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Abstract

:

Surface Enhanced Raman Spectroscopy presents a rapid, non-destructive method to identify chemical and biological samples with up to single molecule sensitivity. Since its discovery in 1974, the technique has become an intense field of interdisciplinary research, typically generating >2000 publications per year since 2011. The technique relies on the localised surface plasmon resonance phenomenon, where incident light can couple with plasmons at the interface that result in the generation of an intense electric field. This field can propagate from the surface from the metal-dielectric interface, so molecules within proximity will experience more intense Raman scattering. Localised surface plasmon resonance wavelength is determined by a number of factors, such as size, geometry and material. Due to the requirements of the surface optical response, Ag and Au are typical metals used for surface enhanced Raman applications. These metals then need to have nano features that improve the localised surface plasmon resonance, several variants of these substrates exist; surfaces can range from nanoparticles in a suspension, electrochemically roughened electrodes to metal nanostructures on a substrate. The latter will be the focus of this review, particularly reviewing substrates made by oblique angle deposition. Oblique angle deposition is the technique of growing thin films so that the material flux is not normal to the surface. Films grown in this fashion will possess nanostructures, due to the atomic self-shadowing effect, that are dependent mainly on the deposition angle. Recent developments, applications and highlights of surface enhanced Raman scattering substrates made by oblique angle deposition will be reviewed.
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1. Introduction


Raman scattering is the inelastic scattering of light, first discovered in 1928 [1], from molecular vibrations. It was found that in Raman scattering, the energy shift of the scattered photon is either higher in energy than the incident photon (anti-Stokes shift) or lower energy (Stokes shift). The shift will be unique to the type of molecular vibrations, therefore, spectral ‘fingerprints’ can be used to identify samples. For example, Raman spectroscopy can be used to identify the differences between natural and synthetic diamonds [2]. Not only is Raman spectroscopy a powerful technique for identification of samples, but it also requires little to no sample preparation, non-destructive and complementary with other techniques such as infrared spectroscopy. One major weakness of this technique is that Raman scattering is a naturally weak effect. Therefore concentrated samples or long measurement times are required to obtain reasonable spectra. Advanced Raman techniques such as surface enhanced Raman spectroscopy or scattering (SERS) are capable of getting around this issue.



1.1. Surface-Enhanced Raman Scattering


The SERS phenomena was first reported in 1974 [3], where abnormally high Raman signal was observed for pyridine adsorbed onto an electrochemically roughened silver electrode. Since then, there have been competing theories into what exactly the enhancement mechanism is, but two types of mechanisms have been proposed. One being a chemical mechanism [4], here the molecule is chemisorbed to the surface and the incident light is able to excite an electron from the highest occupied molecular orbital (HOMO) into an unoccupied molecular orbital through indirect coupling with the metal. This is also known as the charge transfer mechanism. Alternatively, the laser may be in resonant with the molecule-metal complex and can directly excite an electron from the HOMO directly into an unoccupied orbital. Figure 1 demonstrates the basic schematic of this.



The exact chemical mechanism is still debated, such as by Chen et al. [5], who found that the chemical enhancement, based on their calculations, is largely based on the metal cluster charge. Anionic clusters were found to relatively occupy higher energies, in the metal-pyridine complex, as well as having more delocalized electrons. This meant an increase in the polarizability thus leading to the non-resonant Raman enhancement. An issue with the chemical enhancement mechanism is that is can only account for short-range interactions as well as relatively low enhancements. Chemical enhancement cannot accurately describe the high SERS enhancement factors (EF) that has been reported, some as high as 10    14    [6], particularly when single-molecule sensitivity is involved. Initial arguments for the SERS enhancement involved an increase in surface area, however, this alone could not account for the many orders of magnitude enhancement of the Raman cross section. Another SERS enhancement mechanism that was the proposed was the electromagnetic mechanism (EM). In 1977, Jeanmaire and Duyne had reported a systematic experiment to determine the mechanism of SERS enhancement [7]. This review will go into more detail regarding the electromagnetic mechanism in Section 2, but to simplify; the EM can approximate the single-molecule SERS enhancement factor (a measure of how much the Raman signal is increased compared to the non-SERS condition) as given in Equation (1). This is applicable when the laser frequency (   ω L   ) ≈ the radiated frequency (   ω R   ).


   E F =     |   E  L O C    (  ω L  )    |  2    |  E  L O C    (  ω R  )  |  2     |   E  I N C    |     ≈   |  E  L O C   |  4    



(1)







This approximation, while not applicable to all circumstances, provides an estimate of the SERS EF that can be derived from the localised electric field (E     L O C    ). E     I N C     is the incident electric field. Typically, experimentally derived EF, known as the analytical SERS EF, can be calculated from Equation (2).    I  S E R S     and    I  B U L K     is the Raman intensity for the SERS and bulk Raman measurement respectively,    N  S E R S     and    N  B U L K     is the number of molecules involved in the SERS and bulk Raman measurement respectively.


