask and etching the substrate to generate the pattern. The third method involves depositing a thin film of plasmonic materials on a planar surface followed by adding/subtracting features/height of the deposited thin film. Finally, the fourth method involves transferring the already plasmonic active films or individual nanostructures on the substrate. Unsupported PANTFs are of less interest for biological applications because of physical instability; therefore, they are commonly prepared or transferred on the surface of inert substrates, such as glass, silicon wafers, and mica for applications.



5.1. Patterned Template for PANTFs Synthesis


Varieties of templates have been used on the substrate along with different deposition techniques to design the desired PANTFs. The general approach for the fabrication of many template-based PANTFs are nearly the same, which involve creating a patterned structure on top of the substrate and deposition of the materials of interest on or around the patterned structures. Some methods require removing the template or mask after deposition to create the PANTFs, whereas others create the PANTFs without the removal of the template or mask. Here we discuss some of the most used template-based PANTF synthesis methods.



5.1.1. Electron Beam Lithography (EBL)


It is one of the most powerful techniques for nanostructure formation with nanometer-scale precision in designing shape, size, and arrangement [37,38]. Consequently, the surface plasmon resonance peak can be tuned over wide wavelengths. The typical steps in the EBL technique involve spin-coating of a thin film of resist on a solid support, designing desired patterns on resist using a beam of electrons, developing the resist, depositing the desired metal, and finally, removing the template (lift-off) [39]. The exposure of electrons beams to resist change its solubility allowing selective removal of either the exposed or non-exposed region. The commonly used positive resist for EBL is poly(methyl methacrylate) (PMMA) which can be developed (solubilize) using a mixture of methyl isobutyl ketone (MIBK) and isopropyl alcohol and removed during lift-off step using acetone. EBL has been widely used for creating a range of plasmonic-active arbitrary nanostructures as discrete arrays or films. The nanostructures designed by EBL have better reproducibility compared to random nanostructures prepared using different deposition techniques. They are also suitable for modeling experiments and understanding properties of nanostructure with the controlled variation of shape, size, and spacing.



Despite its many advantages, the EBL technique for PANTF synthesis is time-consuming, costly, and requires expertise in the field [8]. Moreover, the substrate must be conductive to avoid charging effect. A thin layer of conductive material (e.g., ITO, Au, or Al) is commonly deposited in between the substrate and resist or on top of resist to achieve conductivity. The nanostructure formed is less sensitive due to plasmonics damping than the nanostructures prepared using other methods. These limitations of EBL hindered the large-scale fabrication of PANTFs.




5.1.2. Nanosphere Lithography


Nanosphere lithography (NSL) was developed to overcome the shortcoming of EBL techniques. It is a simple, cost-effective, and high-throughput periodic nanostructure fabrication technique capable of designing a wide variety of nanostructures [40]. In a typical NSL fabrication method, a suspension of polystyrene or silica nanospheres is drop or spin-cast on the substrate to form a hexagonally close-packed self-assembled monolayer [41]. The distance between the nanospheres can be controlled by different means. One method is to etch the hexagonally close-packed nanosphere using reactive ion etching (RIE) until the desired gap between the nanosphere is obtained [42]. The other method includes electrostatically separating nanospheres by controlling the concentration of the salt in the colloidal solution [43]. The former method can still create an array of periodically patterned nanostructures, whereas the latter may not have perfect periodicity. The monolayer of the nanospheres can now act as a substrate for the direct deposition of film over spheres creating PANTFs. It also acts as a mask for the deposition of plasmonic materials. After the deposition, the polystyrene spheres can be easily removed using physical methods (e.g., tape stripping, sonicating, etc.) or treating with organic solvents (e.g., absolute ethanol, chloroform, DCM, toluene, etc.) to create PANTFs. In the NSL technique, the peak wavelength of LSPR can be tuned by changing the diameter of nanospheres, changing the distance between nanospheres and by varying deposition parameters such as time, angle, etc. However, the NSL strategy is not free from shortcomings. The monolayer of nanospheres can easily create configurational disorder leading to poorly reproducible PANTFs. Thermal evaporation of plasmonic materials should be avoided for deposition, as the increase in temperature can easily damage polystyrene and its arrangement.




