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Development and Optimization of
Micro-Nanotopographical Platforms for Surface Enhanced
Raman Scattering Biomolecular Detection

David Femi Odetade, Jonathan J. S. Rickard, and Pola Goldberg Oppenheimer*

Topologically designed micro- and nanostructured surface-enhanced
Raman scattering (SERS) substrates propel the advancements of innovative
applications, including environmental and forensic point-of-care miniaturised
devices via enhancing the localised electric fields for accurate analyte sensing.
Herein, a method for designing, optimising and fabricating fine-tuneable
concentric hexagonal, triangular and rectangular SERS-active micronano-
substrates is developed, with each unit yielding significant enhancement.
Numerical simulations of the 3D near-field electric field guided the optimal
design process. While the coaxial SERS substrates consistently outperformed
their solid counterparts, the hexagonal micro-nano topologies exhibited
×21 higher signal than coaxial square arrays and a 12-15-fold increase over
the triangle structures. Alternation of the topological designs from square
to triangle lattice yielded more uniform plasmonic modes propagating along
the 60°-directions with various resonance modes playing key roles in light
reflectance. This enables the engineering of platforms with tailor-enhanced
signals by changing the arrangement of micro-nano patterned coaxial arrays.
The fabricated SERS substrates are validated by detecting traumatic brain
injury biomarkers, effectively yielding the characteristic fingerprint spectra
of each neuro-molecule. The straightforward development of sub-micrometre
tuneable SERS-active architectures enables anelegant route for high-
throughput biochemical sensing, laying a platform for amplified bimolecular
detection of disease biomarkers and integration in bioanalytical systems.

1. Introduction

Surface-enhanced Raman spectroscopy is a highly sensitive spec-
troscopic and rapid sensing technique, enabling detection down
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to single molecule levels.[1,2] In the past
decades, SERS has emerged as a pow-
erful analytical tool for a breadth of ap-
plications. It is particularly ubiquitous in
medical diagnostics[3–12] due to its unique
ability to detect trace-level concentrations
of disease-indicative biomarkers without
specific antibodies, labeling or requir-
ing complex sample preparation. It is
also one of the not many spectroscopic
techniques, which enables the ability to
be deployed out of the laboratory set-
tings without significant loss in perfor-
mance. While high-enhancement is pos-
sible using metallic nanoparticles, due to
their poor batch-to-batch reproducibility,
only a minute fraction of these exhibit
the desired SERS-activity, i.e., consistent
“hot-spots”. This substantially affects the
achievable signals and sensitivity.[13–17]

The substrate on which SERS is per-
formed is often the critical component for
successful, consistent, and reproducible
detection[18–22] Sub-microstructured
SERS substrates have been evolving,
however, the micro- and nano textur-
ing of plasmonic structures inside
micro-devices remains challenging and
complicated, especially for low-cost

fabrication. Most synthetic routes to generate SERS structures
are based on conventional photolithographic techniques. These
are costly, time-consuming, cumbersome, and require pre-
cise integration of multi-step processes,[23–32] thus, limiting the
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scalability of the resulting SERS substrates. The limited resolu-
tion, inevitable defects, poor mechanical stability of the mold, and
pattern distortion are the further limiting factors of the employed
lithographic techniques. The precise control of features, preven-
tion of defects and reproducibility, therefore, remain a challenge,
particularly in the sub-micrometer regimes.

A considerable signal enhancement in SERS is typically
achieved via the designed and fabricated metallic surface micro-
nano topologies[33–35] arising from the surface plasmons, which
are collective oscillations of electrons on the metallic surfaces,
excitable by the incident light.[36,37] These yield an increased elec-
tric field near the surface of the metallic structures, which in-
teracts with the target molecules, effectively augmenting the Ra-
man scattering signal. The SERS enhancement factor is depen-
dent on the local electric field enhanced at both the incident
frequency (EIncident

2) as well as the Raman scattered (EScatettered
2)

frequency, resulting in an overall E4 electromagnetic enhance-
ment. Hence, the overall enhancement is maximized when sur-
face plasmon resonances are generated at both the frequencies
of the in-going and outcoming photons, leading to high SERS
signals.[38,39] Lithographically defined, periodic SERS substrates
typically sacrifice a degree of sensitivity due to larger surface fea-
tures. Nevertheless, these enable better spot-to-spot uniformity
for a given sample and higher reproducibility across multiple
samples. The design and fabrication of the optimal structures are
typically focused on achieving more consistent substrates. These
comprise reproducible areas of significant local electric field en-
hancement, i.e., the “hot spot” to improve the accuracy and ana-
lytical sensitivity of detection.