   E F =    (  I  S E R S   /  N  S E R S   )   (  I  B U L K   /  N  B U L K   )      



(2)







The number of molecules involved with the Raman measurements is often difficult to determine with accuracy. Calculations must be careful, errors with the reference have led to reports of EF as high as 10    14    [8]. In [8] the Raman cross-section of crystal violet (CV) was compared to non-SERS cross-section of methanol. CV and methanol have significantly different non-SERS Raman cross-sections, methanol’s non-SERS Raman cross-section is approximately 5 × 10    6    smaller than crystal violet’s, so the reported EF would be likely have overestimated by a factor of 10    6   . A comprehensive study on SERS enhancement factors identifies this and states that the SERS EF only needs to be 10    7    for single-molecule sensitivity [9]. In the electromagnetic mechanism, a SERS surface uses the localised surface plasmon resonance (LSPR) phenomenon, where an incident photon excites a conduction band electron of a structure smaller than the incident photon wavelength. These plasmons oscillate locally and its frequency is known as the LSPR, this propagates an electric field and any molecule that is close enough proximity will experience an enhanced Raman efficiency. LSPR depends on a number of factors, such as material, size and geometry of the surface. It is also found that when nanoparticles are within close proximity, their electric fields can couple to produce an intense region of enhanced Raman scattering. These are sometimes called ’hotspots’, and are a goal in SERS research to be able to fabricate as many hotspots on a substrate. There have been numerous studies into the effects of size, shape and material on LSPR [10,11], however, covering these studies is outside the scope of this review. In order to fabricate nanostructures with large LSPR, several approaches to SERS surfaces include: colloidal nanoparticles [12,13], roughened electrodes [3,14] and nanostructures on a substrate (such as glass [15,16] or polymers [17,18,19]). This review will explore latter type of SERS substrates, particularly those made by oblique angle deposition (OAD).




1.2. Introduction to Oblique Angle Deposition


The definition of oblique angle deposition is not consistent, and is sometimes called glancing angle deposition (GLAD), in general the term is meant for depositions that use material fluxes angled away from the substrate normal. GLAD is an extension of OAD, the term is used to indicate substrate motion and high deposition angles (i.e., >80    ∘   ). OAD had been a focus of scientific research since the 90s [20,21,22], from multi-component nanostructures to spiral photonic crystals, today it is still a valuable technique for producing controlled nanostructured films for a wide range of applications [23,24,25,26]. The growth mechanism differs from growing metal films at normal, where after the formation of nanoclusters at nucleation sites, a continuous film is gradually formed [27]. In OAD, nanostructuring of the thin film begins when material deposited onto the surface start shadowing incoming material, this is known as the atomic self-shadowing effect [28]. If adatom surface diffusion is limited only to along the nanorod, then the cosine rule (see Section 3.1) could potentially be used to model OAD nanostructure angles [29]. Physical vapour deposition (PVD) techniques have applied OAD for making nanostructured thin films, from electron beam deposition [30] to DC sputtering [31], OAD is a popular PVD method for making SERS substrates. Figure 2 shows two different PVD approaches, specifically in these images are DC magnetron sputtering and electron beam deposition. In sputtering deposition, a target is bombarded by high energy particles that eject material. Different set-ups are used, in Figure 2a(top) a rotating drum configuration is selected, whereas in the bottom we see an oblique angle deposition set-up where the substrate is mounted on angled wedges. Sputtering techniques are rare for OAD type SERS substrates, because these set-ups use a planar source so the lack of material flux collimation will affect the self-atomic shadowing effect. Figure 2b is an example of an electron-beam deposition system with planetary rotation. In this type of PVD, a beam of electrons is focused onto a material source under high vacuum. To ensure collimation, OAD set-ups are done so that the distance between substrate and source is far greater than the diameter of the evaporation source. An advantage of electron-beam deposition is that source sizes can be varied more easily than in magnetron sputtering, as one electron gun can have different source holders, whereas the sputter target size is dictated by magnetron size.



The general scheme for an oblique angle deposition is given in Figure 3. As mentioned before, in OAD the substrate is tilted from the material flux and from the atomic self-shadowing effect nanostructures appear in the thin films. Here α is the deposition angle, β is the resultant nanostructure angle.



More discussion and detail into OAD will be given in Section 3, in brief OAD presents a simple method for fabricating complex nanostructured thin films, utilizing this and knowledge of LSPR in nanostructures, high performance SERS substrate fabrication is realised. This review will explore simulation techniques to understand SERS substrates, OAD approaches towards SERS substrate fabrication and finally their applications.





2. Simulations of the SERS Effect


This section will briefly outline approaches to simulating SERS substrates, particularly the computational electrodynamics for enhancement factor derivations. Computational electrodynamics has become an integral part of understanding the SERS enhancement, as previously discussed, the SERS enhancement is appoximately the fourth power of the localised electric field (1). Therefore knowledge of the local electric fields at the nanostructured surfaces is important to derive an approximation of the SERS EF. For example, shape of nanostructures for SERS can lead to significantly different enhancement factors. Rodrigues et al. have published a study into the use of different nanostructured SERS substrates [32]. In this study, the enhancement factors of roughened electrodes, Au fixed nanotubes, Klarite® (was a commercially available SERS substrate based on Si substrates that have been treated with nanolithography) and a nanosphere suspension is summarised in Table 1.



As indicated in Table 1, the shape, size and order of nanostructures can give orders of magnitude difference in SERS performance. Colloidal nanoparticles suspensions were one of the earliest SERS systems to demonstrate high sensitvity [8], however, these SERS surfaces depend on nanoparticle separation which determines the generation of hotspots. Other types of SERS substrates have been reported to produce enhancement factors of up to 10    11    [33]. The EF for Klarite® also seems rather low considering this type of SERS substrate is capable of producing EFs in the range of 10    6    [35], Rodrigues et al. attribute this low enhancement to the fact that there is no strong hot spots in the SERS mapped area which leads to lower enhancements being measured. In order to better understand how to obtain SERS performance, it is a good start to understand the local electric fields of a surface; computational electrodynamics is often utilised to understand this.



2.1. Computational Electrodynamics


Advances in high performance computing have meant more computationally expensive simulations become available. Computational methods to derive the electric fields and optical responses have led to popular methods such as: finite-element method (FEM) [36], Mie theory [32], finite difference time domain (FDTD) [37] and discrete dipole approximation (DDA) [17,38]. In oblique angle depositions, nanostructures are typically aspherical, as Mie theory describe the light scattering from spherical particles, approaches to derive the electric fields for arbitrary geometries will be considered for this review. Therefore the methods FDTD and DDA will be considered, while finite element methods have been used in SERS studies, there is little in literature regarding OAD derived SERS substrate studies using FEM.



