

  nanomaterials-12-03842




nanomaterials-12-03842







Nanomaterials 2022, 12(21), 3842; doi:10.3390/nano12213842




Article



Large Area Patterning of Highly Reproducible and Sensitive SERS Sensors Based on 10-nm Annular Gap Arrays



Sihai Luo 1,*, Andrea Mancini 2[image: Orcid], Enkui Lian 1, Wenqi Xu 3, Rodrigo Berté 2[image: Orcid] and Yi Li 2,4[image: Orcid]





1



Department of Chemistry, Norwegian University of Science and Technology (NTNU), 7491 Trondheim, Norway






2



Chair in Hybrid Nanosystems, Nanoinstitute Munich, Faculty of Physics, Ludwig-Maximilians-Universität München, Königinstrasse 10, 80539 München, Germany






3



Department of Chemical Engineering, Norwegian University of Science and Technology (NTNU), 7491 Trondheim, Norway






4



School of Microelectronics, MOE Engineering Research Center of Integrated Circuits for Next Generation Communications, Southern University of Science and Technology, Shenzhen 518055, China









*



Correspondence: sihai.luo@ntnu.no







Academic Editor: Bong-Hyun Jun



Received: 27 September 2022 / Accepted: 25 October 2022 / Published: 31 October 2022



Abstract

:

Applicable surface-enhanced Raman scattering (SERS) active substrates typically require low-cost patterning methodology, high reproducibility, and a high enhancement factor (EF) over a large area. However, the lack of reproducible, reliable fabrication for large area SERS substrates in a low-cost manner remains a challenge. Here, a patterning method based on nanosphere lithography and adhesion lithography is reported that allows massively parallel fabrication of 10-nm annular gap arrays on large areas. The arrays exhibit excellent reproducibility and high SERS performance, with an EF of up to 107. An effective wearable SERS contact lens for glucose detection is further demonstrated. The technique described here extends the range of SERS-active substrates that can be fabricated over large areas, and holds exciting potential for SERS-based chemical and biomedical detection.
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1. Introduction


Surface-enhanced Raman spectroscopy (SERS) has been widely used as a powerful tool capable of detecting molecules, biomedical sensing, and catalysis [1,2,3,4,5,6,7,8]. SERS substrates are crucial for SERS detection, due to the weak Raman signals of absorbed molecules being dramatically enhanced through tremendous electromagnetic hot-spots that are confined into nanoscale gaps or localized around sharp corners and edges of coinaged metal surfaces [9,10,11,12]. One remaining challenge in diverse applications of SERS lies in the fabrication of efficient SERS substrates that feature strong reproducibility and enhancement factors over large areas. Of particular interest is the creation of uniformly narrow gaps, with precise control of gap size on noble metal substrates, ideally using low-cost, high-yield, and time-saving techniques. Various nanofabrication methods, such as electron-beam/extreme-ultraviolet lithography (EBL/EUV) [13,14,15], focused-ion beam (FIB) milling [16,17,18], metal nanoparticles assembly [19,20,21], nanosphere lithography (NSL) [22,23,24], capillary force-assisted lithography [25,26], block copolymer lithography (BCL) [27,28], interference lithography [29,30,31], and DNA origami [32,33,34,35] have been developed and used to pattern highly hierarchical ordered metallic nanostructures with nanogap features for the purpose of making SERS substrates. Among these methods, for instance, EBL/EUV methods are still not stable and reproducible enough to create nanogaps down to 10 nm, which are well known for obtaining ultra-strong electromagnetic field enhancement [12,36], and, additionally, are cost-intensive and time-consuming for fabricating nanostructures over wide areas. Although some techniques, including FIB, metal nanoparticles assembly, and DNA origami, can fabricate very narrow gaps, they are either not applicable for low-cost, reproducibility, or high yield [37]. Therefore, a rapid, inexpensive, and reproducible strategy for patterning nanostructures with (sub-) 10 nm gaps over large areas is required.



Adhesion lithography, a new patterning approach based on thin-film deposition, molecular self-assembly, and peeling-off, can create gaps of a few nanometers or less [38,39,40,41]. In this work, we report a cost-effective approach for reproducible and high-throughput parallel fabrication of annular gap arrays (AGAs) with 10 nm gap size by combining nanosphere lithography and adhesion lithography. We demonstrate that these reproducible AGAs, over a centermeter2 area, exhibit excellent SERS performance for rhodamine 6g (R6G) detection at a concentration as low as 10−12 M. This substrate is recyclable for repeated SERS measurements simply by plasma cleaning. In addition, the AGAs are also used as SERS contact lenses for the detection of glucose in tears. Finite difference time domain (FDTD) simulations further indicate that well-defined 10-nm annular gaps are the main contributors to the electric field, underpinning the observed SERS performance.