Slight topological changes via tunable parameters in SERS de-
signs play an important role in the enhancement of the Raman
signals produced. However, various techniques for fabricating
SERS-active substrates capable of fulfilling a multitude of crite-
ria remain challenging. For instance, despite a larger number of
hotspots, nanorods and nanowires require advanced and cum-
bersome fabrication techniques.[39–41] Metallic solid nano-pillars,
whilst exhibiting high enhancement and consistency, are often
insensitive to spatial orders and periodicity variations.[42] Ring
cavity-enclosed bimetallic SERS “nano stars” fabricated via elec-
tron beam lithography have been shown to provide good control
of hotspot location and homogeneity. However, these are time-
consuming and the typical fabrication of ≈cm2 area with dimen-
sions in the 20 nm range takes several days to complete. It is
also of a high-cost and requires trained specialist personnel, lim-
iting the scalability of such substrates.[43–46] The choice of surface
metal is also dictated by the plasmon resonance frequency. Whilst
silver constitutes a common metal for SERS substrate produc-
tion, it is highly prone to oxidation in air. Gold-based structures,
on the other hand, are more biocompatible and less toxic, provid-
ing large enhancements, chemical robustness, biocompatibility,
and straightforward functionalization chemistry.[47–53] Recently,
coaxial metallic micro and nano-architectures have been gaining
popularity as SERS-active structures due to the increased tunabil-
ity through the topological design alterations. This allows various
engineering shapes and sizes as well as the fabrication of larger
hot spot areas thus, enabling a larger number of molecules to
attach in these regions.[54] The control of wall thickness in con-
centric metallic structures is crucial in achieving optimal reso-
nance effects, which can be fine-tuned to match the excitation

wavelength and optimize SERS enhancement.[53–55] These archi-
tectures also allow the modification of the sharpness of the reso-
nance curve, increasing the achievable SERS intensity at the Ra-
man wavelengths near the resonance.

Herein, lithographically defined concentric micro- and nanos-
tructures were systematically designed and fabricated as repro-
ducible arrays for SERS. These were subsequently tested for their
performance as analytical substrates and validated for proof-of-
concept detection of neurological biomarkers. For achieving the
optimal signal enhancements of the to-be-fabricated topologi-
cally structured platforms, the various morphologies were simu-
lated via 2D and 3D near-field electric field distribution. This re-
vealed the predominant localization of the enhanced electromag-
netic fields within the noble metal micro-nanostructures, which
guided the fabrication of the SERS substrates. These included
concentric and solid hexagonal, triangular and rectangular mor-
phologies with increased surface area and hot spots. In turn, it
enables a larger number of molecule interactions in each region
and a broader bandwidth, yielding augmented SERS signal in-
tensity. The fabricated substrates were tested for detection of four
representative brain-specific biomolecules released during cellu-
lar damage, which are complementary indicators for diagnosing
traumatic brain injury (TBI) and assessing its severity. These in-
cluded: (i) sphingomyelin, which is known for brain myelination
and regulation of inflammatory response vital in the regulation
of cellular growth rate, differentiation and cell death in the cen-
tral nervous system;[56] (ii) S100B, a calcium-binding protein syn-
thesized in glial cell subtype, which modulates long-term synap-
tic plasticity;[57] (iii) myoinositol, a sugar-derivative produced in
glial cells found to be elevated in proportion to the severity of
TBI, which also regulates the glial and neuronal activity and in-
tracellular [Ca2+] as well as participates in intracellular signal-
ing pathways;[58] and (iv) cholesterol, a key component of the
cellular membrane, known to increase due to the cellular dam-
age, building up following dysregulation and causing cellular
toxicity.[59]

Overall, the ease of fabrication and scalability of these struc-
tures could enable tunable engineering of a broad range of SERS-
active topological designs, including, for instance, concentric
nanowells and nanopillars. These, combined with the flexibility
of plasmonic metal selection, allow the optical properties and sur-
face chemistry to be tailored for excitation laser, signal enhance-
ment and specific applications.[20,60,61] The developed topological
surfaces structured on micro and nanoscales further lay the plat-
form for achieving improved sensing capabilities, which in the
longer term, can be integrated into miniaturized lab-on-a-chip
technologies.