2.1.1. Finite Difference Time Domain


One way of deriving the electric field is the finite difference time domain method. Finite differences are used as approximations for the spatial and temporal derivatives in Maxwell’s equations. The starting point for most FDTD sovlers begin with the time-derivative components of Maxwell’s Equations (3) and (4).


      δ B   δ t    = − ∇ × E −  J B    



(3)






      δ D   δ t    = + ∇ × H − J   



(4)







E and H are the macroscopic electric and magnetic fields. J and J    B    are the electric-charge and magnetic-charge current density respectively. B and D are the magnetic induction and electric displacement fields [39]. Time-domain calculations initiate where fields and currents are zero. Temporal and spatial components would then be discretised into a grid, where a Cartesian volume can be used for spatial discretisation. The Yee scheme is commonly used for spatial discretisation [40,41,42] and time steps are used for the temporal discretisation. Oskooi et al.’s interactions with other photonics researchers found that FDTD codes were developed to address their needs, this would be time consuming and so open-source packages such as MEEP (MIT Electromagnetic Equation Propagation) enable easier access to FDTD calculations [40]. FDTD studies are typically done to find the electric fields around the nanostructures in order to understand the SERS EF from an EM perspective [43,44]. A notable application of 3D-FDTD for understanding SERS enhancements was in a study by Liu et al. [44].



It is difficult to experimentally determine the electric field for nanostructures, however, in [44] FDTD was used to evaluate the electric field distribution based on s and p polarised light (see Figure 4). It was found that the electric field was more intense towards the base of the Ag film, paricuarly for s polarised light. The article mentioned that it would be interesting to know whether these results could actually contribute to the SERS enhancement, since these hot spots were under the nanorods. To investigate this further, they deposited trans-1,2-(4-pyridyl)ethene (BPE) onto smooth silver film and then used OAD to fabricate nanorods over this layer. SERS measurements were compared before and after this, as simulation results showed more indense electric fields towards the bottom of the Ag film, so initially it is thought that the SERS intensities for BPE just at the bottom of the nanorods would be comparable with the case where there is full coverage. This was found to not be the case, the results showed that the sides and top of the nanorods contributed greater than the hotspots towards bottom of the rods. It was also observed that the s polarised light gave greater Raman intensities, a result that was consistent with the FDTD calculations. FDTD has also been used to investigate the anisotropic effects of using different objectives and apatures for SERS measurements [45]. Here, the linear relationship of larger apature with Raman intensity was observed to breakdown for large (solid angle > 1) numerical apatures. Raman scattering is an anisotropic effect, therefore it would be logical at increasing the numerical apature may not linearly increase the observed Raman intensities. By converting a captured image of the nanostructures made by OAD, then using 6 levels of grey to assign the Ag step height, a 3D representation was obtained for FDTD simulations. Figure 5 illustrates their FDTD results for two different film thicknesses of Ag.



In their 60 nm film, effects from larger numerical apatures are less pronounced and is interpreted as the taller nanorods enable dipole resonances in more directions than their thinner metal film. The 30 nm film is suggested to confine dipole resonances in the xy plane, this is supported by the significantly smaller change in |E|     M A X  2    for the film with taller nanorods. These outputs have shown how valuable FDTD is for understanding SERS enhancements, however, FDTD is effective for refractive indices ≥ 1.4 [46]. Computationally these are still expensive, especially when simulating large 3D arrays. Next the discrete dipole approximation will be reviewed for its applications to OAD derived SERS substrates.




2.1.2. Discrete Dipole Approximation


Discrete dipole approximation is another computational method for calculating light scattering and absorption for arbitrary geometries. DDA approximates the target geometry into an array of polarisable points, each point is defined as a dipole, where each dipole interacts with each other through their electric field. This approach is applicable where particles are comparable in size to the wavelength (λ) and can be used for inhomogenous targets. DDA can provide near-field evaluations, using the polarisations the electric (see Equation (5)) and magnetic fields can be derived for any point in 2D periodic targets [47].


      E ( r , t ) =      e  − i ω t    ∑    j      ∑  m , n   ′    e x p ( i  k 0   R  j m n   )    |   R  j m n     |  3     ϕ  (  R  j m n   )   {   k 0 2   R  j m n   ×  (  P  j m n   ×  R  j m n   )         +    ( 1 − i  k 0   R  j m n   )   R  j m n  2     [ 3  R  j m n    (  R  j m n   ·  P  j m n   )  −  R  j m n  2   P  j m n   ]   }         +  E 0  e x p  ( i  k 0  · r − ω t )       



(5)







The ϕ(R     j m n    ) function suppresses oscillating contributions from distant dipoles, so that summations can be truncated and is defined in (6):


   ϕ  (  R  r m n   )  ≡ e x p  [ − γ   (  k 0  R )  4  ]  ×     1     f o r  R ≥ d        ( R / d )  4      f o r  R < d        



(6)







P     j m n     is the polarisation, R     j m n     is defined as r − r     j m n    , the location of (m,n) replica of dipole j (r     j m n    ) is related as r     j 00     + mL    u    + nL    v   . L    u    and L    v    are lattice vectors for the DDA array. The most computationally intensive components of either the electric or magnetic field calculations is the summations, despite large memory requirements, accurate DDA calculations can be performed on modern desktops with number of dipoles on the order of 10    6   . There are several open source DDA codes available, however it is the DDSCAT code that is particularly noted for use with periodic targets. Oblique angle deposition for SERS substrates typically generates randomly distributed arrays of nanostructures [30], and it was found in a recent study by Wei et al. that the random distribution of nanorods would generate greater SERS enhancements than regular arrays [38]. Figure 6 shows the adapted results from the study in [38], different shapes of nanostructures were used for this study, a comparison was made between individual and 2D arrays.