2. Results and Discussion


The fabrication process for making the AGAs substrate is depicted in Figure 1. First, polystyrene (PS) nanospheres were assembled on a pre-cleaned glass substrate, which had their diameter reduced by oxygen plasma etching (Figure 1a). Then, a thin metal film (M1) was deposited over the nanospheres and the etched nanospheres were removed by tape-stripping, leaving M1 nanohole arrays (Figure 1b). An methyl-terminated metallophilic self-assembled monolayer (SAM) was conformally attached on the top and vertical sidewall surfaces of M1 nanoholes via solution-phase deposition (Figure 1c), followed by deposition of a second metal film (M2) [38,41]. For the formation of the annular nanogap arrays, an adhesive material was applied uniformly to the surface of M2, and then selectively peeled away, creating two metals sitting in a complementary arrangement side-by-side, spaced by the SAM. Simply removing the SAM using oxygen plasma cleaning reveals M1-air-M2 nanoring gaps, as shown in the Figure 1d. Figure 2 shows the scanning electron micrographs (SEM) of the corresponding processing steps for gold AGAs, using octadecanethiol (ODT) as SAM. The structural parameters are as follows: periodicity P = 500 nm, inner radius r = 180 nm, outer radius D = 190 nm, and the thickness of gold film is 60 nm. As shown in Figure 2c, well-defined annular gaps were formed along the pre-nanospheres-templated nanohole edges, where the gap size was defined by the length of the SAM—a few nanometers or less—which, in the resultant structures, is about 10 nm (Figure S1, Atomic Force Microscopy image). Notably, the dense AGAs can be parallel fabricated over centermeter2-sized areas, which is not feasible by conventional lithography techniques, such as EBL/FIB. Figure 3a–d show the as-fabricated gold AGAs substrates with varied periodicities ranging from 500 nm to 1000 nm (AGAs-P500, P600, P800 and P1000), and the corresponding close-up images for each periodicity are shown in Figure S2. Additionally, the size of a single nanoring, which is pre-defined by the diameter of templated PS spheres, can be also tuned directly by changing etching time of the oxygen plasmon process (see Figure S3). Moreover, different metal annular gap arrays, such as silver/silver, aluminum/aluminum, and gold/silver AGAs, were also fabricated using the above procedures, respectively (see Figure S4). Therefore, such AGAs fabricated by our method provide increased design freedom in engineering SERS substrates and extending applications of AGAs [42,43,44].



Such nanoscale ring cavities can generate tremendous electromagnetic field enhancements, as well as localization of incident light, and thus are suitable for SERS analysis. The AGAs substrates made of gold were selected due to their inert chemical nature. Next, R6G, a typical Raman probe molecule, was applied as an example to investigate the SERS activities of gold AGAs substrates. As shown in Figure 3e, a negligible Raman signal is observed on a flat gold substrate due to the low concentration of R6G (10−4 M), while gold AGAs substrates exhibit highly enhanced Raman signals of R6G, which can be mainly ascribed to the presence of annular gaps, and, thus, the generation of intense hot spots [45]. Notably, the Raman intensity decreases, as expected, as the periodicity increases, which is in line with previous reports [46], indicating that gold AGAs-P500 has a high SERS activity.



The sensitivity of the gold AGAs-P500 was further investigated by varying the concentration of R6G from 10−4 to 10−12 M. The Raman intensity decreases gradually with decreasing concentration (Figure 4a,b). When the concentration of R6G is as low as 10−12 M, the characteristic peaks of R6G can be still observed, which reveals the excellent Raman sensitivity of the gold AGAs-P500 as an efficient SERS platform. Furthermore, as presented in the Figure 5a, ten Raman spectra from randomly collected Raman signals on ten spots of the substrate over 1 mm2 are exceptionally reproducible and stable, which indicates high spot-to-spot reproducibility and reliability of the gold AGAs-P500 substrate. Figure 5b shows the Raman mapping of the 10−4 M R6G on AGAs-P500 substrate over 17 × 17 µm2, indicating the outstanding homogeneity of SERS intensity. In addition, the gold AGAs-P500 substrate also exhibits excellent reusability as a SERS substrate. It allows multiple cycles of SERS measurements on the same substrate after cleaning away the previous analytes via oxygen plasma etching, which benefits from the vertically aligned annular gaps on the substrate. Figure 5c shows that the substrate can be used for repeated SERS measurements after 5 min of oxygen plasma cleaning, where three cycles of R6G incubation and plasma cleaning are presented. The characteristic peaks of R6G disappeared after every cycle of plasma cleaning, and no other peaks were observed, suggesting that the byproducts generated during the oxygen plasma process are weakly adsorbed. This showed the excellent reusability of the substrate for SERS application. Figure 5d shows the comparison between the gold AGAs-P500 substrate with active area of over 1 cm2, and the commercial Hamamatsu SERS substrate with active area of 0.8 cm2. It is clear that gold AGAs-P500 exhibits exceptional SERS ability for detecting R6G with a concentration of 10−4 M, which provides a promising alternative platform for practical SERS applications. As a result, the excellent SERS sensitivity and reproducibility of the gold AGAs-P500 substrate could be attributed to the following reasons: (a) surface plasmon resonance excited by incident light in the substrate dominantly contributes to the significant enhancements and localizations of the electric field at the nanoring gaps (hotspots); (b) the easy access and homogeneous adsorption of analytes that benefit from the uniform vertically aligned AGAs on the substrate; (c) the large area periodic nanostructures offer excellent reproducibility of SERS signals. The averaged enhancement factor (EF) of the gold AGAs-P500 substrate is of near 108 (~7.2 × 107, see EF calculation in supporting information), which is comparable to some recently reported SERS substrates in terms of detection of R6G and large area fabrication (Table S1), indicating that the gold AGAs-P500 substrate has a high SERS activity.