5.1.3. Nanoimprint Lithography


The nanostructured mold can be prepared once using techniques having better resolution but could be expensive and time-consuming including EBL, NSL, etc. As-prepared mold can then be pressed and attach to the resist on substrate transferring the nanostructured features of the mold to the resist, called nanoimprint lithography. The curing of the resist is done using UV or heating, followed by removal of the mold [44]. After etching, the desired plasmonic materials can be deposited followed by lift-off of resist to obtain desired PANTFs. The same mold can then be used multiple times for creating copies of exact same PANTFs saving time, cost, and efforts.




5.1.4. Porous Membrane-Based Lithography


Different types of nanoporous thin structures can be fixed on top of a substrate and can be used as a template for depositing plasmonic materials creating PANTFs. Thin-film porous aluminum oxide is one of the commonly used templates for creating PANTFs [45,46]. A typical approach involves depositing a thin film of plasmonic materials on the substrate followed by aluminum. The anodization of the aluminum to anodic aluminum oxide (AAO) creates high-density arrays of nanopores. The diameter and depth of the nanopores can be tuned by varying the anodizing potential and aluminum deposition time, respectively. The PANTFs can be created by directly depositing plasmonic materials on thin film of plasmonic materials through holes of AAO by varying different parameters or by removing the AAO template after deposition to create nanopillars [47,48].





5.2. Patterned Substrate for PANTFs Synthesis


Patterns on the substrate can be prepared by masking the portion of the substrate and etching from the exposed area. As-prepared patterned substrates are suitable for nanoimprint lithography. However, the plasmonic materials can also be directly deposited to the patterned surface to obtain PANTFs.




5.3. Planar Thin Films for PANTFs Synthesis


The PANTFs can also be prepared by starting from a deposited thin film of plasmonic materials. Three different approaches to turn the thin film into PANTFs are by removing the deposited materials, adding materials, and annealing thin films into nanostructures with some kind of force without removing any materials.



5.3.1. PANTF by Removal of Material


The simplest approach to create PANTFs from thin films with the removal of thin film material but without the use of resist or mask is by using focused ion beam (FIB) milling. The FIB can be used to construct the desired shape or pattern by directly focusing the ion-beam on thin films. The advantage of this method is that it does not require any template to create nanostructure as in EBL and NSL. This reduces the tedious fabrication steps. However, this is still time-consuming and expensive for large scale production. Additionally, the heavier ions, most commonly gallium ions, used for creating the nanostructures easily contaminate the sample by implanting the heavy metal and have low resolution compared to EBL [37]. However, with the recent development of technologies, helium ion beams can now be used to create a nanostructured thin film with a resolution of 3.5 nm [49].



Depositing thin metals alloy film and dissolving the less noble metals from the alloy using chemical or electrochemical techniques can create PANTFs. Alternatively, thin metal layers can be deposited, followed by annealing to mix and dealloying to create porous nanostructures. Nanoporous gold and silver thin films can be created using this method.




5.3.2. PANTF by Addition of Material


In general, depositing materials by changing the parameters of vapor and sputtering techniques does not create suitable nanostructures on top of thin films without the use of templates. However, wet chemical deposition techniques, especially the electrochemical method, can produce highly sensitive nanostructures on the thin films with or without the use of structure-directing agents [50]. The variation in potential, current, and time can produce different structures. Additionally, this method does not require high temperature, pressure, and vacuum as needed for EBL and FIB techniques. Although the PANTFs created by electrochemical methods are highly sensitive, they are randomly oriented in the absence of a template making it difficult for systematic study.





5.4. Transfer of Film and Nanoparticles


Plasmonic-active nanostructures can be prepared in a solution phase using various strategies. The common approach is to reduce the metal salts into nanostructures in the presence of stabilizing agents. Various nanostructure directing agents and additives can be used to prepare the desired shape and size. Similarly, plasmonic-active unsupported thin-films can also be prepared on solution either using a bottom-up or top-down approach. These nanostructures and thin films can be easily transferred to the substrate to create supported PANTFs. Diverse types of block copolymers can be used to arrange nanoparticles in the desired orientation.





6. Characterization of PANTFs


6.1. Sensitivity


The sensitivity of PANTFs in term of SPP and LSPR is commonly reported as bulk refractive index sensitivity (RIS), which is an output response per refractive index unit. For LSPR, the change in peak wavelength of extinction spectra (λmax) is directly proportional to change in refractive index (n) and is given by Equation (1) [4].