Figure 7 defines the DDA target shapes and dimensions used by Wei et al. Despite the higher scattering efficiencies for individual nanostructures, a good SERS substrate should have as much measurement consistency, where a random array will inevitably produce variations across the surface.



This study also investigated the anisotropic nature of SERS EF, as the EF has an asymmetric angular dependence of the excitation incident angle. These observations was compared to an earlier study by Liu et al. [48] and were interpreted with a modified Greenler’s model where the molecule is treated as a dipole on the nanorod length. This model explains the asymmetry in SERS EF for nanorod arrays, as different polarisations can excite the dipoles depending on the molecular-surface arrangement. Another application of DDA for understanding OAD derived SERS substrates was done in the study by Keating et al. [17]. Here different nanostructures were obtained by using a nano-imprinted polymer template for oblique angle deposition. Nanorods with supports were investigated, where the SERS EF from the EM mechanism was studied using DDA. The models used here were adapted and used by Wei et al.’s paper so are similar to the schematic in Figure 7. In this earlier work, DDA was used to calculate the SERS enhancements for Cu and Ag nanorods. The simulations were consistent with experimental observations, where the enhancements for Cu based nanorods were smaller than their Ag analogues. Like FDTD, DDA has its advantages with the computations for arbitrary geometries, where DDA accuracy is determined by the inter-dipole spacings.






3. Oblique Angle Deposition Methods


As discussed in the previous section, nanoparticle shape and separation effectively determine SERS performance. Oblique angle deposition is a powerful technique, reported use of OAD go further than a hundred years ago [49]. Since then, OAD has expanded into a vast range of applications; biosensing [50], broadband anti-reflection coatings [51] and optical Rugate filters [52]. Figure 8 demonstrates a range of structures that can be achieved through OAD.



Films made by OAD will differ from those made by normal-depositions. As discussed in the paper by Zhao et al. [28], this technique applies the atomic self-shadowing effect which will produce porous thin films. Unlike normal-deposited thin films, the material’s properties can affect the resultant film, such as surface-diffusion will occur easier for metals than other optical materials (i.e., oxides). Oblique angle deposition for SERS substrates can be characterised into two main categories; pure metal SERS substrates and metal-decorated OAD-derived nanostructures. These are the common routes into making SERS scattering substrates and this section will review the range of techniques involved.



3.1. Metal Nanostructures for SERS


Noble metals such as gold, silver and copper are typically used as SERS materials because of their optical properties in the visible region. OAD provides a route to producing nanostructured thin films for SERS applications, electron-beam evaporation is typically used for OAD configurations. However, other OAD set-ups have been used with sputtering depositions [54]. Sputter deposition is more typical for depositing nanoparticles onto a surface, which will be covered in the next section, and is not as popular a choice as sputtering set-ups use planar sources so atomic self-shadowing effects will need to be reconsidered. In planar targets, material flux can come from a wider range of angles, thus affecting how atomic self-shadowing will occur at the surface. Two popular relations for describing the tilt of nanostructures in OAD are the tangent rule (7) [55] and the cosine rule (8) [29], where the cosine rule is more applicable for higher deposition angles (   α >  60 ∘    ).


   tan α = 2 tan β   



(7)






   β = α − arcsin (    1 − cos α  2   )   



(8)







These relations do not describe metal systems very well, materials such as silver tend to get nanorod angles of approximately 70    ∘   –75    ∘    when deposited at 86    ∘    [56]. These rules are geometric arguments for predicting the resultant angles from OAD, so there must lie other processes that affect the β angle. Alternative approaches have been investigated [57,58], there are so many empirical relations made for OAD but the more accurate predictions are material dependent. For example, one modification to Equation (8) was realised in [18] as a simple coefficient in front of the arcsin term, however this only works well for high α and Ag.


       β = α − χ arcsin (    1 − cos α  2   )        χ ≈ 0.588      



(9)







As Equations (7) and (8) are geometrically derived, where Equation (8) only takes surface diffusion into account along a nanorod [29], thermally activated effects are not taken into account. Temperature studies for oblique angle depositions have been conducted, into how substrate temperature affects the resultant nanostructures.



3.1.1. Temperature Dependent Oblique Angle Deposition


The effect of substrate temperature has been a topic of interest for SERS researchers, particularly those using the oblique angle deposition configurations [16,43,59]. Compared to other materials typically used in OAD, silver and gold tend to have significantly lower surface diffusion activation energies, this means adatoms can more readily take part in thermally activated effects. Khare et al. had found that for elevated substrate temperatures, at 573 and 623 K, temperature induced adatom surface diffusion can negate the atomic self shadowing effect for Ag films [60]. Normally a substrate would become hotter during depositions, one way to control this is to fit a substrate temperature controller into the set-up. A study by Singh et al. demonstrated a SERS substrate consisting of Ag nanorods grown at 140 K required lower deposition times to get the same nanorod lengths as those done at room temperature [59]. Not only this, they had found that it also showed greater sensitivity than the substrate made at room temperature. Figure 9 illustrates the difference in SERS intensity when comparing the substrate made at room temperature and at 140 K.