In order to elucidate the electric field distribution of gold AGAs substrates, a 3D finite difference time domain (FDTD) simulation was performed. Figure 6 illustrates 3D electric field intensity distributions of the corresponding AGAs substrates, as shown in the Figure 3, at an excitation wavelength of 633 nm. It is evident that electric fields are all highly intense compared with the incident field and strongly localized at nanoring gap regions, and that the localized electric fields maxima are near the bottom of nanogap, due to the high dielectric of the substrate. Apparently, gold AGAs-P500 substrates demonstrate higher electric field intensity than that of AGAs-P600, AGAs-P800, and AGAs-P1000 substrates, which agrees well with the experimental results.



Diabetes resulting from a high level of glucose is one of the metabolic diseases that endanger human health. The level of glucose is, therefore, of great significance for the diagnosis, monitoring, and treatment of clinical diabetes [47]. Although a high fasting glucose level in blood can be diagnosed as a sign of diabetes, due to the inconvenience and infection risk of blood tests, non-invasive and in situ monitoring of glucose levels has been extensively attempted [48,49]. Considering that glucose is present not only in blood, but also in tears [50], the accurate monitoring of the glucose level in tears by employing smart sensors, such as a contact-lens-type sensor, is expected to be an alternative approach for non-invasive glucose monitoring. We demonstrated the versatility of our method for unconventional application of SERS by employing a “SERS contact lens,” which can potentially enable detection of glucose levels in tears. The SERS lens can be simply fabricated by transferring gold AGAs onto commercially available contact lenses, as presented in Figure 7a. The fabricated SERS lens (gold AGAs-P500) was incubated in a 1 mM ethanol solution of ODT in order to form a uniform monolayer, which could act as a partition layer during glucose analysis [51]. Figure 7b shows a photograph of the fabricated SERS lens on a commercially contact lens. A drop of 1 mM (which corresponds to the glucose level in the tears of diabetes patients) aqueous solution of glucose was released onto the fabricated SERS lens, which was mounted on an artificial eye (Figure 7c). Figure 7d shows the obtained Raman spectra, in which the characteristic Raman peaks at 1270 cm−1, and 1461 cm−1 of glucose molecules were clearly detected with a detection limit of 0.1 mM (Figure S5). However, for the real practical applications of the SERS contact lens, the applicability of retina-safe laser excitation also remains a huge challenge [47,52]. These need to be properly addressed for further development of future non-invasive optical wearable devices.




3. Methods


3.1. Materials


In all experiments, deionized water (18.2 MΩ·cm) was obtained from a Millipore filtration system (Milli-Q IQ7003, Darmstadt, Germany). The silicon wafer (p-doped) or borosilicate glass substrates were cleaned by oxygen plasma before use. The self-assembled molecules of Octadecanethiol (ODT, 98%), PS spheres aqueous suspension (10 wt%), Rhodamine 6G (R6G, 99%), and glucose (99.5%) were all purchased from Sigma Aldrich (Trondheim, Norway). In addition, acetone and absolute ethanol (99.5%, VWR chemicals, Trondheim, Norway) were used as received without further purification.




3.2. Fabrication of Gold AGAs Substrates


A piece of glass or silicon wafer was cleaned with acetone, ethanol, and deionized water, then dried by N2 stream followed by oxygen plasma for 3 min. Then, a 0.4 µL droplet of polystyrene (PS) nanospheres diluted in 2:1 (v/v) Milli-Q water: ethanol was placed onto the glass within a 1 cm diameter PDMS-defined well, and dried at ambient condition. The close-packed nanospheres were then etched with oxygen plasma (power 100 W, O2 flow rate 50 sccm), causing them to shrink while retaining their original location. Afterwards, a 60 nm-thick gold layer (5 nm Titanium as adhesion layer) (M1) was deposited onto the templated substrate by e-beam evaporation at 2 Å/s under 5 × 10−7 Torr. Then, the PS nanospheres were removed by 3M scotch tape, leaving behind the gold nanohole arrays. The substrate was then cleaned by oxygen plasma for 3 min, before being soaked in a 2 mmol ethanol solution of ODT for 2 h. The ODT-coated substrate was then thermally annealed at 80 °C for 30 s in air, before rinsing lightly in ethanol to remove unbound/residual ODT molecules. A second 60 nm gold layer (M2) was deposited over the entire substrate. Finally, the M2 layer was partially removed by gently applying an adhesive material and peeling it off, forming the SAM-defined gold AGAs [38,41]. The SAM was removed by oxygen plasma for 5 min (power 100 W, O2 flow rate 50 sccm).



The morphologies of the as-fabricated substrates were characterized by SEM on a FEI APREO scanning electron microscope (Hillsboro, OR, USA) at 5 kV and 13 pA. In order to fabricate SERS contact lenses, hydrofluoric (HF) acid was used to corrode the glass substrate in order to detach the gold AGAs-P500. The detached gold AGAs floated on the HF solution/air interface, and were then scooped up with clean glass substrates and released to the surface of pure deionized water (repeated 3 times to remove any residual HF). Finally, the floating AGAs were lifted up by a clean commercial contact lens.