2. Results and Discussion

An array of concentric topological substrate designs with a
range of geometries, including hexagonal, triangular, and rect-
angular coaxial architectures, were modeled and optimized via
COMSOL simulations (Figure 1) and CAD Autodesk Fusion-360
(Figure 2d–f), respectively. The simulated maximum achievable
local electric field enhancement for each metallic structure is
shown in Figure 2h. The numerical calculations were carried out
in COMSOL using a plane wave illumination to model the in-
cident laser light. This wave had a transverse field component
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Figure 1. a) Maximum field enhancement of 2D concentric structures (solid lines) and solid structures (dashed lines) with varying width of center.
b) Maximum field enhancement of 2D concentric structures versus the gap width. The simulations were carried out for x and y polarized incident waves
and the maximum value of the field on the surface of the structure was taken. c) Electric field profile of 2D concentric structures for the 785 nm (left) and
the 830 nm (right) excitation wavelengths with the (c, 2) incoming wave propagating in z direction, the electric field polarized along the x direction and
the magnetic field polarized in the y direction. d) 3D near-field simulations of the electric field distribution for hexagonal (650 nm gap), square (800 nm
gap) and triangle (750 nm gap) coaxial micronano-structures with the visible confined and scattered field components for 785 nm (left column and
bottom row) and 830 nm (top right) excitation. The incoming wave is propagating in z direction, the electric field is polarized along x direction and the
magnetic field is polarized in y direction.

to the direction of propagation (z-axis) with the relative permit-
tivity of Au as a function of 𝜆. The designed arrays of concen-
tric topological hexagonal, triangular, and rectangular substrates
were systematically analyzed for a range of inner and outer di-
ameters, gap and wall widths and periodicity. These revealed that
the relative enhancement correlates with the gap-to-width param-
eters (Figure 1), allowing to optimize and guide the subsequent
SERS substrates fabrication.

To study the SERS response of the fabricated coaxial
micronano-structured substrates, the variation of peak wave-
length resonance and the intensity enhancement for the reso-
nance as a function of gap width in the concentric arrays, the
generated Ef of the gold-coated arcatures was numerically simu-
lated via a 3D model. A finite-element method was implemented
where a plane wave is incident normal to the substrate with a
linear polarization perpendicular to the top edge, with the sim-

ulation being infinite in the third lateral direction (i.e., infinite
ridges with cross-sections).

Since the full 3D simulations for the larger micro-nano struc-
tures are computationally expensive, the dependence of the max-
imum field enhancement with the center, gap and wall widths
was investigated using simplified 2D topologies (Figure 1a–c).
Here, a 400 nm edge rounding was applied at the top (for 2D
and 3D) and on the side (for 3D) micro nanostructures and a
200 nm edge rounding at the bottom (limited by other geomet-
ric parameters). This collectively enabled removing the edge im-
pacts and highlighting the cavity effects. For the solid structures
without an external wall, the center width has a negligible ef-
fect (Figure 1a) since the plasmons are excited along the sides
and propagate away from the structure, which is independent
of the center width in this parameter range. For the concentric
structures (Figure 1a), the effect is also minimal. However, it is

Adv. Mater. Interfaces 2024, 2400352 2400352 (3 of 11) © 2024 The Author(s). Advanced Materials Interfaces published by Wiley-VCH GmbH

http://www.advancedsciencenews.com
http://www.advmatinterfaces.de


www.advancedsciencenews.com www.advmatinterfaces.de

Figure 2. Concentric topological substrate design for SERS including a) hexagonal, b) triangular and c) rectangular geometries inscribed in the three
circles (for hexagonal and triangular), with the d–f) corresponding CAD and Fusion 360 designs top view (top left) and 3D view (bottom left) and 3D
periodic arrays (right-hand side). g) Maximum calculated field enhancement under isotropic scaling for x and y polarized excitation. h) Comparison of the
theoretical simulated maximum achievable field enhancement for each metallic structure, including the concentric hexagonal, rectangular, and triangular
and their corresponding solid counterparts at excitation wavelengths of 514, 633, 785, and 830 nm, where |E|max calculated for x and y polarized plane
wave.

found to be more prominent, most probably due to the plasmons
launching on the inner side of the wall, subsequently propagating
across the center and interfering. Similarly, varying the wall width
exhibited an even smaller effect on the concentric micronano-
structures. From 2D simulations, the maximum field enhance-
ment for the fabricated concentric structures was found to be
most sensitive to the gap width parameter (Figure 1b,c). From
a modal perspective, this parameter determines the formation of