The difference in relative peak intensities at 1610 and 1640 cm     − 1     indicates different molecular interactions at the surface. As these Raman shifts are representative of the aromatic ring stretching mode and in-plane ring mode, the molecular orientation to the surface must be different for each substrate. Another point to note in this study, is that while the substrate is kept at 140 K with a liquid nitrogen cooling block during deposition. It is worth noting that because the substrate is at lowered temperatures in the vacuum chamber, it would be possible for it to act as a Meissner trap thereby attracting unwanted impurities onto the substrate. This may explain why there are some smaller bands found in the spectra, that the authors have attributed to organics from the environment or outgassing from the vacuum system. Coupled with their FDTD calculations, it was found that the pores formed from deposition at 140 K to generate hotspots for SERS enhancement which is consistent with their experimental observations. This suggests that making SERS substrates at lowered temperatures will generate greater enhancements, however, the opposite was found to be true in the study by Oh et al. [43]. In their study, it was found that substrates made at higher temperatures had higher SERS enhancements than substrates made at lower temperature. This was contradictory to what was initially thought, as Ag films made at higher temperatures had lower nanorod densities. This called for a theoretical treatment of their substrate using FDTD. It was found that the greatest SERS EF were contributed to gaps smaller than 3 nm, this led to EFs of up to 10    8    to be derived irrespective of geometrical schemes. Oh et al.’s study also showed that thermal evaporation can make SERS substrates by OAD comparable to those made by e-beam. From these studies, it seems that uncontrolled room temperature oblique angle depositions seem unfavourable for making high performance SERS substrates. There have yet to be temperature-SERS studies done with other substrates, such as polymers, that have significantly different thermal conductivities to typical silicon/glass substrates. While changes in geometries were observed as a temperature dependence during oblique angle depositions, there is little in literature that studies this temperature dependence with other nanostructures [15,53], perhaps this will be a new area that will be expanded in the near future.




3.1.2. Geometries of OAD Derived SERS Substrates


As illustrated before with Figure 8, oblique angle deposition provides a method for making complex and nanostructures simply by manipulating the deposition angle. Substrate rotation during OAD can generate helical structures, Jen et al. have investigated nanohelix arrays using oblique angle depositions at −140     ∘   C that were applied to SERS investigations. In their 2015 work, they compared nanohelix arrays made from Ag and Au, where it was found that gold was the better SERS material for this configuration [53]. This study compared the SERS spectra of BPE using nanohelix and nanorod arrays made with Ag, Figure 10 is from [53], indicating clearer SERS spectrum with a nanohelix array.



From that study, they found that by using a cooled substrate rotation, the film morphology could be controlled as a function of rotation speed. However, it was also material dependent as Ag did not behave like Au under the same deposition conditions. In their more recent 2016 study, the lower the spin rate used, the more hotspots would be supported as the pitch and helical radius increases [15]. Their 3D FDTD simulations of three structures, each based on the resultant nanohelix deposited at their respective rotation speeds, support this as the |E/E    i   | was found to be greatest for the slowest rotation. Substrate movement isn’t just used in OAD for helical structures, it can also be used to generate zigzag-nanorod arrays as done in a study by Keating et al. [17]. These zigzag-nanorod arrays were found to have poorer relative standard deviations in their SERS measurements, 33.4% for zigzag-arrays as opposed to 11.8% for nanorod arrays made at single angles. However, despite this, the zigzag-nanorod array was found (both in DDA simulations and experimental observations) to have greater SERS enhancement than the standard nanorod array. This was attributed to the sharp bends in the zigzag structure allowing the generation of more intense hotspots. OAD is not only used for 2D and 3D structures, but also can be used to make metal films on existing structures. There have been studies into using templates for oblique angle deposition, which will be explored in the next section, in making high quality SERS substrates. One common method of using a template is using the self-assembly nature of polystyrene nanospheres [61,62]. In these cases, the atomic self-shadowing effect is predefined by the nanospheres, so nanoparticles are deposited at regular set intervals. Templates provide an advanced configuration to the OAD technique, where templates can be tailored for individual applications.




3.1.3. Template Assisted Deposition


Templates are surfaces with defined surface structures, so when used in oblique angle depositions, there will be predefined shadowing. This compliments the growth mechanism in oblique angle depositions, where nucleation sites are random and are the start point for the atomic self-shadowing effect [28]. In fact Figure 8 shows nanorods grown on a template, the SEM image showed that nanorods were positioned in an ABA packing arrangement. Malac et al.’s study, in 1999, was one of the earliest reports using designed nanoscale templates for OAD [63]. Since then, technology has allowed fabrication into smaller dimensions with better control, and now different types of templates exist. Lithography and etching techniques are typically used for making templates [64,65], other methods include self-assembled nanoparticles [61,62] and nano-imprinted polymers [17,18,30]. The advantages of using lithography techniques is that resolutions on the order of 5 nm are achievable, however, the cost and scalability remain a challenge for mass production. Self-assembled polystyrene nanospheres presents a cheaper alternative for OAD templates, however, distribution of nanostructures would be limited to packing arrangements (i.e., hexagonal close packing). Nano-imprinting has been used in SERS substrates for almost a decade [66], but was until recently that researchers had used nano-imprinted polymers as a template for oblique angle deposition derived SERS substrates [30]. To date, literature that refers to the use of OAD templates for SERS applications is limited [17,18,30,65,67,68,69], even with improved order of nanostructures; SERS reproducibility remains an issue [70]. Theoretical studies have suggested that randomly arranged nanostructures will attain higher enhancements [38], these do acknowledge the fact that suitable SERS substrates require consistency; on its surfaces and batches which are achievable through the use of templates.





3.2. Metal Decorated Nanostructures Made by OAD


SERS materials, typically gold or silver, are expensive. Therefore making nanostructures remain an issue for large area production, as well as the inherent issue of SERS measurement reproducibility between batches. An alternative would be to produce nanostructures using OAD, such as from SiO    2    [71], that would then be deposited with metal nanoparticles for hotspot generation.