3.3. Raman Measurements


Raman spectra were obtained on a Horiba confocal Raman spectrometer with laser excitation wavelength at 633 nm. The laser beam was focused onto the sample through a ×50 objective lens with selected 0.5 mW of laser power, for 10 s of acquisition time. In order to prepare the samples for SERS measurement, the samples were first immersed in the ethanol solution of R6G with different concentrations, ranging from 10−4 to 10−12 M, for about 4 h. The samples were then rinsed extensively with ethanol and dried using an N2 stream before Raman measurements. For the detection of glucose, the transferred AGAs film was firstly immersed in 1 mM ODT ethanol solution for 12 h to form a uniform monolayer; then, a drop of 1 mM of glucose aqueous solution was released onto its surface before conducting Raman measurements.




3.4. FDTD Simulations


A commercial software, FDTD solutions (Lumerical Solutions, Inc., Vancouver, BC, Canada), was applied in order to calculate the transmission spectra and near field E-field distributions of the annular gap structures with the same diameters. A rectangular lattice, consisting of one nanoring in the center and four quartering nanoring gaps at the four corners, was used to simulate an infinite array of annular gap. A non-uniform mesh was used in the entire simulation domain with 2 nm in the nanogap region, and the lateral and vertical boundary conditions were periodic and perfectly matched layer boundary, respectively.





4. Conclusions


We demonstrated a rapid, cost-effective, and high-throughput patterning of hexagonal packed AGAs for ultrasensitive and reproducible SERS platforms. The method reported was based on the SAM to attach conformally to a self-assembled templated metal layer, and, thus, weakened adhesion to a subsequently deposited metal film, where the resultant gap was defined by the length of the selected SAM, which is typically below 10 nm. Such a nanoscale annular gap shows significant electromagnetic field confinement, which has also been verified by FDTD simulations, and boosts Raman enhancements by at least one order of magnitude with respect to flat gold. We have demonstrated that the AGAs strongly exhibited the SERS signal of R6G at a concentration as low as 10−12 M, with an EF of up to ×107. Moreover, the reported method also enabled the fabrication of a SERS contact lens that can detect glucose in an aqueous solution that corresponds to the glucose levels in the tears of diabetes patients. These promising results suggest that our method is likely to be extended for various nanoscale sensing platforms where patterning of high-resolution nanostructures is necessary, and the application of conventional lithography approaches remains challenging.








Supplementary Materials


The following supporting information can be downloaded at: https://www.mdpi.com/article/10.3390/nano12213842/s1, Figure S1. Atomic force microscopy image (AFM) of nanoring gap arrays (NRG-10); Figure S2. SEMs of close-up annular gap for each periodicity (P). (a) P = 500 nm (b) P = 600 nm (c) P = 800 nm (d) P = 1000 nm. Scale: 200 nm; Figure S3. SEMs of close-up single annular gap from an AGA array with P = 500 nm, in which the diameter (D) of inner disk was reduced by changing etching time (t) of oxygen plasma process. (a) D = 440 nm, t = 5 min, (b) D = 380 nm, t = 10 min (c) D = 280 nm, t = 15 min (d) D = 200 nm, t = 20 min. Scale: 50 nm; Figure S4. The SEMs of annular gap arrays with gap size of 10-nm, made of different metals. (a) silver–air–silver, (b) gold–air–aluminum, and (c) aluminum–air–aluminum. Scale: 200 nm; Figure S5. Raman spectra of glucose with different concentrations on AGA arrays substrates, indicating detection limit of 10−4 M; Table S1. Comparisons between some recent works and this work. References [23,25,27,45,46,52,53,54,55,56] are cited in the Supplementary Materials.





Author Contributions


Conceptualization, S.L. and A.M.; methodology, S.L., A.M., R.B. and Y.L.; validation, S.L., A.M., R.B. and Y.L.; formal analysis, S.L., A.M., E.L., R.B. and Y.L.; investigation, S.L., A.M., R.B. and Y.L.; resources, S.L. and W.X.; data curation, S.L., A.M., E.L., W.X., R.B. and Y.L.; writing—original draft preparation, S.L., A.M., E.L., W.X., R.B. and Y.L.; writing—review and editing, S.L., A.M., E.L., W.X., R.B. and Y.L.; visualization, S.L. and A.M.; supervision, S.L.; project administration, S.L.; funding acquisition, S.L. All authors have read and agreed to the published version of the manuscript.




Funding


This research was funded by NTNU (81771118), by Norwegian Micro and Nano-Fabrication Facility, Norfab (245963/F50), by Research Council of Norway (221860/F60).




Data Availability Statement


The data presented in this study are available on request from the corresponding author.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Nie, S.; Emory, S.R. Probing Single Molecules and Single Nanoparticles by Surface-Enhanced Raman Scattering. Science 1997, 275, 1102–1106. [Google Scholar] [CrossRef]

	



Schlücker, S. Surface-Enhanced Raman Spectroscopy: Concepts and Chemical Applications. Angew. Chem.-Int. Ed. 2014, 53, 4756–4795. [Google Scholar] [CrossRef] [PubMed]

	



Li, J.F.; Huang, Y.F.; Ding, Y.; Yang, Z.L.; Li, S.B.; Zhou, X.S.; Fan, F.R.; Zhang, W.; Zhou, Z.Y.; Wu, D.Y.; et al. Shell-Isolated Nanoparticle-Enhanced Raman Spectroscopy. Nature 2010, 464, 392–395. [Google Scholar] [CrossRef] [PubMed]