the localized plasmon mode at the bottom of the well. From the
excitation perspective, it determines which wavelength couples
most efficiently to the plasmon. While both 785 and 830 nm exci-
tation wavelengths exhibit a strong and narrow resonance peak,
these are found at different gap widths. The 633 nm laser out-
performed these for a wide variety of gap widths, albeit with the
maximum achievable field enhancement being lower than for
the other two excitation lasers (Figure 1b). From the electric field
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profiles for the 785 and the 830 nm excitation wavelengths, high-
quality localized plasmon mode is evident for the 740 nm and
790 nm gap width, respectively (Figure 1c). When the gap width
or excitation differ from these, the coupling strength is reduced,
and other modes are excited. This effect also leads to the 633 nm
excitation having an overall good performance across a wide pa-
rameter range (i.e., 600–850 nm), with the maximum achievable
enhancement, however, lower than for 785 or 830 nm lasers. The
514 nm excitation demonstrates a poor enhancement across all
scenarios due to the combination of a small refractive index and
large extinction coefficient of gold at this wavelength, with the
cavity not supporting a localized high-quality mode as such fre-
quencies. This highlights the gap width as a key parameter for
the design of optimized coaxial SERS-active substrates whilst in-
dicating the detailed structural properties coming into play for
optimized EFs.

3D near-field simulations of the electric field distribution
(Figure 1d) exhibit the highest EF at 785 nm excitation (left col-
umn and bottom row) for the triangular architecture, correlating
with the 2D simulations (Figure 1b). It is evident that the topol-
ogy of the structures significantly influences the distribution of
hotspots with the edges, despite the significant rounding, guid-
ing the plasmon formation. This is manifested: (i) in two hotspot
areas for the concentric triangle, extending up and down and
aligned with the edges of the center triangle column; (ii) small,
localized hotspots in the center column of the concentric square
and (iii) uniformly distributed hotspots across the whole cavity in
the concentric hexagonal structure, which has the most uniform
and closely packed edges and the highest degree of symmetry.
To note, the field enhancement at the corners is not visible in
square and hexagonal structures on the outer walls. Therefore,
the formation of the hotspots in the edges of the center column,
particularly for the square structure, is not just an edge effect. It is
a consequence of the concentric structure and the cavity, further
highlighting the enhanced SERS performance of coaxial topolo-
gies. For the 830 nm excitation laser, the strongest enhancement
occurs between the tip and wedge in the gap toward the right and
plasmonic enhancement is observed to propagate along the 60°

side cavities. Overall, varying the gap distance width leads to the
formation of a plasmon mode inside the coaxial structures’ cav-
ity, with the Ef excited on the gold micronano-structures initially
increasing with decreasing gap-to-width ratios. While the peri-
odic grating couples light into plasmon polariton and propagat-
ing plasmon resonances by diffraction, these are noted to couple
with each other if the gap between the structures is large. The
coupling for smaller gaps leads to increased localization between
the architecture with increased Ef and, thus, higher SERS en-
hancements in the gaps. The increase in SERS with decreased in-
terstitial gap due to resonant excitation of propagating plasmons
diffractively coupled into the structure can be excited with the var-
ious laser wavelengths, depending on the cavity width. However,
a considerable shrinking of the interstitial gap results in almost a
complete elimination of the cavity plasmon mode with no mani-
festable resonance.

Subsequent to the numerical modeling, eXTRA fast mask-
less lithography with parallel multi-beam writing, speed up to
280 mm2/min and resolution down to 300 nm was employed
to fabricate high precision and throughput platforms. While the
fabrication builds upon the numerical simulations and CAD de-

signs to guide the optimal structures, the lithographic route en-
ables the ease with which these could be scaled and tuned isotrop-
ically. Therefore, during the fabrication stages, it is possible to
rapidly attain other desirable dimensions, rendering fabrication
flexibility a key part in the design and iterations. The structures’
up- and down scalability and tunability enabled us to further opti-
mize the fabrication dimensions for optimal signal enhancement
via isotopically scaling dimensions. The simulations were carried
out for x and y polarized incident waves and the maximum value
of the field on the surface of the structure was taken. When the
structures are downscaled, the maximum field enhancement os-
cillates (Figure 2g), from a 27% lower value than the original scal-
ing up to a 43.5% improvement. This is due to constructive and
destructive interference of the plasmon resonance occurring in
the structure and either the former or the latter dominating at
different dimensions. This could be beneficial in further scaling
the design structures to achieve a higher EF for a given polar-
ization. The different dimensions resulting from the scaling of
the structures affect the surface plasmon resonance and the con-
structive interference will be a valuable parameter for directing
the fabrication of future features when scaling for y-polarized ex-
citation. A scaling factor (a number ratio by which the fabricated
structure dimension can be changed with respect to its original
size) of × 0.56 was identified to exhibit an increased enhance-
ment for both x and y incident polarization waves. This produced
the highest Raman signals with a nearly twofold increase in en-
hancement relative to the original hollow concentric hexagonal
architecture. The simulation and scalability optimization led to
the fabrication of a range of optimal structured surfaces for the
projected highest SERS enhancement (Figure S1, Supporting In-
formation). These included concentric hexagons with outer and
inner radii Ro = 3000 nm and Ri = 750 nm, respectively and wall
width, w = 1.35μm (Figure 2a) generating an inner gap size of
650 nm as well as concentric rectangles and triangles with wall
widths of w = 800 nm and w = 750 nm, respectively (Figure 2b,c).
The substrates were typically arranged in 15 × 12 periodic arrays
with a fixed period of 30 μm. The waveguide approximation pro-
vides further useful insights for a circular coaxial waveguide filled
with air in the gap with the cutoff wavelength expressed as 𝜆 =
𝜋(Ro+Ri), where Ro and Ri are the radii of the outer and inner
surfaces.[62] With the latter being on the order of 1μm for the
studied structures, the cutoff wavelength is 𝜆 ≈6μm. This is well
above the maximum wavelength used for excitation, suggesting
that the field can couple and propagate inside the structures, ex-
citing the cavities.

