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Abstract

:

Surface-enhanced Raman scattering (SERS) sensors are very powerful analytical tools for the highly sensitive detection of chemical and biological molecules. Substantial efforts have been devoted to the design of a great number of hybrid SERS substrates such as silicon or zinc oxide nanosystems coated with gold/silver nanoparticles. By comparison with the SERS sensors based on Au and Ag nanoparticles/nanostructures, higher enhancement factors and excellent reproducibilities are achieved with hybrid SERS nanosensors. This enhancement can be due to the appearance of hotspots located at the interface between the metal (Au/Ag) and the semiconducting substrates. Thus, in this last decade, great advances in the domain of hybrid SERS nanosensors have occurred. In this short review, the recent advances of these hybrid metal-coated semiconducting nanostructures as SERS sensors of chemical and biological molecules are presented.
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1. Introduction


Since the 2000s, surface enhanced Raman scattering (SERS) spectroscopy based on a nanostructured substrate has become a powerful and promising technique for highly sensitive detection of chemical/biological molecules [1,2,3,4]. SERS performance depends on the substrates, which are mainly realized with metallic nanoparticles [5,6,7,8,9] or nanostructures [10,11,12] with different geometries obtained by various techniques such as X-ray interference lithography [13], interference lithography [14,15], deep UV lithography [16,17] and electron beam lithography [18,19,20]. Large SERS enhancement ability and reproducibility are achieved by these techniques. However, they require costly equipment and heavy manufacturing processes for mass production. Several low-cost strategies such as nanosphere lithography [21,22,23], nanoimprint lithography [24,25,26] and metallic nanoparticle assemblies by self-assembling processes [27,28,29] are employed as an alternative method for industrial production. Nonetheless, a limiting factor of these two low-cost techniques is the definition of nanostructures on large surfaces. More recently, alternative and promising SERS substrates have emerged and are composed of silicon nanowires associated with metallic nanoparticles [30,31,32,33,34,35,36,37,38,39,40] showing ultrahigh sensitivity and excellent reproducibility. For example, Galopin et al. investigated silicon nanowires coated with silver nanoparticles on large surfaces [38]. In addition, another alternative solution is to choose zinc oxide (ZnO) nanostructures. Indeed, this semiconducting material can be applied to SERS sensing [41,42,43,44] because ZnO has an excellent propensity for nanostructuration combined with a relatively high refractive index, which better confines the light and thus induces a potential enhancement of the SERS effect as for the silicon having also a high refractive index. For instance, Sinha et al. investigated ZnO nanorods coated with a gold layer [42]. Compared with SERS substrates only based on pure Au or Ag nanoparticles which have relatively low values of enhancement factors (EF), both hybrid nanostructures enable achieving higher EFs due to the hotspots located at the interface between the metal (Au/Ag) and the semiconducting substrates (Si/ZnO), which potentially improve the detection limit. Moreover, a great reproducibility of SERS signal is obtained with these hybrid nanosystems. Thus, a great number of hybrid nanostructures was carried out and employed as SERS substrates for obtaining high-performance sensors of different chemical/biological molecules with an excellent reliability and reproducibility.



During these two last decades, great progress has occurred in this research topic and a very small number of reviews concerning this progress can be found. Thus, an overview of these promising advances in the development of hybrid SERS nanosensors is presented. Firstly, we report on a review of the design and fabrication of hybrid SERS substrates based on silicon. Next, the representative results on the high sensitivity and the reproducibility of detection of chemical or biological molecules concerning tthese metal-coated Si SERS nanosensors are summarized. Lastly, a review on hybrid SERS substrates based on zinc oxide is reported concerning their fabrication and their SERS performances.




2. Hybrid SERS Nanosensors Based on Silicon Nanostructures


2.1. Fabrication Methods of Metal-Coated Si Nanosensors


Silicon nanostructures such as nanowires (SiNW) or nanopillars (SiNP) can mainly be obtained with the following fabrication methods, which are the solution phase synthesis (SPS) [45,46], the vapor–liquid–solid (VLS) growth [38,47,48,49,50], the oxide-assisted growth (OAG) [36,51,52], lithographic methods coupled to an etching process [53,54,55], and the metal-assisted chemical etching (MACE) [40,56,57] (see Figure 1a,b). More recently, a couple of techniques emerged such as maskless processes by reactive ion etching (RIE) [35] or RIE processes through the oxide native layer of silicon [58,59,60] (see Figure 1c). Moreover, a few groups employed a technique combining two existing techniques: the nanosphere lithography (NSL) and the MACE technique [61,62,63,64] (see Figure 1d for the principle scheme of this coupled technique of fabrication).