	



Aslam, U.; Chavez, S.; Linic, S. Controlling Energy Flow in Multimetallic Nanostructures for Plasmonic Catalysis. Nat. Nanotechnol. 2017, 12, 1000–1005. [Google Scholar] [CrossRef] [PubMed]

	



Linic, S.; Christopher, P.; Xin, H.; Marimuthu, A. Catalytic and Photocatalytic Transformations on Metal Nanoparticles with Targeted Geometric and Plasmonic Properties. Acc. Chem. Res. 2013, 46, 1890–1899. [Google Scholar] [CrossRef]

	



Kabashin, A.V.; Evans, P.; Pastkovsky, S.; Hendren, W.; Wurtz, G.A.; Atkinson, R.; Pollard, R.; Podolskiy, V.A.; Zayats, A.V. Plasmonic Nanorod Metamaterials for Biosensing. Nat. Mater. 2009, 8, 867–871. [Google Scholar] [CrossRef]

	



Brolo, A.G. Plasmonics for Future Biosensors. Nat. Photon. 2012, 6, 709–713. [Google Scholar] [CrossRef]

	



Anker, J.N.; Hall, W.P.; Lyandres, O.; Shah, N.C.; Zhao, J.; Van Duyne, R.P. Biosensing with Plasmonic Nanosensors. Nat. Mater. 2008, 7, 442–453. [Google Scholar] [CrossRef]

	



Langer, J.; Jimenez De Aberasturi, D.; Aizpurua, J.; Alvarez-Puebla, R.A.; Auguié, B.; Baumberg, J.J.; Bazan, G.C.; Bell, S.E.J.; Boisen, A.; Brolo, A.G.; et al. Present and Future of Surface-Enhanced Raman Scattering. ACS Nano 2019, 14, 28–117. [Google Scholar] [CrossRef]

	



Tao, L.; Chen, K.; Chen, Z.; Cong, C.; Qiu, C.; Chen, J.; Wang, X.; Chen, H.; Yu, T.; Xie, W.; et al. 1T′ Transition Metal Telluride Atomic Layers for Plasmon-Free SERS at Femtomolar Levels. J. Am. Chem. Soc. 2018, 140, 8696–8704. [Google Scholar] [CrossRef]

	



Camden, J.P.; Dieringer, J.A.; Wang, Y.; Masiello, D.J.; Marks, L.D.; Schatz, G.C.; Van Duyne, R.P. Probing the Structure of Single-Molecule Surface-Enhanced Raman Scattering Hot Spots. J. Am. Chem. Soc. 2008, 130, 12616–12617. [Google Scholar] [CrossRef] [PubMed]

	



Cho, W.J.; Kim, Y.; Kim, J.K. Ultrahigh-Density Array of Silver Nanoclusters for SERS Substrate with High Sensitivity and Excellent Reproducibility. ACS Nano 2012, 6, 249–255. [Google Scholar] [CrossRef] [PubMed]

	



Jha, S.K.; Ahmed, Z.; Agio, M.; Ekinci, Y.; Löffler, J.F. Deep-UV Surface-Enhanced Resonance Raman Scattering of Adenine on Aluminum Nanoparticle Arrays. J. Am. Chem. Soc. 2012, 134, 1966–1969. [Google Scholar] [CrossRef]

	



Duan, H.; Hu, H.; Kumar, K.; Shen, Z.; Yang, J.K.W. Direct and Reliable Patterning of Plasmonic Nanostructures with Sub-10-Nm Gaps. ACS Nano 2011, 5, 7593–7600. [Google Scholar] [CrossRef] [PubMed]

	



Kinkhabwala, A.; Yu, Z.; Fan, S.; Avlasevich, Y.; Müllen, K.; Moerner, W.E. Large Single-Molecule Fluorescence Enhancements Produced by a Bowtie Nanoantenna. Nat. Photon. 2009, 3, 654–657. [Google Scholar] [CrossRef]

	



Thyagarajan, K.; Sokhoyan, R.; Zornberg, L.; Atwater, H.A. Millivolt Modulation of Plasmonic Metasurface Optical Response via Ionic Conductance. Adv. Mater. 2017, 29, 1701044. [Google Scholar] [CrossRef]

	



Chen, Y.; Bi, K.; Wang, Q.; Zheng, M.; Liu, Q.; Han, Y.; Yang, J.; Chang, S.; Zhang, G.; Duan, H. Rapid Focused Ion Beam Milling Based Fabrication of Plasmonic Nanoparticles and Assemblies via “Sketch and Peel” Strategy. ACS Nano 2016, 10, 11228–11236. [Google Scholar] [CrossRef]

	



Punj, D.; Mivelle, M.; Moparthi, S.B.; Van Zanten, T.S.; Rigneault, H.; Van Hulst, N.F.; García-Parajó, M.F.; Wenger, J. A Plasmonic “antenna-in-Box” Platform for Enhanced Single-Molecule Analysis at Micromolar Concentrations. Nat. Nanotechnol. 2013, 8, 512–516. [Google Scholar] [CrossRef]

	



Ding, S.Y.; Yi, J.; Li, J.F.; Ren, B.; Wu, D.Y.; Panneerselvam, R.; Tian, Z.Q. Nanostructure-Based Plasmon-Enhanced Raman Spectroscopy for Surface Analysis of Materials. Nat. Rev. Mater. 2016, 1, 16021. [Google Scholar] [CrossRef]