  Δ  λ  m a x   = m Δ n [ 1 − e x p  (    − 2 d    l d     )  ]  



(1)




where m is the bulk refractive index response,  d  is the thickness of the adsorbate layer, and    l d    is electromagnetic field decay length. However, the sensitivity of PANTFs should be more accurately represented as a figure of merit (FOM), which is bulk RIS per full width at half maxima (FWHM), Equation (2).


   FOM    =      Bulk   RIS     Full   width   at   half   maxima     (  FWHM  )     



(2)







When comparing the sensitivity of different PANTFs, care should be given to different structural and composition parameters. In general, a PANTF showing initial LSPR peak wavelength at NIR has higher refractive index sensitivity than the PANTF that has initial LSPR peak wavelength at the visible region. Therefore, these two structures should not be compared to prove better PANTFs. The FOM should be included along with the bulk refractive index sensitivity for the comparison of PANTFs to prove structural improvement. Unlike SPP and LSPR, SERS sensitivity is reported based on enhancement factor (E), which is highest when the plasmon wavelength is between the Raman excitation and emission energies [4,51]. Table 1 presents the different types of plasmonic-active PANTFs with the fabrication methods and their sensitivity.




6.2. Imaging


The morphologies of PANTFs can be characterized using scanning electron microscopy (SEM), which helps to determine the diameter and periodicity of nanostructures on a thin film. The thickness of the PANTFs can be determined using atomic force microscopy (AFM). Dark-field optical microscopy (DFM) is frequently used for analyzing larger nanostructures (above 100 nm) on thin film [43]. The DFM is also handy to study single nanostructure on thin film [57].




6.3. Simulations


Finite-difference time-domain (FDTD) calculations were commonly performed on PANTFs to obtained theoretical plasmonic spectra and are compared with experimental spectra [56]. 3D FDTD simulation of the time-averaged surface plasmon field intensity can be generated around the edges of nanostructures. This helps to monitor the change in size and position of the hot spots with the change in different parameters such as with or without a coating of a thin silica layer on PANTFs [44].





7. Types of PANTFs


A wide variety of nanostructured thin films have been synthesized based on the methods discussed earlier. However, the general approach of synthetic method is either top-down or bottom-up. In top down approach, the PANTFs are created after removal of some part of the original material, whereas in the bottom-up approach material is added. Similar structures can be created using both approaches but with different strategies. In this part, we discuss the strategies for fabricating some of the most common types of PANTFs. More specifically, we will discuss PANTFs having three uniquely distinguishable features, (1) thin films with gaps throughout the film (e.g., nanoholes) and (2) thin films with the elevated nanofeatures throughout the films (e.g., nanopillars, nanodomes, nanospikes, etc.), and (3) transferred films



7.1. PANTFs with Gaps


One of the fundamental constraints for manipulating light is that its transmittivity through the apertures smaller than the wavelength of the photon is extremely low. In 1998, Ebbesen et al. were able to transmit photons having wavelengths as large as ten times the diameter of the hole by designing the array of sub-wavelength circular holes on 200 nm thick silver film [70]. This was due to the coupling of light with surface plasmons on plasmonic-active nanohole array thin film. They used the FIB technique to create an array of holes. Zhu and Zhou used FIB to create pentagram nanohole arrays, which show 2.4 times improvement in the maximum transmission compared to the traditional transmission due to the excitation of surface plasmons. Recently, many other techniques have been developed and improved to create nanohole arrays and are used for various applications. Nevertheless, FIB is still improving and is widely used for preparing nanoholes in varieties of the shape because of its nanometer resolution and template-free nanostructure forming capacity [49].



The transmission peak wavelength and refractive index sensitivity of the nanohole array depend on the diameter and periodicity of the hole as well as the thickness and composition of the film [71]. With the increase in diameter of the holes or distance between the holes, the plasmon resonance peak red shifts [43]. The LSPR bulk refractive index sensitivity of Au nanohole array has been reported from as low as 36 nm/RIU [62] to hundreds of nanometers [60].