Thus, the SiNWs or SiNPs obtained with these various fabrication techniques are then modified with a metallic layer [35,58,59,60] or nanoparticles (e.g., Au and Ag nanoparticles) [31,36,37,38,39] in order to realize SERS substrates with significant performances in terms of the enhancement factor and the detection limit of biological and chemical molecules. The coating of Si nanostructures for SERS sensing is generally obtained with several Au nanostructures such as spherical nanoparticles, cylindrical nanorods, or triangular prisms [34]. Another technique employed for realizing metallic nanoparticles on silicon nanowires is the use of oxidation–reduction reactions, which consist of the reduction of metal ions by the electrons coming from the reaction on the SiNW surfaces etched by hydrofluoric acid [65]. These different metal-coated Si nanosensors have been fabricated in a major part at the wafer-scale [31,35,38,40,58,59,60,63].




2.2. SERS Performances of Metal-Coated Si Nanosystems for Chemical and Biological Sensing


In order to evaluate the SERS performances of metal-coated Si nanotructures for sensing of biological and chemical molecules, the enhancement factor (EF) is usually calculated. For that, two expressions are mainly employed. These two formulas giving EF and AEF (AEF = Analytical Enhancement Factor) are as follows:


EF=ISERSIRaman×NRamanNSERS,



(1)






AEF=ISERSIRaman×CRamanCSERS,



(2)




where ISERS and IRaman are SERS and Raman intensities for a given Raman peak, respectively. The NSERS and NRaman quantities are the numbers of excited molecules of analytes in SERS and Raman measurements, respectively. Finally, CSERS and CRaman correspond to concentrations of studied analytes used for SERS and Raman experiments, respectively. Firstly, the silicon nanowires coated with metallic nanoparticles demonstrated excellent SERS performances (see Table 1). For instance, Galopin et al. showed an EF factor in the range of 107–108 and a limit of detection (LOD) of 10 fM measured experimentally for the detection of Rhodamine 6G (R6G) molecules with Si nanowires coated with Ag nanoparticles [38] (see Figure 2a,b). With the same type of metal/Si systems (AgNPs/SiNWs), Zhang et al. obtained an EF factor in the range of 108–1010 for the detection of Sudan dyes [37]. Furthermore, an EF factor in the range of 6 × 109–8 × 109 is achieved and an LOD of 1 fM is experimentally measured for the DNA detection in the work of He et al. [36]. Besides, Wei et al. also demonstrated an LOD of 10 fM measured experimentally for the DNA sensing with Si nanowires coated with gold nanoparticles [33].



Secondly, the metal-coated Si nanosystems obtained with low-cost techniques also achieved great SERS performances for chemical and biological detection (see Table 1). Recently, Lin et al. fabricated Si nanorods with the coupling of the NSL and MACE techniques, and then coated these Si nanorods with gold nanoparticles (see Figure 1d and Figure 2c,d). A value of 3 × 107 is achieved for the enhancement factor for the detection of Rhodamine 6G molecules [63] (see Figure 2d for SERS spectra). By using this technique of NSL associated with MACE, Cara et al. also showed a great EF of 1.6 × 106 for the detection of 7-mercapto-4-methylcoumarin (MMC) molecules with gold-coated Si nanowires [62]. With this same fabrication technique, Huang et al. achieved an EF of 1.1 × 106 for the detection of 4-aminothiophenol (4-AT) molecules with silver-coated Si nanowires [66]. By another way, Schmidt et al. demonstrated an EF value of 7 × 106 for the detection of trans-1,2-bis(4-pyridyl)ethylene (BPE) with leaning Ag-coated Si nanopillars. These nanosystems have been produced with a maskless process by using reactive ion etching. By leaning the Ag/Si nanopillars, hotspots are created and thus improving the Raman signal enhancement [35].