The fabricated topological substrates were characterized via an
array of optical (Figure 3a–c), scanning electron (Figure 3d–f) and
atomic force (Figure 3g–i) microscopy (OM), (SEM), and (AFM),
respectively.

To evaluate the SERS performance of the concentric patterned
structures shown in Figure 3, these were coated with 30±12 nm
thick gold layer (Figures S2 and S3, Supporting Information), fol-
lowed by adsorption of a benzenethiol monolayer via immersing
the gold-coated surfaces in 10 mM ethanolic solution. Represen-
tative average SERS spectra recorded for these metallic structures
are shown in Figure 4b. The hexagonal and triangular hollow con-
centric structures produce better signal enhancement compared
to their solid counterparts. Particularly, the hexagonal structures
are found to be more effective in creating hotspots due to their

Adv. Mater. Interfaces 2024, 2400352 2400352 (5 of 11) © 2024 The Author(s). Advanced Materials Interfaces published by Wiley-VCH GmbH

http://www.advancedsciencenews.com
http://www.advmatinterfaces.de


www.advancedsciencenews.com www.advmatinterfaces.de

Figure 3. Representative OM top (a–c) and SEM (with 3D inset) (d–f) images of pattern formation, generating a range of SERS-active substrates
including the hexagonal (a,d), triangular (b,e), and rectangular (c,f) structures with the corresponding 3D AFM height images (g–i).

six vertices and edges on the substrate surfaces. A similar, albeit
to a lower degree, phenomenon was observed in the hollow con-
centric triangular structures with the regularity of the pattern al-
lowing for the optimization of the SERS enhancement by con-
trolling the size and spacing of the hotspots. By changing the ar-
rangement of apertures from rectangular to triangular lattice, a
more uniform mode resonance is formed in the plasmonic struc-
tures. This is due to the hollow concentric structures with sharp
edges and crevices concentrating the target analyte molecules in
the larger hotspot areas, yielding an effective Raman signal en-
hancement. These findings are in correspondence with previous
studies, where the sharp corners and edges were found to exhibit
stronger localized surface plasmon resonance (LSPR).[39,61,63]

Further to the averaged spectroscopic data, SERS mapping was
carried out for each array. The representative SERS map overlaid
over the corresponding optical microscopy images in Figure 4a

shows the SERS signals arising exclusively from the concentric
structures and no signal was observed from the flat gold-coated
areas. This indicates that the adjacent structures are not plasmon-
ically coupled and, therefore, can function as isolated detection
centers, rendering these substrates as possible platforms for mul-
tiplexed SERS of diverse biochemical analytes.

Different morphologies were found to yield substantial varia-
tions in SERS enhancements (Figure 4b). The concentric hexag-
onal structures showed a 21 × enhancement compared to coaxial
square arrays and a 12–15-fold increase in signal over the trian-
gle structure at an excitation wavelength of 633 nm (Figure 4a).
The absolute enhancement for the concentric hexagons was
≈1.2 × 106 at 633 nm and 3.9 × 105 at 785 nm. The 95% con-
fidence intervals were (8.40 × 105, 1.30 × 106) and (3.0 × 105,
3.96 × 105), respectively. An EF of 0.8 × 105 with a 0.95 confi-
dence interval of (0.75 × 105, 0.84 × 105) was found for the hollow
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Figure 4. a) SERS maps overlaid over an optical image of the patterned area, revealing the localized nature of the SERS activity extracted for the ben-
zenethiol peak at 1070cm−1. b) SERS spectra of benzenethiol recorded from the three structured surfaces excited with 633, 785, and 830 nm lasers.
c) SERS enhancement as a function of excitation wavelengths with the highest signal enhancement obtained for the hexagonal concentric structures
with 633 nm followed by 785, 830, and 514 nm. d) Relative SERS enhancement of the 1000 cm−1 and 1070 cm−1 peaks for each concentric micro- nano
topology. e) Average SERS spectra of representative TBI biomarker’s fingerprint, including the sphingomyelin (purple), cholesterol (plum), myoinositol
(green), and S100B (navy) deposited on hollow hexagonal coaxial SERS-active substrates and excited with a 785 nm laser.
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coaxial triangular structures at 633 nm. The hollow concentric
SERS structures were found to exhibit up to three times higher
EFs than the solid equivalents due to the confined areas result-
ing in stronger local fields and larger surface area-to-volume ra-
tio. The latter contributes to a larger number of the SERS-active
molecules within the proximity of the plasmonic field, enhancing
the Raman signal.