NSL is one of the most used methods for creating nanohole array by controlling different parameters. Figure 3a shows the strategy to create two different types of silver nanohole arrays using NSL [56]. This technique involves three important steps, first is reactive ion etching of surface arranged polystyrene, second is the deposition of the substrate with or without tilting a holder, and final is the removal of the polystyrene. The shape of the nanohole was found to vary with change in the angle during metal deposition and hence the sensitivity of the nanostructures. Figure 3b shows SEM images of hexagonal nanohole array prepared at 0° tilt angle (top) and elliptical nanohole array prepared at 60° tilt angle (middle). Figure 3b bottom is a nanohole array after electroless plating with Ag. Figure 3c(A) is a SERS spectrum of nanohole array plated for 4 min with Ag. It shows that as-plated nanohole array gives better SERS enhancement (enhancement factor = 3 × 106) than 4 min Ag plated flat silver film (B), a standard nanohole array (C), and a flat silver film (D).



A single nanohole in the array can show better LSPR sensitivity than a dense hole sample. A work by Rindzevicius et al. found that Au nanohole (diameter = 60 nm) array prepared using NSL show LSPR sensitivity of ∼70 nm/RIU, which is low compared to the sensitivity of a single hole of the same array ∼90 nm/RIU [57]. They used the single nanohole for the study of successive molecular adsorption processes. They also showed that the dense hole array can be used for long-range refractive index sensing up to 100–340 nm preparing Langmuir–Blodgett multilayers composed of 22-tricosenoic acid [12]. NSL has also been used to prepare 3D-nanohole array, which shows better LSPR response (1.7-fold enhancement) compared to regular 2D-nanohoe array [60].



Owing to the plasmonic sensitivity of nanoholes, they have been used for studying different biomolecules and their interaction. The unique advantage of the nanohole array to other nanostructures is that it can be designed to penetrate through the substrate creating nanofluidic channels [72]. A biosensor chip having nanohole of 150 nm penetrating through 250 nm gold and silicon nitride layer supported on Si wafer was designed using NSL to study the interaction between biotin and NeutrAvidin [72]. Nanohole arrays prepared using the NSL technique show high SPP sensitivity of >3000 nm/RIU (2-fold improvement compared to thin films) [59]. It was used for detecting immunoglobulin G with the detection limit 10 nM.



The EBL is another popular technique for making nanohole arrays applying different strategies. One of the strategies involves direct deposition of a thin film of plasmonic material on top of a patterned nanohole obtained after the development of resist. The PMMA works as a support for the nanohole array and is not removed. Recently, this strategy was utilized by Luo et al. for preparing plasmonic-active nanohole array having SERS enhancement factor (E) = ~106 and used it to determine DNA methylation [61]. EBL can also be used for etching and creating nanohole array on substrate, which can then be used for creating plasmonic active thin film nanohole array by direct deposition of plasmonic material. EBL is frequently used to create arrays of nanopillar that can then be used as a nanoimprint stamp for creating ordered nanohole array on resists.



A master template of nanohole array can be fabricated on the substrate using different lithography techniques. This master template can be used for depositing a thin film of plasmonic material and template-stripped on to another substrate [73]. After stripping, the master template can be repeatedly used for making many sets of nanohole array. Therefore, this method avoids needing to repetitively prepare the template from the beginning using lithographic techniques, saving time and cost. Figure 4A shows schematic of preparing nanohole array based on the template-stripping method. The steps include designing a nanohole array on resist film using nanoimprint stamp and etching from the holes to obtain Si master template of nanohole array. The template can then be coated with a metal film, which can be stripped from the template to create template-stripped plasmonic-active nanohole arrays thin film. The SEM image of Si template Figure 4B(a), after Ag deposition Figure 4B(b), and template stripped plasmonic-active nanohole arrays thin film Figure 4B(c) were shown along with the photographic images of fabricated nanohole array chip Figure 4B(d) and multi-channel PDMS chip attached on the silica-coated nanohole array chip (inset in Figure 4B(d)).




7.2. PANTFs with Elevated Nanofeatures


The PANTFs with the elevated nanofeatures can be prepared using different fabrication strategies. Broadly, fabrication strategies can be grouped into template-based and template-free techniques. Reflectance spectroscopy is frequently used for measuring the response from these elevated PANTFs when the light cannot transmit throw the film.