In addition, Prof. Barbillon’s group demonstrated excellent enhancement factors (EF or AEF) for the detection of thiophenol molecules with Au/Si and Al/Si nanopillars. For these two cases, Si nanopillars have been produced by a RIE process through the oxide native layer of silicon followed by the evaporation of a metallic layer. The values achieved for EF (for Au/Si) and AEF (for Al/Si) are in the range 107–108 [58] and 1.5 × 107–2.5 × 107 [60], respectively. Furthermore, this group also showed that the thickness of the metallic layer (for gold) has an effect on the SERS enhancement [59]. Lastly, other groups also demonstrated SERS enhancements with other shapes of Si nanosystems such as a tip-shaped silicon metasurface coated with gold nanoparticles [67,68], a hybrid Si nanospheroid network ornamented with gold nanospheres [69], silver-coated Si nanopores [70], or Si nanowire arrays coated silver nanoparticles [71,72]. To conclude Section 2, the interests of the metal-coated Si nanosystems are the use of fabrication techniques known as large-surface techniques, and also the plasmonic coupling between the metallic layer/nanoparticles and the semiconducting silicon substrate [38,58,73] in order to potentially improve the Raman enhancement. Moreover, a great reproducibility of the SERS signal is achieved with both metal-coated Si nanosystems produced with the techniques previously cited (average RSD = 15%, see Table 1). The Relative Standard Deviations for the SERS intensity of the studied Raman peaks are calculated on the basis of several SERS spectra recorded on different locations of each SERS substrate studied here. Nonetheless, some of these fabrication techniques are expensive and time consuming for a mass production. Finally, EF values obtained with the metal-coated Si nanosensors are higher or equal to more conventional SERS substrates such as core–shell nanosphere dimers (EF = 105–5 × 107 for Au–SiO2 or Au–Pt nanosphere dimer) [74,75], a bare Au nanosphere dimer on a Si surface and on Pt surface (EF = 105–9 × 107) [74,76], or Au nanoparticles with a silver coating (EF = 104–105) [77].





3. Hybrid SERS Nanosensors Based on Zinc Oxide Nanostructures


3.1. Fabrication Methods of Metal-Coated ZnO Nanosensors


To produce metal-coated ZnO nanosystems, several techniques can be employed. At first, this begins by the fabrication of ZnO nanostructures by using various growth techniques such as the pulsed-laser deposition (PLD) [44,78,79,80], the hydrothermal growth [42,43,81] (see Figure 3a,b and Figure 4a,c), the vapor–liquid–solid (VLS) or vapor–solid (VS) growth [41,82,83,84] (see Figure 5b). Then, after this step, metallic nanoparticles or a metallic layer are added with different techniques such as a sputtering process [41,42,43], an electron beam evaporation [44], a hydrothermal method [85], a controlled wet chemistry method associated with a spin-coater [86], a photochemical deposition method [81,87], and a dip-coating process [82]. In addition, a low-cost and wafer-scale technique based on NSL and solution processes has been developed by He et al. (see Figure 3d for the principle scheme of this fabrication method) for producing, for instance, urchin-like Ag nanoparticle/ZnO hollow nanosphere arrays (see Figure 3c) [88]. These different metal-coated ZnO nanosensors have been realized in a major part at the wafer-scale [41,42,43,85,86].




3.2. SERS Performances of Metal-Coated ZnO Nanosystems for Chemical Sensing


As previously, to evaluate the SERS performances of metal/ZnO nanotructures for sensing of chemical molecules, the enhancement factor (EF) is usually calculated by using one of the two equations Equations (1) and (2), and sometimes a formula of the SERS gain (GSERS) is also used:


GSERS=ISERSIRaman,



(3)




where ISERS and IRaman are SERS and Raman intensities for a given Raman peak, respectively. Firstly, the zinc oxide nanostructures coated with gold nanoparticles or a gold layer demonstrated excellent SERS performances (see Table 2). For instance, Chen et al. demonstrated an excellent EF of 1.2 × 107 obtained with Rhodamine 6G (R6G) molecules by using Au/ZnO nanoneedles (see Figure 4a,b). They also showed that the EF value depended on the density of gold nanoparticles and the morphology of Au/ZnO nanoneedles [85]. Another interesting example is those of Sinha et al. where zinc oxide nanorods have been coated with a gold layer, and a limit of detection (LOD) in terms of concentration was experimentally found and equals 1 pM for methylene blue (MB) molecules. They also demonstrated a good reproducibility of the SERS signal before each cleaning cycle assisted by UV [42]. Other groups observed different effects on the SERS signal such as the metal thickness [41], the density of gold/ZnO nanostructures [44] and the renewability of the gold/ZnO substrates [87,89]. Secondly, the zinc oxide nanostructures coated with Ag nanoparticles or a silver layer also showed great SERS performances (see Table 2). For example, Cui et al. showed a great EF evaluated at 2.5 × 1010 and an LOD of 1 pM measured experimentally for Malachite green (MG) molecules by using ZnO nanowire arrays coated with Ag nanoparticles (see Figure 4c,d). A low concentration of amoxicillin (1 nM) has been also experimentally detected with these Ag/ZnO nanostructures [43]. Furthermore, He et al. obtained great SERS performances for the detection of Rhodamine 6G molecules with urchin-like Ag nanoparticle/ZnO hollow nanosphere arrays. An EF of 108 is found and an LOD of 10−10 M is experimentally measured. They demonstrated that the SERS enhancement came from the great density of hotspots created by the multi-AgNP decoration, the charge transfer between Ag and ZnO, and the plasmonic coupling between AgNPs [88]. In another way, Song et al. observed a great EF of 1.2 × 108 and experimentally measured an LOD of 1 pM for p-aminothiophenol (PATP) molecules with ZnO nanofibers deposited on a silver foil surface. They demonstrated that SERS enhancement came from the exciton–plasmon interactions between ZnO nanofibers and the Ag foil surface, and also the fact that this type of Ag/ZnO nanosystem has a great photocatalytic activity towards pollutant (in this example, methylene blue (MB) molecules) degradation under UV illumination [90].



