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1. Summary

Nanoplasmonic systems have been studied to concentrate light within sub-nm scale adjacent to metal-
dielectric interfaces [1]. Due to orders-of-magnitude higher local field enhancement, plasmonic nanostructures can
achieve Surface Enhanced Raman Spectroscopy (SERS) for chemical and biological sensing purposes [2-4]. In
particular, SERS devices can detect and identify analytes at single molecule level if the SERS enhancement factor
(EF) is higher than 107 [5]. Recently, we developed a new type of nanoplasmonic quasi-3D crystals based upon
multilayered metal-insulator-metal nanostructures, which supports multiple plasmon modes induced by hybridization
between Bloch surface plasmon polaritons and localized gap plasmon modes [6]. Such multiresonant plasmonic
systems can enable simultaneous enhancement of excitation and emission processes for SERS applications [7].

Digital microfluidic (DMF) systems based on electrowetting have been developed to provide lab-on-a-chip
applications [8]. By applying electric signals, the analyte droplets can be adaptively manipulated and transported in
DMF systems. Compared to conventional continuous microfluidics through microchannels, DMF can offer unique
advantages, such as the compact and scalable design without the use of pumps/valves/mixers, the highly
reconfigurable and programmable nature using arrays of electronic components, the clogging-free architecture by
eliminating microchannels, and lower power consumption. Previous study has shown that two-tier hierarchical micro-
nanostructures can result in superhydrophobic surfaces for improved manipulation of droplets in a electrowetting-
based DMF system [9].

Here we demonstrated a superhydrophobic SERS substrates composed of multilayered Au-Ag-Au
nanostructures on hierarchical micro-nano pillar arrays, which provides both conductive superhydrophobic surface
and good SERS enhancement to enable bio-chemical SERS analysis in DMF systems (Fig 1 A-B). The passive optical
properties of multilayered Au-Ag-Au metal nanostructures on hierarchical micro-nanostructures made of carbon
nanopillars and hydrophobic Si micropillars show broadband absorption properties in visible to NIR region compared
to other references as shown in Fig. 1C. We measured the contact angle of water droplet on the sample of hierarchical

micro-nanostructures with multilayered Au-Ag-Au coating and the droplet profile showed high contact angle (140%),

which is associated with the low surface energy of the hydrophobic side walls for the hierarchical structures made of
carbon nanopillars and hydrophobic Si micropillars. We performed Raman spectroscopy characterization using
benzenethiol (BZT) for all samples and we found that Au-Ag-Au nanostructures on hierarchical micro-nanopillar
arrays only show strong BZT Raman features showing SERS enhancement factor of 107 (Fig. 2B and 2D). The
uniformity was also studied by checking the 2D confocal Raman spectroscopy mapping and it confirmed the
contribution of the SERS enhancement is from the entire area. The statistical analysis of 2D SERS mapping at five
different positions on the sample also supports a good uniformity of SERS performance for the samples (Fig. 2D).
Therefore, such superhydrophobic SERS substrates by integrating nanoplasmonic devices with hierarchical micro-
nanopillar structures with low surface-energy side walls can serve as a key component in functional DMF systems for
programmable and reconfigurable bio-/chemical sensing applications.
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Figure 1. (A) Schematic illustration of multilayered Au-Ag-Au metal nanostructures on hierarchical micro-nanostructures made of carbon
nanopillars and hydrophobic Si micropillars. (B-C) SEM cross-section images of hierarchical micro-nanostructures deposited with multilayered
Au-Ag-Au metal layers. (D) Measured reflectance spectra of hierarchical micro-nanostructures deposited with multilayered Au-Ag-Au layers
(green curve) and reference samples: hierarchical micro-nanostructures without multilayered Au-Ag-Au coating (red curve), Si micropillar arrays
with multilayered Au-Ag-Au coating (blue curve), and bare Si pillar arrays (black curve).
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Figure 2. (A) Contact angle measurement of water droplet on hierarchical micro-nanostructures deposited with multilayered Au-Ag-Au metal
layers. (B) Raman spectra of benzenethiol (BZT) from hierarchical micro-nanostructures deposited with multilayered Au-Ag-Au metal layers in
comparison with those from reference samples. (C) Confocal Raman images for BZT signals at 1079 cm™ from hierarchical micro-nanostructures
deposited with multilayered Au-Ag-Au metal layers. (D) The SERS enhancement factors (EFs) for the sample of hierarchical micro-
nanostructures deposited with multilayered Au-Ag-Au metal layers measured at five different positions. Raman intensity at 1079c¢m™ was used to
calculate. Lines in error bars show values of minimum, 25%, median, 75%, and maximum, and a small box shows the mean value.
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