	



Nam, J.M.; Oh, J.W.; Lee, H.; Suh, Y.D. Plasmonic Nanogap-Enhanced Raman Scattering with Nanoparticles. Acc. Chem. Res. 2016, 49, 2746–2755. [Google Scholar] [CrossRef]

	



Shin, Y.; Song, J.; Kim, D.; Kang, T. Facile Preparation of Ultrasmall Void Metallic Nanogap from Self-Assembled Gold-Silica Core-Shell Nanoparticles Monolayer via Kinetic Control. Adv. Mater. 2015, 27, 4344–4350. [Google Scholar] [CrossRef] [PubMed]

	



Sharma, B.; Cardinal, M.F.; Ross, M.B.; Zrimsek, A.B.; Bykov, S.V.; Punihaole, D.; Asher, S.A.; Schatz, G.C.; Van Duyne, R.P. Aluminum Film-Over-Nanosphere Substrates for Deep-UV Surface-Enhanced Resonance Raman Spectroscopy. Nano Lett. 2016, 16, 7968–7973. [Google Scholar] [CrossRef] [PubMed]

	



Jin, B.; He, J.; Li, J.; Zhang, Y. Lotus Seedpod Inspired SERS Substrates: A Novel Platform Consisting of 3D Sub-10 Nm Annular Hot Spots for Ultrasensitive SERS Detection. Adv. Opt. Mater. 2018, 6, 1800056. [Google Scholar] [CrossRef]

	



Xu, X.; Yang, Q.; Wattanatorn, N.; Zhao, C.; Chiang, N.; Jonas, S.J.; Weiss, P.S. Multiple-Patterning Nanosphere Lithography for Fabricating Periodic Three-Dimensional Hierarchical Nanostructures. ACS Nano 2017, 11, 10384–10391. [Google Scholar] [CrossRef]

	



Zhu, C.; Meng, G.; Zheng, P.; Huang, Q.; Li, Z.; Hu, X.; Wang, X.; Huang, Z.; Li, F.; Wu, N. Silver-Nanorod Bundles: A Hierarchically Ordered Array of Silver-Nanorod Bundles for Surface-Enhanced Raman Scattering Detection of Phenolic Pollutants (Adv. Mater. 24/2016). Adv. Mater. 2016, 28, 4870. [Google Scholar] [CrossRef]

	



Park, S.G.; Mun, C.W.; Xiao, X.; Braun, A.; Kim, S.; Giannini, V.; Maier, S.A.; Kim, D.H. Surface Energy-Controlled SERS Substrates for Molecular Concentration at Plasmonic Nanogaps. Adv. Funct. Mater. 2017, 27, 1703376. [Google Scholar] [CrossRef]

	



Cha, S.K.; Mun, J.H.; Chang, T.; Kim, S.Y.; Kim, J.Y.; Jin, H.M.; Lee, J.Y.; Shin, J.; Kim, K.H.; Kim, S.O. Au-Ag Core-Shell Nanoparticle Array by Block Copolymer Lithography for Synergistic Broadband Plasmonic Properties. ACS Nano 2015, 9, 5536–5543. [Google Scholar] [CrossRef]

	



Jin, H.M.; Kim, J.Y.; Heo, M.; Jeong, S.J.; Kim, B.H.; Cha, S.K.; Han, K.H.; Kim, J.H.; Yang, G.G.; Shin, J.; et al. Ultralarge Area Sub-10 Nm Plasmonic Nanogap Array by Block Copolymer Self-Assembly for Reliable High-Sensitivity SERS. ACS Appl. Mater. Interfaces 2018, 10, 44660–44667. [Google Scholar] [CrossRef]

	



Tavkhelidze, A.; Larissa, J.; Zaza, T.; Nima, G.E. G-Doping-Based Metal-Semiconductor Junction. Coatings 2021, 11, 945. [Google Scholar] [CrossRef]

	



Liu, B.; Zhan, C.; Yao, X.; Yan, S.; Ren, B. Nanobowtie Arrays with Tunable Materials and Geometries Fabricated by Holographic Lithography. Nanoscale 2020, 12, 21401–21408. [Google Scholar] [CrossRef]

	



Zhang, X.; Theuring, M.; Song, Q.; Mao, W.; Begliarbekov, M.; Strauf, S. Holographic Control of Motive Shape in Plasmonic Nanogap Arrays. Nano Lett. 2011, 11, 2715–2719. [Google Scholar] [CrossRef] [PubMed]

	



Tan, S.J.; Campolongo, M.J.; Luo, D.; Cheng, W. Building Plasmonic Nanostructures with DNA. Nat. Nanotechnol. 2011, 6, 268–276. [Google Scholar] [CrossRef]

	



Tapio, K.; Toppari, J.J.; Pikker, S.; Shen, B.; Kostiainen, M.A.; Lemma, T.; Gopinath, A.; Gothelf, K.V.; Linko, V. Plasmonic Nanostructures through DNA-Assisted Lithography. Sci. Adv. 2018, 4, eaap8978. [Google Scholar] [CrossRef]

	



