
 
 
General rights 
Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or other copyright 
owners and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with these rights. 
 

Downloaded from orbit.dtu.dk on: May 29, 2022

Optimizing silver-capped silicon nanopillars to simultaneously realize macroscopic,
practical-level SERS signal reproducibility and high enhancement at low costs

Wu, Kaiyu; Rindzevicius, Tomas; Schmidt, Michael Stenbæk; Thilsted, Anil Haraksingh; Boisen, Anja

Published in:
Journal of Raman Spectroscopy

Link to article, DOI:
10.1002/jrs.5255

Publication date:
2017

Document Version
Peer reviewed version

Link back to DTU Orbit

Citation (APA):
Wu, K., Rindzevicius, T., Schmidt, M. S., Thilsted, A. H., & Boisen, A. (2017). Optimizing silver-capped silicon
nanopillars to simultaneously realize macroscopic, practical-level SERS signal reproducibility and high
enhancement at low costs. Journal of Raman Spectroscopy, 48(12), 1808-1818. https://doi.org/10.1002/jrs.5255

https://doi.org/10.1002/jrs.5255
https://orbit.dtu.dk/en/publications/2da51693-a4c7-4521-974a-3a4facc4d8d9
https://doi.org/10.1002/jrs.5255




 

With the aid of the significantly enhanced localized electrical fields near the surfaces of noble metallic 

nanostructures, called “hot spots”,[5] SERS can reveal the vibrational modes of target molecules located 

inside those hot spots.[6,7] To sense a single molecule, a SERS enhancement factor (EF) above 109 

should be achieved.[8]  

    SERS-active materials can be divided into two categories: nanoparticle colloidal suspensions and 

structural solid substrates. For both, it would be ideal if the plasmonic nanostructures are chemically 

stable, easy to prepare in a reproducible manner, and exhibit a spatially uniform, high EF.[9] To achieve 

reproducible and quantitative SERS analyses, one way is to fabricate SERS-active materials in a  

repeatable way and to improve the uniformity of the hot spots. 

    A number of SERS-active metallic nanoparticles in colloidal solutions have been synthesized,  

including shell-isolated nanoparticles,[10] core-shell nanoparticles,[11] and nanoparticles with sharp  

features.[12,13] The main advantage of them is their high EFs caused by (i) intra- or inter particle  

plasmonic couplings, and (ii) lightning-rod effect that is specifically pronounced in metallic  

nanoparticles with sharp features. Since EF is extremely sensitive to the inter particle spacing, it is  

necessary to control the size of the gap junctions between nanoparticles to achieve a spatially uniform 

EF. For example, bio-template assisted synthesis can be used to realize sub-10 nm distance control  

between nanoparticles.[14] Recently, reliable and quantitative SERS analysis has been achieved using 

core–shell nanoparticles with embedded internal standards,[15] or alkanethiolate ligand-regulated silver 

nanoparticle films.[16] 

    A vast variety of top-down process flows have been employed to fabricate large-area, SERS-active 

structural solid substrates.[17] Most of them are lithography-based techniques, which first tailor mask 

layers to form different nanostructured patterns, that are then transferred into a variety of substrate  

materials.  The realized structures are subsequently metalized to make the surface SERS-active.[18-22] 

Strong EFs are obtained at hot spots formed either at the gap junctions between individual  

structures, [23-25] or at the metallic nanogrooves [26] and nanotips.[27,28] Structural solid SERS substrates 

usually exhibit more reproducible SERS signals across larger surface areas compared to colloidal  

nanoparticle systems, at the cost of lower EFs.[29-31]  

    Examples of structural solid SERS substrates include SERS-active structures fabricated on rose  

petals. They exhibit EFs of above 108 and good uniformity across randomly chosen locations.[32]  

Another example is the immobilized nanorod assembly substrates whose fabrication process is large-

format and repeatable. They exhibit reproducibly high EFs with good signal uniformity.[33,34] Overall, at 



 

a practical level, there are few substrates that simultaneously demonstrate suitability for mass  

production, and reproducibly high EFs over macroscale areas or across different samples.  