Figures from the study by Hou et al. are adapted into Figure 11, by sputtering the nanoparticles onto the nanorod array this metal on oxide SERS substrate is fabricated entirely by PVD processes. An advantage of this is that metal structures can be prone to atmospheric contamination or just oxidation from the air [72], thus by decorating a nanostructure array there would be less wasted SERS-active material. Interestingly, the substrates made by Hou et al. were highly sensitive (with an EF of 10    8   ) and reusable. There is limited literature in regards to this approach [71], as fabricating these oxide materials can be achieved chemically without the need of a vacuum system. Therefore, there is still more to opportunities for future work in OAD derived SERS substrates.





4. Application of OAD Derived SERS Substrates


SERS presents a powerful analytical method that requires little sample preparation and possesses up to single-molecule sensitivities. The field is very interdisciplinary, from understanding the fundamental physical processes behind the enhancements to biomedical applications. Combined with the oblique angle deposition, vast kinds of SERS substrates can be made possible, in this section the applications of such substrates will be explored. Potential uses for OAD derived SERS can be categorised into; biological and biomedical, chemical analysis and security applications.



4.1. Biological and Biomedical Applications


Raman scattering is sensitive to the molecular environment and therefore “fingerprints” of spectra can be used to identify samples. This fingerprinting method is typically used in biological SERS studies to help identify species of bacteria. SERS can also be used to detect by-products from the metabolism of living cells, thereby in-situ monitoring of a biological system is possible. In this section, the applications of OAD derived SERS in bacteria, biomedical and drug studies will be explored.



4.1.1. Bacteria Applications


Rapid identification of pathogens are important for medical strategies. Despite the advances made with SERS sensing of bacteria [73,74,75] and viruses [76,77], it has yet to be implemented clinically as standard procedure. Traditional techniques such as fluorescence spectroscopy, polymerase chain-reaction (PCR) and cell culture techniques are still the standard methods employed in identification of pathogens. These techniques require specific training, equipment can be expensive and time-consuming. SERS however, requires relatively less intensive training, as sample preparation only require the deposition of cells onto the substrate. Optimised substrates have been reported to produce sensitivities of detecting single E. coli bacterium in 10   μ  L [78]. An issue with using silver nanorods, is that silver can be cytotoxic to bacteria so the binding between surface and sample may not be favoured. One method of resolving this is to functionalise the surface with a material that interacts with both the silver and cell walls of bacteria. Vancomycin (see Figure 12) is one such antibiotic that is used in OAD derived SERS substrates, the mechanism with bacteria is that it forms hydrogen bonds with the peptidoglycan layer which interferes with cell wall synthesis. This is why the antibiotic is not as effective against gram-negative bacteria.



The time elapsed Raman measurements shown in Liu et al.’s study in 2009 [79] shows a measurable change in the SERS spectra for S. aureus, as time progresses, the cell wall synthesis being affected by vancomycin becomes that is reflected in the spectra. Whereas in the same time scale, without antibiotics the SERS spectra for S. aureus remains consistent. While this proved that SERS has potential for rapid assays (that can take days through conventional methods) the substrate, however, was not made by oblique angle deposition. In a recent study, by Wu et al. [75], vancomycin functionalised SERS substrates were made with nanorod arrays via OAD (that was based on the optimal substrates from their previous study in [73]). With their SERS measurements, they were able to discern serotype information based on the surface proteins with chemometric analysis (see Figure 13). Principal component analysis (PCA) was conducted along with hierarchical cluster analysis (HCA) in order to discern between different species of bacteria. The change in Raman spectra due to the presence of vancomycin is consistent with the earlier study by Liu et al., therefore, not only does SERS presents a rapid method of identifying bacteria (sample exposure time was 5 s in the SERS study [75]) but it also identifies a potential future antibiotic studies. Surface functionalisation has been applied to testing antibiotic susceptibility; from the recent work done by Liu et al. [74], minimum inhibitory concentrations and antibiotic susceptibility tests could be carried out with results that were consistent with incubation methods.



These types of studies has yet to be done with SERS substrates made with OAD, but other bacteria research has; particularly for biomedical applications.




4.1.2. Biomedical Applications


As discussed in the last section, rapid identification of bacteria is becoming more feasible with SERS, a recent report showed that pathogens from human serum could be identified [80]. Current medical diagnostic methods are more time-consuming, expensive and require more training in order to produce a result. SERS is an attractive tool for diagnostics because of the simpler sample preparation, high sensitivity and speed. One biomedical application is the detection of urea in human serum [81]. Urea levels in the human serum can be used to help diagnose diseases, as well as, characterising kidney function. Identifying the pathogens in patient’s blood can be vital, especially when dealing with time-sensitive treatments, SERS can offer rapid bacteria detection in bodily fluids [82,83]. Driskell et al. have made studies into using OAD-based SERS substrates for the detection of rotaviruses [82], group A rotaviruses are known to be infectious and commercially available assays do not provide information on genotypes which are important for disease control and identifying new strains. Typing can be achieved by an Enzyme-linked immunosorbent assay (ELISA) or hemi-nested RT-PCR, however, these techniques are both labour intensive and time-consuming. In [82] the SERS spectra was used in a partial least squares discriminant analysis to classify samples, such that in a cross validation prediction of rotavirus type attained a 100% accuracy. In a recent study by Chen et al., the use of OAD-derived SERS substrates was applied to the detection of early stage malaria [83]. The SERS strategy for detecting malaria revolves around hemozoin, the Raman spectra was taken within its natural environment [84], however early stages of infection contains little hemozoin and maturing parasites lead to mechanisms that make detecting infected red blood cells more difficult to detect. Ag nanorod arrays produced by OAD enable sensitive and reliable detection for infected red blood cells, Figure 14 shows the difference that is seen in the SERS spectra, coupled with PCA (see Figure 15) the study was able to detect different stages of infection.