7.2.1. Film over Nanospheres


One of the simplest approaches to create elevated PANTFs is by directly depositing plasmonic materials over hexagonally close-packed nanospheres to create a film over nanospheres (FON). By tuning the size of nanospheres and thickness of the deposited plasmonic materials, the LSPR spectra of FON can be tuned across the entire visible region [74]. The PANTFs prepared using this method can also highly enhance the SERS signals. Zhang et al. prepared very stable AgFON substrates to quickly detect anthrax spores [75]. Calcium dipicolinate, a biomarker for bacillus spores, was extracted and detected using SERS within 11 min with a limit of detection of ~2.6 × 103 spores. The same group later modified the AgFON with atomic layer deposition of alumina layer improving the stability of the AgFON from nearly 1 month to 9 months and improving the detection limit of anthrax spores to ~1.4 × 103 spores [76]. Masson et al. etched the hexagonally close-packed nanosphere before the deposition to tune the gap between the spheres [77]. They found that optimal SERS response can be obtained when a ratio of a gap to the diameter of a sphere is less than 1. They also observed that the optimal excitation wavelength and roughness improve SERS response. They also studied the role of the position of a metal layer on bimetallic films. SERS response was improved when Au layer was prepared on top of Ag layer but decreased when Ag layer was prepared on top of Au layer. Improved structure to the bimetallic films could be preparing a hybrid structure of AgFON and Au nanoparticle as shown in Figure 5 [78]. Figure 5a–c are SEM images of (a) AgFON prepared on 505 nm polystyrene bead, (b) AuNP-AgFON hybrid structure, and (c) cross-section of (b). Figure 5d is SERS spectra of benzenethiol from AuNP-AgFON-505, AgFON-505, and AuNP-Ag film showing three prominent Raman bands. The AuNP-AgFON-505 shows ∼30 times larger SERS enhancement compared to AgFON-505, indicating the significant improvement of the SERS response. Figure 5e–f are Raman mapping images of AuNP-AgFON-505 and AgFON-505 at 785 nm excitation laser, respectively. Figure 5g–g2 are FDTD simulations of E-fields on AuNP assemblies on AgFON-505, zoomed in image for dimer AuNPs, and crevice gap, respectively, in AuNP-AgFON-505 system.




7.2.2. Array of Nanodomes and Nanopillars


One way to prepare these types of PANTFs is by one step deposition of plasmonic materials on nanofeatured substrate. However, even without making nanofeatures on the substrate, these types of structures can be obtained using a template and two-step deposition. This technique involves the deposition of a thin planar film of plasmonic material on substrate as a first deposition. The second deposition is carried out after patterning the film with resists or nanospheres. Finally, the elevated array is achieved after lifting off the resist and nanospheres. Figure 6a is a schematic diagram of the NSL technique to design nanopatterns on the substrate followed by one step deposition to obtain PANTF. Figure 6b(A,B) are low and high magnification SEM images of the Ag deposited film, respectively. Figure 6c(A,B) show changes in LSPR peak wavelength with the change in bulk refractive index around PANTFs.




7.2.3. Randomly Oriented Nanospikes and Nanobricks


It is well known that random nanostructures have better LSPR sensitivity and SERS enhancement compared to their ordered counterparts. Electrochemical methods can create randomly oriented PANTFs on a conductive substrate without the use of a template. A review of electrochemical methods for preparing thin nanoporous gold films has been covered in an article previously [79]. The PANTFs can be prepared by either by adding different structure-directing agent or varying the deposition parameters. SEM images in Figure 7a,b show two completely different morphology of Au nanostructures prepared as a film with or without adding structure-directing agent. Figure 7a shows SEM and AFM images of a gold nanospike thin film prepared by providing a constant potential of 0.05 V versus Ag/AgCl (3M KCl) at different deposition times from HAuCl4 solution containing Pb (CH3COO)2 as a structure directing agent [80]. With the increase in deposition time from 360 s to 540 s, spike height increases drastically to 302 ± 57 nm. The shapes and size of nanostructures can also be tuned by changing the concentration of structure-directing agent. Figure 7b(A) is an SEM image of nanostructured gold film (NGF) prepared by providing −1.2 V for 60 s followed by −1.6 V for 30 s from 50 mM potassium dicyanoaurate solution [50]. Figure 7b(B) shows a typical reflection-based LSPR biosensing setup, where the fiber optic probe is used for both directing incident light for the excitation of surface plasmons and collecting the reflected light. The bulk refractive index sensitivity of the as-prepared NGF was determined by changing the environment of NGF with different concentrations of glycerol as shown in Figure 7b(C) and was found to be 100 ± 2 nm/RIU with FOM of 1.7. Figure 7b(D) shows real-time interactions of surface-immobilized carbohydrate mannose with different concentrations of lectin concanavalin A on NGF surface using reflection-based LSPR spectroscopy.