For a given micro- nanostructure, when an additional inner or
outer similar architecture is added to make a concentric topol-
ogy, it enables a larger bandwidth of electric field enhancement.
This is due to a second resonance arising from the interaction
of the inner and outer structural units, yielding a higher overall
SERS enhancement. For all three fabricated topologies, the rela-
tive SERS enhancement of benzenethiol molecules was found to
be the highest for the 633 nm excitation laser versus the 785 nm,
with the 830 nm and the 514 nm excitations yielding negligible
signal enhancement. Furthermore, the coaxial hexagonal SERS
surface demonstrated the biggest increase in enhancement us-
ing the 633 nm excitation laser versus the 785 nm, exceeding the
other two substrates. However, the concentric triangle surfaces
exhibited the highest EF at 785 nm,× 3.3 and× 4.2 higher relative
to the hexagonal and square morphologies, respectively, with the
latter showing the lowest EF amongst the fabricated substrates
(1.2 × 106 compared to 9.0 × 104) (Figure 4b–d).

Fluorescence was found to be significantly reduced in the spec-
tra for all the excitation wavelengths except the 514 nm. The
785 and the 830 nm are typically preferred excitation lasers for
biomedical applications, yielding reduced sample damage due
to the lower photon energy.[64–68] The ultimate choice of excita-
tion wavelength is often dictated by the plasmonic properties of
the SERS substrates (or vice versa) as well as the analytes’ res-
onance if a narrow range of compounds or similar physiologi-
cal bodies are being targeted.[69–71] Since the SERS enhancement
is dependent on the 𝜆i, mainly arising from the LSPRs of the
metallic architectures, a particular substrate can yield the highest
electromagnetic enhancement at a specified excitation. It is also
strongly dependent on the surface morphology and precise shape
of the features at the metal surface. Our results indicate that
the hexagonal topology is the optimal structure to be exploited
with the 633 nm excitation laser to yield the highest enhance-
ment. Whereas the coaxial triangular morphology presents itself
as a promising and viable candidate as an enhancing substrate
with the 785 nm laser. The fabricated SERS-active substrates
were subsequently used to profile four representative biomark-
ers signposted to correlate with TBI, successfully yielding the fin-
gerprint spectra of sphingomyelin, cholesterol, myoinositol and
S100B, characterizing the enhanced characteristic peaks of each
biomarker (Figure 4e).

The experimental data was found to correspond with the nu-
merical modeling, with the hexagonal coaxial structures provid-
ing the highest field enhancement across nearly all excitation
wavelengths and concentric structures yielding higher enhance-
ment compared to their solid counterparts. In comparison to re-
sults based on the fabricated substrates, higher enhancement fac-
tors are found for the ideal models based on simulations and
CAD designs. This is attributed to neglecting minor fabrication
imperfections such as inclined walls or minute depth variations.
Furthermore, while the concentric triangular structures exhib-
ited the highest enhancement in the ideal models, these are

highly sensitive to topological deformations of the tip and the
wedge. Whereas the concentric hexagons, with no similar tip,
are less sensitive to defects and, thus, perform better experimen-
tally than the modeled counterparts. This could further be consid-
ered in conjunction with the effects of tip-enhanced Raman spec-
troscopy (TERS), which combines SERS with scanning probe mi-
croscopy such as the AFM. TERS decouples molecular adsorp-
tion and enhancing processes, and the tip serves as an external
enhancer. Localized surface plasmons can also be excited in the
tip apex, providing a high near-field enhancement. Via theoret-
ical simulations confirmed by the experimental investigations,
the field enhancement properties of TERS have shown that plas-
mon coupling effects between the metal tip and the metal sub-
strate play the key role in field enhancement, and the latter drops
dramatically as the distance between the tip and the substrate in-
creases. The spatial resolution was found to mainly be dependent
on the radius of curvature of the tip end, with a sharp tip dramat-
ically increasing the spatial resolution.[72–76] Correlation with the
experiment could further be improved by applying a Gaussian
beam as excitation instead of the plane wave, which is also more
applicable for a small spot size. However, this is computationally
unfeasible and therefore, symmetries could not be implemented
to reduce the simulation domain.