From detecting components in bodily fluids to sensing bacteria, viruses and parasites; SERS proves to be an important diagnostic tool for future clinical use. OAD-derived SERS substrates over the last decade, have been applied to such biosensing applications and continues to contribute new findings.





4.2. Reusable SERS Substrates


SERS substrates can be prone to environmental contamination, over time even noble metals such as Ag react with oxygen that will affect substrate performance. Once used, substrates are difficult to clean without damaging the substrate and/or affecting performance. This small section will discuss how recyclable SERS substrates can be. Ma et al. have used OAD for reusable SERS substrates [86,87], where the metal nanorod arrays are further coated with a transition metal oxide. In [86], TiO    2    was used as a thin protective layer to prevent oxidation and sulfuration of the Ag nanorod array. Here the substrates could be renewed through simple ultraviolet illumination and water dilution. Another approach with TiO    2    is found in [88], where instead oblique angle deposition is used for TiO    2    nanorod arrays that are then decorated with Ag nanoparticles. These substrates also have the ability to regenerate via ultraviolet irradiation and could be used to monitor the photocatalytic decomposition of dyes via their SERS spectra. HfO    2    was shown to also improve stability, because HfO    2    possesses a high melting point, heating cycles could also be applied to the SERS substrate in order to regenerate for further use [87]. These protective layers also enable the repeated use in vapour and liquid phase detection, which would be useful for industrial and security applications.




4.3. Food and Security Applications


Food quality is constantly monitored in the industry to ensure products are safe for human consumption. Public security on the other hand are more concerned with detection of any immediate hazards, such as explosives. SERS is one powerful tool that can be applied for these applications, in food inspections it is important to monitor both biological and chemical components. For security purposes, detecting the lowest concentrations of an explosive and/or its by-products is vital. In this section, applications to agriculture, food-safety and explosives will be discussed.



4.3.1. Agriculture and Food-Safety Applications


SERS substrates made by OAD have been used for food-safety applications [89], the SERS spectra in these instances can be complimentary with ultra-thin layer chromatography. During the chromatography, mixtures are separated into different components, that can be assessed via SERS. This combination of techniques can detect potential adulteration of food products, potentially more sensitive and faster than relying on other analytical chemistry techniques. Another instance where SERS can be used for food-safety, is in the detection of melamine in animal feed [90]. This SERS study was carried out on melamine, as conventional chemical testing methods are gas-liquid chromatography or high performance liquid chromatography, which are more complicated and require significantly more training. The study also showed improved stability and detection times when using a modified clean up step on these SERS substrates. Bacteria is also an important factor to monitor in food products, SERS is not only limited to biomedical applications when it comes to rapid food borne pathogens. Using vancomycin functionalised Ag nanorod arrays made by OAD, Wu et al. were able to detect S. poona and E. coli from fresh produce [91]. The limits of detection were improved by using a two-step filtration process, that involved a modified PTFE hydrophobic filter treated with (HeptadecaFluoro-1, 1, 2, 2-tetra-hydrodecyl) trichlorosilane. This resulted in limits of detections of 100 CFU/mL in under 4 h for S. poona and E. coli at 1000 CFU/mL. This limit of detection for E. coli is one of the best reported for label-free SERS and matches with the reported value of [78]. These improvements to the SERS technique and the potential to reuse substrates enable this method to become more portable, which is particularly useful for security purposes.




4.3.2. Explosive Components Detection


SERS is known for its label-free and high sensitivity, that is why this technique is used for the trace-level detection. There has been a lot of research in the area of detecting explosive components/by-products [92,93], however, there is limited literature involving OAD derived SERS in this area [31]. The work done by Nuntawong et al. have shown the use of oblique magnetron sputtering deposition, which in itself is rare. Their SERS substrates claim to have nanorods of 1 micron in length with approximately 100 nm in width, which seems inconsistent with their FE-SEM image’s scale bar. Despite this, it is promising to see their measurements can discern the perchlorate peak which is useful for the detection of explosives, as well as, the significant different to the SERS spectra between dissolved explosives and burned explosives. Current developments have yet to yield an OAD derived SERS substrate that can sense in the gas, liquid and solid phases. One method uses Au nanoparticles which is capable of examining analytes both in the liquid and non-liquid phases [94]. Therefore, as most of the research here has had biomedical themes, there presents a great opportunity of future work in the area of OAD-derived SERS in detecting explosives.