7.3. Transferred Films


The plasmonic-active individual nanoparticles and unsupported plasmonic-active thin films can be directly transferred to the solid supports creating PANTFs. Lang et al. prepared 100 nm thin film of nanoporous gold (np-Au) by chemically dealloying gold alloy film in 70% HNO3 [69]. The size of the pores of np-Au was controlled by varying the dealloying time from 5 min to 24 to create 10 to 50 nm. As-prepared np-Au thin film was transferred to glass slides to obtain the PANTFs with bulk refractive index sensitivity of nearly 210 nm/RIU and 264 nm/RIU for 30 and 50 nm pores, respectively.





8. Conclusions


The PANTFs have garnered huge attention in the field of plasmonics because of their ability to couple light with surface plasmons causing simultaneous excitation of SPP and LSPR. This can have a huge implication for improving and miniaturization of plasmonic and photonics-based devices as well as integrating them with microfluidics, quartz crystal microbalance, and electrochemical devices. In this review, we discussed propagating and localized surface plasmon resonance and recent advances in the synthetic methodologies for PANTFs. We also reviewed the advantages of using PANTFs compared to discrete nanostructures along with the comparison of the sensitivity of different types of PANTFs.



The discovery of PANTFs has led to the integration of plasmonics with quartz crystal microbalance, microfluidics, and electrochemistry. However, more work is needed in the field for improving sensitivity and simplifying the system for commercial use. As the research on plasmonics is expanding quickly, we can expect to see the integration of all the four fields in a single system in the near future.
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Figure 1. Schematic diagrams illustrating the excitation of surface plasmons from (a) thin film using prism as a coupling device, generating propagating surface plasmon or surface plasmon polariton (SPP), and (b) nanoparticle, generating a localized surface plasmon resonance (LSPR). The typical spectra that can be obtained after the surface plasmon excitation are shown on the right. 
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Figure 2. Schematic of commonly applied strategies for the synthesis of plasmonic-active nanostructured thin films starting from (a) deposition on patterned template, (b) deposition on patterned substrate, (c) deposition on planar substrate, and (d) transfer on planar substrate. 
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Figure 3. (a) Schematic representation of process steps for fabricating nanohole arrays using nanosphere lithography. (b) SEM images of (top) the resulting large area (~30 × 30 µm2) single crystalline hexagonal nanohole array, (middle) an elliptical nanohole array (60° tilt angle) after nanosphere removal, and (bottom) after 4 min Ag electroless plating onto the nanohole array. (c) SERS spectra of (A) 4 min Ag plated nanohole array, (B) 4 min Ag plated flat silver film, (C) a standard nanohole array, and (D) 5× a flat silver film. All substrates were exposed to 1 mM benzenethiol prior to SERS measurements. P = 0.32 mW, t = 180 s, and λmax = 532 nm. Reproduced (a,c) and adapted (b) with permission from Reference [56], Copyright 2009, American Chemical Society. 
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Figure 4. (A) Schematic for fabricating the large-area nanohole arrays. (a) A thermal resist layer spun on a Si wafer is imprinted with a nanoimprint stamp with circular post patterns. (b) The Si wafer is subsequently etched to be a nanohole template with deep circular trenches. (c) A metal film is directionally deposited on the Si template. (d) The metal surface is coated with a thin layer of epoxy and covered with a glass slide. The Ag film is then peeled off of the template to reveal the smooth nanohole array made in the metal film. The Si template can be reused to make multiple identical samples. (B) (a) A SEM image of the Si template with deep circular trenches. (b) A cross-sectional SEM image of the Si template after depositing a 100 nm