From analysis of the coaxial geometries, it is noticeable from
the simulation and the experimental outputs that when the topol-
ogy of the designed structures is altered from square to trian-
gle lattice, the plasmonic resonance modes are more uniform
propagating along the 60° directions. This not only implies that
the side-to-side, side-to-corner, and corner-to-corner resonance
modes play key roles in light reflectance, but also indicates that
the SERS signal can be tailor-enhanced by changing the arrange-
ment of arrays from square to triangle lattice.

3. Conclusions

In conclusion, a range of coaxial topologically designed and op-
timized micro- and nanostructured substrates have been engi-
neered as reproducible and tunable arrays for SERS. The mor-
phologies were simulated via 2D and 3D near-field electric field
distributions, revealing the predominant localization of the en-
hanced electromagnetic fields within the noble metal micro-
nanostructures. In the coaxial geometries, the cutoff wavelength
is found to be governed by the gap size and diameter of the
structures. The tunable resonance available in these architectures
couples and stores a significant amount of optical energy in the
generated concentric cavities. Since the resonance wavelength
independently of the cavity length dramatically red-shifts as a
function of the gap size, this can enable a further construction
of large-area arrays with 𝜆 resonance<<period. The fabricated sub-
strates were subsequently validated for the detection of a range of
neurological biomarkers, exhibiting an average signal enhance-
ment of × 106. The fabricated concentric hexagonal, triangular,
and rectangular morphologies with a broader bandwidth, a larger
surface area and hot spots, increasing the molecular interactions
in each region, show structure-dependent SERS performance.
The structural and fabrication tunability allows the lithographi-
cally defined substrates to be optimized for plasmon-dependent
phenomena. The ease of fabrication enables the micro nanos-
tructures to be isotopically scaled up or down to the desired
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topological dimensions whilst various micronano-architectures
can be fabricated on the same substrate simultaneously. This
enables to tailor-make specific topologies to achieve the opti-
mal signal enhancement compatible with the chosen excitation
wavelength. SERS enhancement requires a delicate balance be-
tween the excited and scattered wavelengths with the plasmon
peak of the metallic micro-nanostructure. The plasmons excited
at the scattered wavelength out-couple the Raman scattered radi-
ation more efficiently. This is particularly important in the near-
infrared, where the laser excitation and the scattered radiation
can be significantly different in terms of wavelength. A range of
SERS applicable laser excitation wavelengths, including the 514,
633, 785, and 830 nm, were applied for each fabricated substrate.
The highest signal enhancement is found to arise from the hexag-
onal concentric micro-nanostructures with a 633 nm excitation
laser, considerably outperforming the 514 nm and highlighting
the consideration to be given to the choice of the excitation laser
to detect the target bio-analytes. In the long-term, the fabrication
of optimized concentric plasmonic micro- and nanostructured
substrates with inherent tunability opens avenues for a strong
analytical platform. These can be suitable for a range of appli-
cations, for instance, multiplexed detection of trace level disease
indicative biomarkers, photocatalysis, environmental and foren-
sic on-site detection, as well as miniaturized integrative sensing
platforms.

4. Experimental Section
Materials: Silicon (Si) wafers (n-type, crystal orientation <100>) with

a polished side and resistivity of 0–100 ohm-cm (WaferNet, GmbH Ger-
many) were used as an underlying surface during substrate fabrication,
acting as the base for the deposition of photoresists. HPLC-grade ethanol
(Sigma-Aldrich) was used for the preparation of 10 mM Benzenethiol (BT)
solution.[27,29]