Litt, D.B.; Jones, M.R.; Hentschel, M.; Wang, Y.; Yang, S.; Ha, H.D.; Zhang, X.; Alivisatos, A.P. Hybrid Lithographic and DNA-Directed Assembly of a Configurable Plasmonic Metamaterial That Exhibits Electromagnetically Induced Transparency. Nano Lett. 2018, 18, 859–864. [Google Scholar] [CrossRef]

	



Zhan, P.; Wen, T.; Wang, Z.G.; He, Y.; Shi, J.; Wang, T.; Liu, X.; Lu, G.; Ding, B. DNA Origami Directed Assembly of Gold Bowtie Nanoantennas for Single-Molecule Surface-Enhanced Raman Scattering. Angew. Chem. Int. Ed. 2018, 57, 2846–2850. [Google Scholar] [CrossRef] [PubMed]

	



Im, H.; Bantz, K.C.; Lindquist, N.C.; Haynes, C.L.; Oh, S.H. Vertically Oriented Sub-10-Nm Plasmonic Nanogap Arrays. Nano Lett. 2010, 10, 2231–2236. [Google Scholar] [CrossRef] [PubMed]

	



Luo, S.; Hoff, B.H.; Maier, S.A.; de Mello, J.C. Scalable Fabrication of Metallic Nanogaps at the Sub-10 Nm Level. Adv. Sci. 2021, 8, 2102756. [Google Scholar] [CrossRef] [PubMed]

	



Beesley, D.J.; Semple, J.; Krishnan Jagadamma, L.; Amassian, A.; McLachlan, M.A.; Anthopoulos, T.D.; Demello, J.C. Sub-15-Nm Patterning of Asymmetric Metal Electrodes and Devices by Adhesion Lithography. Nat. Commun. 2014, 5, 3933. [Google Scholar] [CrossRef]

	



Luo, S.; Mancini, A.; Berté, R.; Hoff, B.H.; Maier, S.A.; de Mello, J.C. Massively Parallel Arrays of Size-Controlled Metallic Nanogaps with Gap-Widths Down to the Sub-3-Nm Level. Adv. Mater. 2021, 33, 2100491. [Google Scholar] [CrossRef]

	



Luo, S.; Mancini, A.; Wang, F.; Liu, J.; Maier, S.A.; deMello, J.C. High-Throughput Fabrication of Triangular Nanogap Arrays for Surface-Enhanced Raman Spectroscopy. ACS Nano 2022, 5, 7438–7447. [Google Scholar] [CrossRef]

	



Luo, S.; Hoff, B.H.; de Mello, J.C. Spontaneous Formation of Nanogap Electrodes by Self-Peeling Adhesion Lithography. Adv. Mater. Interfaces 2019, 6, 1900243. [Google Scholar] [CrossRef]

	



Bozhevolnyi, S.I.; Volkov, V.S.; Devaux, E.; Laluet, J.Y.; Ebbesen, T.W. Channel Plasmon Subwavelength Waveguide Components Including Interferometers and Ring Resonators. Nature 2006, 440, 508–511. [Google Scholar] [CrossRef] [PubMed]

	



Liang, Y.; Zhang, H.; Zhu, W.; Agrawal, A.; Lezec, H.; Li, L.; Peng, W.; Zou, Y.; Lu, Y.; Xu, T. Subradiant Dipolar Interactions in Plasmonic Nanoring Resonator Array for Integrated Label-Free Biosensing. ACS Sens. 2017, 2, 1796–1804. [Google Scholar] [CrossRef] [PubMed]

	



Liang, Y.; Li, L.; Lu, M.; Yuan, H.; Long, Z.; Peng, W.; Xu, T. Comparative Investigation of Sensing Behaviors between Gap and Lattice Plasmon Modes in a Metallic Nanoring Array. Nanoscale 2018, 10, 548–555. [Google Scholar] [CrossRef]

	



Lin, D.; Wu, Z.; Li, S.; Zhao, W.; Ma, C.; Wang, J.; Jiang, Z.; Zhong, Z.; Zheng, Y.; Yang, X. Large-Area Au-Nanoparticle-Functionalized Si Nanorod Arrays for Spatially Uniform Surface-Enhanced Raman Spectroscopy. ACS Nano 2017, 11, 1478–1487. [Google Scholar] [CrossRef]

	



Im, H.; Bantz, K.C.; Lee, S.H.; Johnson, T.W.; Haynes, C.L.; Oh, S.H. Self-Assembled Plasmonic Nanoring Cavity Arrays for SERS and LSPR Biosensing. Adv. Mater. 2013, 25, 2678–2685. [Google Scholar] [CrossRef]

	



Wang, Z.; Ai, B.; Guan, Y.; Wang, Y.; Zhang, G. Mass Fabrication of Hierarchical Nanostructures Based on Plasmonic Nanochemistry for Ultra-Sensitive Optical Sensing. Sens. Actuators B Chem. 2021, 329, 129220. [Google Scholar] [CrossRef]

	



Ferrante do Amaral, C.E.; Wolf, B. Current Development in Non-Invasive Glucose Monitoring. Med. Eng. Phys. 2008, 30, 541–549. [Google Scholar] [CrossRef]

	



Vashist, S.K. Non-Invasive Glucose Monitoring Technology in Diabetes Management: A Review. Anal. Chim. Acta 2012, 750, 16–27. [Google Scholar] [CrossRef]