Several groups also demonstrated interesting properties for the Ag/ZnO nanosystems such as the superhydrophobicity [91], the hydrogenation of ZnO for improving the SERS enhancement [86], and their integration in microfluidic systems [92]. Finally, a couple of groups observed excellent EF with AgNPs/Si/ZnO and AuNPs/Ag/ZnO nanosystems. Indeed, Cheng et al. achieved an EF of 106 with Rhodamine 6G molecules by using AgNPs/Si/ZnO nanotrees [81], and Lee et al. an EF of 1010–1011 and an LOD of 10−19 M which was experimentally measured with thiophenol molecules by using AuNPs/Ag/ZnO nanocones (see Figure 5). With this original design, Lee et al. obtained significant improvements of the SERS signal by using both following properties: the light trapping thanks to the nanocone arrays with a graded refractive index, the effect of plasmonic waveguide obtained with Ag-coated nanocones, and gap plasmons between AuNPs and Ag film (see Figure 5a) [82].



To conclude Section 3, the interests of the metal-coated ZnO nanosystems are mainly the use of low-cost fabrication techniques, the plasmonic coupling between the metallic layer/nanoparticles and the semiconducting substrate, and also the plasmonic coupling of metallic nanoparticles in order to potentially improve the Raman enhancement. Moreover, a good reproducibility of the SERS signal is also achieved with both metal-coated ZnO nanosystems fabricated by the techniques previously cited (average RSD = 20%, see Table 2). As for metal-coated Si nanosystems, the RSD values concerning the SERS intensity of the studied Raman peaks are calculated on the basis of several SERS spectra recorded at different locations of each SERS substrate studied here. Finally, EF values obtained with the metal-coated ZnO nanosensors are higher or equal to more conventional SERS substrates such as core–shell nanosphere dimers (EF = 105–5 × 107 for Au–SiO2 or Au–Pt nanosphere dimer) [74,75], a bare Au nanosphere dimer on a Si surface and on Pt surface (EF = 105–9 × 107) [74,76], or Au nanoparticles with a silver coating (EF = 104–105) [77].