    Using a lithography-free reactive ion etch (RIE) process followed by e-beam assisted metal  

evaporation, we have developed wafer-scale silver capped silicon nanopillars (NPs) with a high aspect 

ratio and used these as SERS substrates.[35-37] A principle scheme of their fabrication process is shown in 

scheme 1. The fabricated NPs are flexible and will lean towards their nearest neighbors as deposited an-

alyte solution evaporates, creating self-assembled SERS hot spots in which the analyte molecules are 

located. Average EFs of above 108 and detection limit down to 10-10 M have been achieved.[37] Applica-

tions such as detecting nerve gases has been realized on such substrates with report high sensitivities.[38] 

A key advantage of such SERS substrates is their simple fabrication process. The fabrication procedure 

is fast, repeatable and does not require any lithographic steps. The very low fabrication costs enable 

these SERS substrates to be used as cheap and single-use consumables.  

    In spite of the aforementioned advantages, challenges remain for the NP substrate to facilitate  

reproducible SERS signals. According to our previous report,[37] the SERS intensities of the NP  

substrate exhibit a relative standard deviation (RSD) of around 14% across a 5 × 5 mm2 surface area. 

We have yet to demonstrate a good macroscale reproducibility of the SERS signal at a practical level. 

    Macroscale SERS uniformity is a fundamental prerequisite to achieve reliable measurements, and is a 

prerequisite if quantitative SERS is to be realized. The aim of this work is to tackle macroscale EF  

uniformity issues for the NP substrate by means of an improved nanofabrication process. In SERS, the 

overall signal can be considered the sum of the signals contributed by all analytes located in the hot 

spots probed by the excitation laser. Inhomogeneity of the SERS signals can be ascribed to (i) the  

electrical field enhancement in the hot spots being sensitive to the detailed shape of plasmonic 

nanostructure as well as the coupling between nanostructures, that can vary by several orders of  

magnitude,[39] and (ii) the uneven distribution of analytes in individual hot spots.  

To improve SERS uniformity and reproducibility for the NP substrate, one approach is to increase the 

density of the NPs. In this case, the leaning NPs are expected to form larger and denser packed clusters 

that exhibit more uniform distribution of hotspots over the substrate surface area. There is a need for 

further experimental work to (i) find and systematically evaluate the experimental parameters that affect 

the density of the NPs, and subsequently (ii) modify and optimize the lithography-free process to fabri-

cate high-density NPs that exhibit macroscale SERS uniformities and reproducibility, and meanwhile a 















 

of >108, which are rarely achieved simultaneously. The reported SERS uniformity (~2.5% RSD in mm 

scale) is the best to date measured on a large-area solid SERS substrate. Our experimental findings 

demonstrate that the optimized super-high density NPs are strong candidates for obtaining reproducible 

and reliable SERS spectra at a practical level. We emphasize that achieving simultaneously  

macroscopic, practical-level SERS signal reproducibility and high enhancement via a lithography-free 

process is a notable advance towards industrialization of substrate-based SERS sensors. From a practical 

point of view, the presented SERS substrates are particularity interesting since they are easy to handle 

and store and the fabrication is scalable, facilitating a wide and simple use of SERS in sensing  

applications. 

 

 

 

 

 

 

 

 



 

 

Scheme 1. The lithography-free fabrication of SERS NPs. (a) Mask-less RIE is employed to form Si 

NPs on a 4-inch Si wafer. SF6 and O2 are the gas sources of the reactive ions. A lower chamber pressure 

leads to a higher NP density. (b) Ag is deposited to the Si NP surface by e-beam evaporation. The depo-

sition leads to the formation of Ag caps at the apex of the Si NPs, along with an Ag film on the underly-

ing Si surface. 

 

 

 

 





 

 

 

Fig. 2 (a) Log-log plot for the density of the NPs D versus the RIE chamber pressure p. (b)-(d)  

Representative SEM images for the NPs fabricated with a RIE chamber pressure of 18 mTorr, 24 mTorr 

and 36 mTorr, separately. From the first row to the third row, cross-sectional images, top-view images of 

the vertical NPs, and top-view images of the leaning NPs are shown in sequence. The Ag deposition 

thickness was 185 nm for all the samples. 

 

 



 

 

Fig. 3 (a) SERS spectra of BPE measured on NPs fabricated using different RIE chamber  

pressures. The NPs were leaned by pipetting and drying of 1 µL 10-4 M BPE in ethanol solution.  

(b) and (c) Representative SEM images for the NPs fabricated using a RIE chamber  

pressure of 16 mTorr and 12 mTorr, respectively. From the first column to the third column,  

cross-sectional images, top-view images of the vertical NPs, and top-view images of the leaning NPs are 

shown. 
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