thick Ag film. (c) A SEM image of the template-stripped Ag periodic nanohole array. The inset shows a zoomed-in image of the template-stripped Ag nanoholes. The diameter of the nanoholes and periodicity of the array are 180 and 500 nm, respectively. (d) A photograph of the fabricated nanohole array chip. A 26.5 mm × 26.5 mm area of 100 nm-thick Ag film with nanohole patterns in an 8 mm × 8 mm area in the center is transferred to a standard microscope slide. The inset in panel d shows a photograph of a multi-channel PDMS chip attached on the silica-coated nanohole array chip. Reproduced with permission from Reference [44], Copyright 2011, American Chemical Society. 
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Figure 5. SEM images of AgFON-505 (a), AuNP-AgFON-505 (b), with cross-sectional image of AuNP-AgFON-505 (c). Raman spectra of AuNP-AgFON-505, AgFON-505, and AuNP-Ag film substrates (d). Raman mapping images of AuNP-AgFON-505 versus AgFON-505 at 785 nm excitation laser (e,f). (g) FDTD simulations of E-fields on AuNP assemblies on AgFON-505 substrate at 785 nm laser wavelength. Partially enlarged image for dimer AuNPs (g1) and crevice gap (g2) in AuNP-AgFON-505 system. Reproduced with permission from Reference [78], Copyright 2016, American Chemical Society. 
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Figure 6. (a) Schematic illustration of preparation of the film over nanowell surfaces. (b) SEM images of Ag film over nanowell surface [diameter of nanospheres (D) = 510 nm; mass thickness of Ag film (dm) = 50 nm; and etch time (te) = 10 min]. (A) Well-packed area of over 40 µm2 and (B) magnified image of the same sample. The SEM accelerating voltage was 5 kV. (c) (A) Collection of reflectance spectra of Ag film over nanowell surface in different solvents (D = 590 nm; dm = 50 nm). (B) Plots of λmin (solvent)–λmin (dry nitrogen) versus refractive index of the solvent for three nanosphere sizes: D = 450, 510, and 590 nm. Each data point represents the average value obtained from at least three surfaces. Error bars show the standard deviations. For all surface preparations, dm = 50 nm and te = 10 min. Reproduced with permission from Reference [41], Copyright 2005, American Chemical Society. 
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Figure 7. (a) Native surface data for the nanospike deposition from precursor solution of 6.8 mM HAuCl4 and 1 mM Pb(CH3COO)2: column (1) SEM (45° tilted) and column (2) AFM images of the gold nanospike surfaces as a function of electrodeposition time. The red and white scale bars are 200 nm and 1 mm, respectively. 2D-FFT data (insets) are shown for the top-down SEM images. Adapted with permission from Reference [80], Copyright 2018, The Royal Society of Chemistry. (b) (A) SEM images of nanostructured gold film (NGF) prepared by providing −1.2 V for 60 s followed by −1.6 V for 30 s (vs. Ag/AgCl (KCl, Satd) from 50 mM potassium dicyanoaurate. Scale bars: 2 µm. Insets are the corresponding higher magnification SEM images (scale bars: 0.2 µm). (B) Optical set up for localized surface plasmon resonance spectroscopy in reflection mode. (C) Bulk refractive index response of as-prepared NGF evident by change in LSPR peak wavelength. (D) Real-time LSPR response of self-assembled monolayer (SAM)-modified NGF to different concentrations of Concanavalin A. NGF was surface modified with a mixed SAM of αMan-C8-SH and TEG-SH (1:3). Reproduced with permission from Reference [50], Copyright 2014, Elsevier Ltd. 
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Table 1. Sensitivity of plasmonic-active nanostructured thin films.
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NS

	
M

	
Fabrication Method

	
d/p/t (nm)

	
λmax (nm) Air or N2

	
Method

	
Sensitivity

R = (nm/RIU),

FOM, E

	
Ref






	
NH

	
Al

	
EBE/EBL/Etching

	
220/-/100

	
510

	
LSPR

	
R = 487

	
[52]




	
Ag

	
NH Si template/EBE/peel off

	
180/500/100

	
NA

	
LSPR

	
R = 450

	
[44]




	
NH Si template/EBE/peel off

	
100/500/200

	
NA

	
LSPR

	
R = 494

	
[53]




	
NSL/RIE/deposition

	
290/-/80

	
550/790

	
LSPR

	
R = 252

	
[54]