4. Conclusions


In this short review, recent advances are presented concerning the development and the performances of SERS nanosensors based Si or ZnO nanostructures coated with a metallic layer or metallic nanoparticles for a very sensitive and reproducible detection of chemical and biological molecules. These metal-coated semiconducting SERS nanosensors highlighted excellent EF values and a great reproducibility with an average RSD of 15% and 20%, respectively, as described in the second and third sections. These two types of nanosensors can be produced with low-cost and wafer-scale techniques that have recently been developed. Thus, all these advances can enable an application of these SERS nanosensors to industrial and practical domains by using them as reliable, powerful and robust analytical platforms in the near future. However, a great number of works need to be conducted in order to better understand all the mechanisms involved in such metal-coated semiconducting nanostructures for enhancing the Raman signal. Furthermore, the hybrid metal-coated zinc oxide nanosystems can be used for applications to plasmonic photocatalysis thanks to the great photocatalytic efficiency of zinc oxide [93,94].
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Figure 1. Three examples of metal-coated Si nanostructures (SEM images): (a) Si nanowires produced via a MACE technique (height h = 24.3 ± 1.9 μm and nanowire diameter: 50 nm < D < 300 nm) coated with Ag nanoparticles (average AgNP diameter: d = 30 nm), reproduced from [31] with permission from the Royal Society of Chemistry; (b) Si nanowires produced through an Ag-assisted chemical etching of n-Si(100) wafer (height h∼32 μm and diameter: 80 nm < D < 200 nm), reprinted with permission from [37], Copyright 2010 American Chemical Society; (c) Au/Si nanopillars (NP) obtained with the fabrication technique based on an RIE process through the oxide native layer followed by a deposition of a gold layer of 30 nm (scale bar = 5 μm, radius R∼125 nm and height h∼1000 nm); (d) principle scheme of the low-cost fabrication process combining NSL and MACE for producing AuNP-conjugated Si nanorod arrays (reprinted with permission from [63], copyright 2017 American Chemical Society). 
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Figure 2. (a) Si nanowires produced by the vapor–liquid–solid growth (height: 5 μm < h < 6 μm and nanowire diameter: 50 nm < D < 150 nm) coated with Ag nanoparticles (diameter: 4 nm < d < 40 nm); (b) SERS spectrum of Rhodamine 6G (R6G) molecules (CR6G = 10−9 M) adsorbed on AgNPs/SiNWs. (a,b) are reprinted with permission from [38], copyright 2009 American Chemical Society; (c) Si nanorod array obtained with the combination of the NSL and MACE techniques followed by the grafting of gold nanoparticles having a diameter of 20 nm on Si nanorods (period P∼500 nm between two Si nanorods, diameter D∼200 nm and height h∼1300 nm); (d) SERS spectra of R6G molecules adsorbed on AuNPs/SiNRs for concentrations varying from 10−10 to 10−6 M; (c,d) are reprinted with permission from [63], copyright 2017 American Chemical Society. 
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Figure 3. Three examples of metal-coated ZnO nanostructures: (a) SEM images of Au/ZnO nanorods and the insert is a picture at a weaker magnification (scale bars = 100 nm; reprinted with permission from [42], copyright 2011 American Chemical Society); (b) SEM image of AgNP-decorated Si/ZnO nanotrees (scale bar = 100 nm; reprinted with permission from [81], copyright 2010 American Chemical Society); (c) SEM images of an urchin-like AgNPs/ZnO hollow nanosphere (HNS) array and the insert corresponds to a picture recorded with a higher magnification; (d) principle scheme of the low-cost fabrication process of urchin-like AgNPs/ZnO HNS array; (c,d) are reproduced from [88] with permission from the Royal Society of Chemistry. 
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Figure 4. (a) SEM images of Au/ZnO nanoneedles and the insert is a zoom on a couple of nanoneedles; (b) SERS spectra of R6G molecules (CR6G = 10−7 M) adsorbed on Au/ZnO nanoneedles. (a,b) are reprinted with permission from [85], copyright 2010 American Chemical Society; (c) SEM images of Ag/ZnO nanowire array (NWA) and the insert corresponds to the cross-section of this array; (d) SERS spectra of MG molecules adsorbed on Ag/ZnO NWA for different MG concentrations; (c,d) are reproduced from [43] with permission from the Royal Society of Chemistry. 
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Figure 5. (a) scheme of the detection principle of SERS nanosensor (Electric field located at the tip and at the particle–film gap; SPP = Surface Plasmon Polariton and LSP = Localized Surface Plasmon); (b) SEM image of an AuNPs/Ag/ZnO nanocone; (c) SERS spectra of thiophenol molecules adsorbed on AuNPs/Ag/ZnO nanocones at the trace level (for three very low concentrations). All are reprinted with permission from [82], copyright 2015 American Chemical Society. 
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Table 1. SERS performances of metal-coated Si nanosystems for chemical and biological sensing.
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	SERS Substrates
	Detected Molecules
	EF or AEF
	LOD (M)
	RSD
	Refs.





	AgNPs/SiNWs
	R6G
	107–108
	10−14
	–
	[38]



	AgNPs/SiNWs
	Sudan Dyes
	108–1010
	–
	<30%
	[37]



	AgNPs/SiNWs
	MB
	106–4 × 106
	–
	<10%
	[31]



	AgNPs/SiNWs
	DNA
	6 × 109–8 × 109
	10−15
	–
	[36]



	Ag/SiNWs
	Calcium Dipicolinate
	–
	4 × 10−6
	<20%
	[40]



	Ag/SiNWs
	4-AT
	1.1 × 106
	–
	<15%
	[66]



	AuNPs/SiNWs
	DNA
	–
	10−14
	<10%
	[33]



	Au/SiNWs
	MMC
	1.6 × 106
	–
	<20%
	[62]



	AuNPs/SiNRs
	R6G
	3 × 107
	10−10
	<8%
	[63]



	Leaning Ag/SiNPs
	BPE
	7 × 106
	–
	∼10%
	[35]



	Au/SiNPs
	Thiophenol
	107–108
	–
	<7%
	[58]



	Al/SiNPs
	Thiophenol
	1.5 × 107–2.5 × 107
	–
	<7%
	[60]







AgNPs = Ag nanoparticles; AuNPs = Au nanoparticles; Au or Ag or Al = metallic layer; SiNWs = Si nanowires; SiNRs = Si nanorods; SiNPs = Si nanopillars, and RSD = Relative Standard Deviation for SERS intensity.
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