	



Sen, D.K.; Sarin, G.S. Tear Glucose Levels in Normal People and in Diabetic Patients. Br. J. Ophthalmol. 1980, 64, 693–695. [Google Scholar] [CrossRef]

	



Shafer-Peltier, K.E.; Haynes, C.L.; Glucksberg, M.R.; Van Duyne, R.P. Toward a Glucose Biosensor Based on Surface-Enhanced Raman Scattering. J. Am. Chem. Soc. 2003, 125, 588–593. [Google Scholar] [CrossRef] [PubMed]

	



Jeong, J.W.; Arnob, M.M.P.; Baek, K.-M.; Lee, S.Y.; Shih, W.-C.; Jung, Y.S. 3D Cross-Point Plasmonic Nanoarchitectures Containing Dense and Regular Hot Spots for Surface-Enhanced Raman Spectroscopy Analysis. Adv. Mater. 2016, 28, 8695–8704. [Google Scholar] [CrossRef]

	



Le Ru, E.C.; Blackie, E.; Meyer, M.; Etchegoin, P.G. Surface Enhanced Raman Scattering Enhancement Factors: A Comprehensive Study. J. Phys. Chem. C 2007, 111, 13794–13803. [Google Scholar] [CrossRef]

	



Wei, W.; Wang, Y.; Ji, J.; Zuo, S.; Li, W.; Bai, F.; Fan, H. Fabrication of Large-Area Arrays of Vertically Aligned Gold Nanorods. Nano Lett. 2018, 18, 4467–4472. [Google Scholar] [CrossRef]

	



Guan, Y.; Wang, Z.; Gu, P.; Wang, Y.; Zhang, W.; Zhang, G. An in situ SERS study of plasmonic nanochemistry based on bifunctional “hedgehog-like” arrays. Nanoscale 2019, 11, 9422–9428. [Google Scholar] [CrossRef] [PubMed]

	



Niu, W.; Chua, Y.A.A.; Zhang, W.; Huang, H.; Lu, X. Highly Symmetric Gold Nanostars: Crystallographic Control and Surface-Enhanced Raman Scattering Property. J. Am. Chem. Soc. 2015, 137, 10460–10463. [Google Scholar] [CrossRef] [PubMed]








[image: Nanomaterials 12 03842 g001 550] 





Figure 1. A schematic illustration of the fabrication process for AGAs. First, close-packed polystyrene nanospheres were self-assembled on a glass substrate, then oxygen plasma was used to etch nanospheres to the desired diameter (a). A thin metal (M1) film was deposited over the etched nanospheres, which are then stripped away by tape, leaving nanohole arrays (b). Then, a selected SAM is used to attach conformally to the nanohole arrays surface via solution–phase deposition (c). A second metal (M2) film is then deposited over the entire substrate. An adhesive material is applied on the top of M2 and then selectively peeled off, creating two metals, M1 and M2, sitting in a complementary arrangement side-by-side, separated by the SAM. Simple removal of the SAM using oxygen plasma reveals M1/air/M2 annular gaps with a nanoscale separation determined by the length of the selected SAM (d). 
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Figure 2. (a–c) Scanning electron micrographs (SEMs) of the corresponding processing steps in Figure 1 to fabricate AGAs, in which M1 and M2 are both gold. Scale bar: 500 nm and 50 nm (Inset in c) (d) Patterned gold AGAs over a large area, scale bar: 10 µm. 
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Figure 3. SEMs of gold AGAs with different periodicities (a–d): AGAs-P500, AGAs-P600, AGAs-P800, and AGAs-P1000. Scale bar: 500 nm. (e) Associated Raman spectra of 10−4 M R6G on these gold AGAs substrates and flat gold substrate. 
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Figure 4. (a) Raman spectra of R6G molecules on gold AGAs-P500 with different concentrations, ranging from 10−4 M to 10−12 M. A scale break is deliberately inserted in the vertical axis in order to visualize weak Raman peaks. (b) The relationship between the Raman intensity at a peak of 611 cm−1 of R6G molecules and concentrations. 
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Figure 5. (a) Randomly collected ten Raman spectra of R6G molecules at a concentration of 10−4 M over 1 mm2 on gold AGAs-P500. (b) Raman mapping image of 10−4 M R6G on the gold AGAs substrate over 17 µm × 17 µm with a step size of 1 µm. (c) Measured Raman spectra from the same gold AGAs-P500 substrate after 3 cycles of R6G incubating and oxygen plasma cleaning. (d) Raman spectra of R6G molecules at concentration of 10−4 M on the gold AGAs-P500 substrate and the commercial Hamamatsu gold SERS substrate. 
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Figure 6. 3D FDTD simulations of near-field electric field distributions of AGAs-P500 (a), AGAs-P600 (b), AGAs-P800 (c), and AGAs-P1000 (d) under an excitation wavelength of 633 nm. 
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Figure 7. Fabrication of SERS contact lens and demonstration of glucose detection. (a) Schematic illustration of the fabrication of SERS contact lens via wet etching transfer process. (b) Optical images of hydrogel lens with transferred gold AGAs-P500. Scale: 5 mm. (c) Optical image of envisaged setup for detecting glucose SERS signal. (d) Raman spectra of glucose with a concentration of 1 mM, showing the successful detection of glucose. 
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