	
NSL/RIE/deposition/HF etching

	
290/-/80

	
655

	
LSPR

	
R = 648




	
deposition/FIB

	
200/545/100

	
645

	
LSPR

	
R = 400

	
[55]




	
NSL/RIE/EBE/lift-off

	
~300/400/50

	
672

	
SERS

	
E = 8.13 × 105

	
[56]




	
NSL/RIE/EBE/lift-off/plating

	
<300/400/>50

	
NA

	
SERS

	
E = 3 × 106




	
Au

	
NSL/RIE/EBE/lift-off

	
60/-/20

	
~620

	
LSPR

	
R = ~70

	
[57]




	
NSL/RIE/EBE/lift-off

	
60/-/20

	
675 ± 10

	
LSPR

(1 hole)

	
R = ~90




	
NSL/PVD/lift-off

	
60/-/20

	
575

	
LSPR

	
R = ~100

	
[43]




	
UV-NL/RIE/EBE/lift-off

	
200/400/50

	
583

	
LSPR

	
R = 150

	
[58]




	
NSL/RIE/EBE/lift-off

	
70/

	
NA

	
SPP

	
R = >3000

	
[59]




	
NSL/RIE/EBE/lift-off

	
500/-/80

	
1489

	
LSPR

	
R = 375

	
[60]




	
NSL/EBE/mask/RIE/mask removal/lift-off

	
500/-/80

	
898

	
LSPR

	
R = 625




	
NSL/RIE/sputtering/lift-off

	
600/1000/125

	
710

	
LSPR

	
R = 530 ± 30

FOM = 132

	
[11]




	
600/1000/125

	
NA

	
SPP

	
R = 3600 ± 200

FOM = 327




	
EBL/PVD

	
100/585/50

	
NA

	
SERS

	
E = ~106

	
[61]




	
NSL/PVD/lift-off

	
125/-/40

	
575

	
LSPR

	
R = 36

	
[62]




	
NPi

	
Au

	
porous Al2O3 imprinted nanopillars of Cyclo-olefin polymer/sputter

	
30.0–39.9/-/50

	
NA

	
LSPR

	
R = 154

	
[63]




	
Au thin film/Porous Al2O3/ED

	
Film t = 5 nm

25/60/380

	
NA

	
SPP

	
R = 32,000

FOM = >330

	
[48]




	
Al

	
LIL/deposition

	
180/400/150

	
310

	
SPP

	
R = 223

FOM = 8

	
[64]




	
180/400/150

	
413

	
SPP

	
R = 485

FOM = 20




	
NC

	
Al

	
EA (120 V)/removal Al2O3

	
/246.3/

	
250

	
LSPR

	
R = 191

	
[65]




	
EA (195 V)/removal of Al2O3

	
/456.7/

	
350

	
LSPR

	
R = 291




	
FON

	
Al

	
NSL/PVD

	
210/-/200

	
NA

	
SERS

	
E = ~104–105

	
[66]




	
NPA

	
Cu

	
NSL/EBE

	
100/-/30

	
580

	
LSPR

	
R = 67.8

	
[67]




	
HA

	
Au

	
THL/EBE

	
620/620/100

	
NA

	
SPP

	
FOM = 730

	
[68]




	
NGF

	
Au

	
Au thin film/ED

	
100–200/-/200

	
518 ± 1

	
LSPR

	
R = 100 ± 2

	
[50]




	
NPG

	
Au

	
Dealloyed unsupported thin film in HNO3/transferred to substrate

	
30/-/100

	
~510

	
LSPR

	
R = 210

	
[69]




	
50/-/100

	
NA

	
LSPR

	
R = 264








Notes: NS = Nanostructures; NH = nanohole; NPi = nanopillar; NC = nanoconcave; FON = film over nanosphere; NPA = nanoparticle array; HA = hexagonal array; NGF = nanostructured gold film; NPG = nanoporous gold; RIS = bulk refractive index sensitivity; E = enhancement factor; EBE = electron beam evaporation; PVD = physical vapor deposition; EBL = electron beam lithography; LIL = laser interference lithography; THL = tunable holographic lithography; ED = Electrochemical deposition; NL = nanoimprint lithography; EA = electrochemical anodization; d = diameter of hole; p = periodicity and t = thickness of the film; FOM = figure of merit.
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