5. Conclusions


This review has presented a number of topics, from computational calculations to applications of substrates made by OAD, all in order to better our understanding and use of SERS. Oblique angle deposition is simple technique that yields complex nanostructures, yet there is still more to be understood about deposition processes when it comes to metal depositions. Simple controls such as substrate temperature have allowed us to further manipulate nanostructures with the same deposition technique. Using OAD has enhanced the field of SERS, recent developments have enabled us to potentially detect earlier stages malaria from spectral changes to malarial infected blood cells. While this field has strength in biological applications, there is still potential research to be done in environmental sensing and the underlying physics of the SERS phenomenon. Electrodynamic simulations enable us to understand the mechanisms involved in the phenomenon of surface-enhanced Raman scattering and it is anticipated that future OAD-SERS research will include theoretical treatments to the deposition processes. In conclusion, with Raman equipment becoming more affordable and portable, we expect to see applications of OAD derived SERS in more fields.
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Figure 1. Schematic of common chemical mechanisms for SERS enhancement. The charge transfer involves the indirect excitation through the metal. In the metal-adsorbate complex, the incident photon can be resonant with the electronic transition between the highest occupied molecular orbtial (HOMO) towards the lowest unoccupied molecular orbital (LUMO). 
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Figure 2. (a) DC magnetron sputtering system, typical configuration (top) involves a rotating drum so co-sputtering is available. (bottom) Substrates could be mounted onto a wedge in front of the target for OAD; (b) (top) An electron-beam deposition system, in this set-up two sources are available for co-depositions (bottom) an example of an e-beam gun, electrons are ejected from a tungsten filament and directed by both a permanent and electromagnet. 
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Figure 3. Scheme of oblique angle deposition and how the resultant angle β is influenced by the atomic self-shadowing effect, that is affected by surface structures and the deposition angle, α. 
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Figure 4. Modelling of input (b) based on nanorods as seen in the SEM image (a). 3D-FDTD simulation of the electric field distribution, the electric field distribution calculated for λ = 785 nm. Results show that the electric field distribution for p-polarised in the xz and yz (c,e) and s-polarised light in the same planes (d,f). Reprinted with permission from [44]. Copyright 2009 American Chemical Society. 
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Figure 5. Cross-section logarithmic plots of the field enhancement |E|    2    at 514 nm excitation. (a,b) are the base of the 30 nm Ag nanoislands at NA = 0.12 (|E|     M A X  2    = 85) and 0.85 (|E|     M A X  2    = 50) respectively. (c,d) are cross-sections at the tip of the 60 nm nanoislands, NA = 0.12 (|E|     M A X  2    = 70) and 0.85 (|E|     M A X  2    = 67) respectively. Reprinted with permission from [45]. Copyright 2012 by Jayawardhana et al; article under the terms of the Creative Commons Attribution License. 
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Figure 6. The extinction, scattering and absorption efficiencies are calculated for different nanorod shapes: (a) S42; (b) S0:42; (c) S-42:42; (d) S0:-42:42. Here we see that the calculated EFs are consistently higher than their 2D array analogues. These optical properties correlate with the coupling with neighbouring nanorods in the array. Reprinted with permission from [38]. Copyright 2015 by Wei et al; licensee Beilstein-Institut., article under the terms of the Creative Commons Attribution 2.0 License. 
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Figure 7. (left) The definition of the nanorod shapes and periodicity used in this DDA study. (right) DDA results showing the EF logarithmically, the shapes are defined as (a) is unit target S42, (b) S0:42, (c) S-42:42, (d) S0:-42:42. Reprinted with permission from [38]. Copyright 2015 by Wei et al; licensee Beilstein-Institut., article under the terms of the Creative Commons Attribution 2.0 License. 
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Figure 8. Examples of nanostructures that can achieved through oblique angle deposition. (a) Nanorods (b) Nanochevons, sometimes called zig-zag nanocolumns (c) Helical nanocolumns can be achieved through substrate rotation during deposition. Reprinted with permission from [17,53]. Copyright 2014 American Chemical Society. 
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Figure 9. SERS spectra for BPE on two SERS substrates made by OAD at two different substrate temperatures. SEM images for the substrates deposited at (a) room temperature (b) 140 K. Reprinted with permission from [59]. Copyright 2012 American Chemical Society. 
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Figure 10. Comparison of BPE SERS spectra on Ag nanohelix and nanorod array, then comparing the Ag nanohelix array with its Au analogue. Reprinted with permission from [53]. Copyright 2015 by Jen et al. based on Creative Commons Attribution 4.0 International License. 
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Figure 11. SiO    2    nanorods fabricated by oblique angle deposition at 86    ∘    then Au is sputtered onto the nanorod array for 240 s. Reprinted with permission from [71]. Copyright 2015 by Hou et al. based on Creative Commons Attribution 4.0 International License. 
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Figure 12. (a) Molecular structure of Vancomycin; (b) Single bacterium Raman measurement taken, every 10 min for 90 min, shows the effects vancomycin exposure has to S. aureus. (b) is reprinted with permission from [79]. Copyright 2009 by Liu et al., article under the terms of the Creative Commons Attribution License. 
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Figure 13. (A) SERS spectra for the range of bacteria studied in [75], pristine substrates were harder to differentiate as more environmental contamination (highlighted in the spectra) seem to be present; (B) Principal component analysis showed that with the use of vancomycin the correlation between different bacteria was improved. Reprinted with permission from [75]. Copyright 2015 Elsevier. 
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Figure 14. Graphical abstract showing the structural differences in healthy and infected red blood cells, which is also reflected in their SERS spectra. Reprinted with permission from [85]. Copyright 2016 Elsevier. 
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Figure 15. (a) PCA based on the SERS spectra of CPD buffer, normal red blood cell and infected cells at different infection times; (b) SERS spectra for CPD buffer, normal red blood cell and infected cells at different infection times. Reprinted with permission from [85]. Copyright 2016 Elsevier. 
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Table 1. Comparison of different SERS substrate enhancement factors. In [32] the Raman probe is 10     − 2     M 4-mercaptopyridine, based on the vibrational band at 1090 cm     − 1     (for the nanosphere suspension the EF is based on the 1000 cm     − 1     band). 1,2-Bis(4-Pyridyl)Ethylene was used for dimer-on-mirror substrates, thionine acetate was used on gold-coated nanorod array, data extracted from [32,33,34].
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SERS Substrate

	
Enhancement Factor

	
Reference






	
Roughened electrode

	
39.0 ± 73.0 × 10    3   

	
[32]




	
Gold fixed on 400 nm diameter nanotubes

	
120.0 ± 50.0 × 10    3   

	
[32]




	
Klarite®

	
4.2 ± 2.0 × 10    3   

	
[32]




	
Nanosphere suspension

	
1.4 ± 0.14 × 10    3   

	
[32]




	
Dimer-on-mirror substrate

	
1.2    ×  10 11    

	
[33]




	
Gold-coated Nanorod Array

	
∼10    7   

	
[34]










© 2017 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license ( http://creativecommons.org/licenses/by/4.0/).
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