SERS Substrates Fabrication: The positive and negative photoresists
for the fabrication included AZ1514H and AZnLOF2020 (MicroChemicals,
GmbH Germany), used without further dilution. Si wafers were initially
thoroughly cleaned via physical techniques, including snow-jet, removing
99.99% of contaminants.[77] The photoresists (20 μL) were subsequently
deposited on the clean Si wafers via spin-coating (Laurell, WS-650MZ-
23NPPB) at 4 000 rotations per minute (rpm) for 60 s in a controlled
humidity environment. Subsequently, photoresist-coated substrates un-
derwent a softbake process to improve the adhesion of the photoresist
to the wafer. This included heating at 100 °C for 90 s for a film thickness
of 1.5 μm (1 min/μm resist film thickness) for the positive photoresist
AZ1514H and 60 s for a film thickness of 2 μm for the negative photore-
sist AZnLOF2020. A range of micro and nanostructures were fabricated
via a direct laser writer (model: Picomaster XF, brand: Raith) eXTRA fast
maskless lithography system using a 405 nm laser. The eXTRA maskless
lithography was operated in a vector writing mode performance to avoid
stitching problems and optimize the depth of focus, laterally fabricating
each surface. The established engineering of SERS platforms via eXTRA
lithography in a single laser writing, for patterning the selected structures
and dimensions, the optimal grid array organization included 15 and 12
structures in each line and row, respectively. This grid array of 15 × 12
ensured the optimal structural dimensions, optimal speed of patterning
and spacing between the structures, maximizing both the capacity to en-
hance signal as well as ease and cost-effectiveness of the fabrication. For
the negative photoresist, a post-exposure bake was necessary to complete
the photoreaction initiated during exposure, prior to development, where,
for the positive resist the exposed areas were dissolved using the AZ351B
(MicroChemicals, GmbH Germany) and deionized water at 1:4 ratio (de-
veloper: water v/v)[78] and for the negative resist, the unexposed areas
were removed using the AZ326MiF developer (MicroChemicals, GmbH

Germany). The dissolution of the exposed areas was based on the con-
version of the diazo naphthoquinone-sulphonate-based photoinitiator in
indene carboxylic acid. The dilution of the AZ351B in water occurs due to
the rate of dissolution of the exposed resist to the rate of dissolution of the
unexposed resist, which remains on the substrate as the nanostructure.[78]

The fabricated nanostructures were sputter-coated with a thin gold layer.
Optical Microscopy: Images of the fabricated nanostructures were ac-

quired using Olympus Optical Microscope (GX61, GX2) with a Leica
DM2700 M camera.

Scanning Electron Microscopy: The scanning electron microscopy
(SEM) measurements were performed using a Hitachi SU5000 at accel-
eration voltages of 0.5-5KV with a lateral resolution of 2–5 nm.

Atomic Force Microscopy: The atomic force microscopy (AFM) mea-
surements were performed using JPK NanoWizard II atomic force mi-
croscope. The measurements were done using tapping mode via an in-
termittent contact mode of the cantilever tip with the sample in ambi-
ent conditions. NCHV-A cantilevers with a resonance of 320 kHz and
stiffness of 42Nm−1 were used. The software used to analyze the height
and phase of the images was Gwyddion, version 2.59. The size of the
nanostructures was measured by scanning 50 × 50μm2 of each sample,
with the regions chosen to represent different topologies obtained during
fabrication.

SERS Acquisition: SERS measurements were carried out using micro-
Raman system via an inVia Qontor confocal Raman spectrometer (Ren-
ishaw Plc) and four excitation lasers, including the 514, 633, 785, and
830 nm. To avoid photochemical effects, degradation or sample dam-
age, SERS maps spectral scans were typically acquired for 100 data points
over a range of 500–2000cm−1 with the laser power of 30–40 mW, 50x
objective lens, the numerical aperture of 0.75, the acquisition time of
0.1s with 3 accumulations. All Raman spectra were collected at the am-
bient temperature. SERS enhancement factor (EF) of the fabricated struc-
tures was calculated via the: EF = [ISERS/NSERS]/[INormal/NNormal], where
INormal is the intensity of the Raman scattering peak, ISERS is the signal
of the SERS substrate containing the fabricated structures, NSERS and
NNormal are the numbers of adsorbed molecules on SERS active substrates
with the surface density of the molecules taken as 3.3molecules/nm
and the number of molecules probed for a normal Raman setting,
respectively.[30]

Numerical Modeling: The computational simulations were conducted
using the finite-element solver COMSOL Multiphysics 5.5,[79] with the
Wave Optics module and frequency domain study. The topologies were
modeled based on images in Fusion 360 and imported into COMSOL via
CAD module. The silica substrate had a refractive index n = 1.45, the struc-
ture, which was made of photoresist, had a refractive index of n = 1.58, the
top layer was air with n= 1, and the thin gold layer was modeled using tran-
sition boundary conditions with thickness t = 40 nm and gold permittivity
from Johnson and Christy.[80] The excitation at each of the employed laser
wavelengths was taken as a plane wave, with wavelength 𝜆 propagating
along the z-axis (Figure 1). Separate x and y polarized wave studies were
conducted. A mesh size of 𝜆/5 was used. The symmetry of the structures
was taken into account to reduce the computational domain, which was
truncated approximately one 𝜆 from the structure and surrounded with
scattering boundary conditions.
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