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Precision-Engineered Plasmonic Nanostar Arrays for

High-Performance SERS Sensing
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Temple Douglas, Jeréme Borme, Jana B. Nieder, Lorena Diéguez, and Sara Abalde-Cela*

Surface-enhanced Raman scattering (SERS) spectroscopy has emerged as a
powerful tool for ultrasensitive and rapid analysis, with applications across
several fields. The core mechanism of SERS is the interaction between
molecules and plasmonic nanostructures, where localized surface plasmon
resonances induce strong electromagnetic fields resulting in remarkable
enhancements of Raman signals. The effectiveness of SERS substrates
depends on their ability to generate strong electromagnetic fields at nanoscale
hot spots, but achieving both reliable enhancement and reproducibility
remains a challenge. This work presents a novel SERS substrate that
combines a top-down fabrication approach with bottom-up wet chemistry to
obtain an array of nanostars. Using electron beam lithography (EBL), uniform
nanodisk arrays are first created, providing a controlled template. A
subsequent chemical transformation reshapes these structures into
nanostars, introducing sharp protrusions that significantly intensify localized
electromagnetic fields. Finite-difference time-domain (FDTD) shows that
nanodisks produce weak, symmetric field enhancements, while nanostars
generate intense, highly localized electric fields at their spikes. Experimental
SERS measurements using 1-naphthalenethiol (1-NAT), and tryptophan
validate this transformation, demonstrating notable signal amplification with
nanostar substrates. This work introduces a scalable and reproducible
fabrication method for high-performance plasmonic SERS substrates, paving

1. Introduction

Surface-enhanced = Raman  scattering
(SERS) spectroscopy is a powerful an-
alytical technique that offers enhanced
Raman signal intensity when compared
to traditional Raman scattering due to the
presence of localized surface plasmon reso-
nances (LSPRs) in metallic nanostructures.
This technique offers signal enhancements
that often exceed conventional Raman
scattering by several orders of magnitude,
enabling applications ranging from single-
molecule detection to the investigation
of intricate chemical processes at the
nanoscale.l?] Seminal works by Kneipp
et al. (1997)¥) and Moskovits (1985)F
aid the foundation for single-molecule
detection, broadening the applicability of
SERS. SERS is considered a powerful tool
with potential in diverse areas like med-
ical diagnostics, biomedical diagnostics,
environmental monitoring, and material
characterization.'*] However, the ability
to engineer and optimize SERS-active plas-
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monic substrates is essential for improving
detection limits, enhancing reproducibility,
and expanding the practical applications of
the technique.['¢]

Plasmonic  nanostructures, includ-
ing colloidal nanoparticles, engineered
nanogaps, and periodic metallic arrays,
have been extensively studied to optimize SERS performance.l”]
Among these, periodic (plasmonic) arrays are known to sus-
tain collective plasmon resonances,® leading to tunable opti-
cal properties beneficial for sensing applications.”! These struc-
tures can exhibit collective plasmonic modes with long-range
plasmonic coupling, resulting in narrow spectral features that
are advantageous for specific detection applications.[®] Compared
to nanodisks, nanostars, due to their multiple sharp tips and
branched morphology, exhibit a higher density of electromag-
netic hot spots, leading to improved SERS performance and
sensitivity, > even when integrated into periodic arrays.! De-
spite recent advances in SERS substrates engineering, repro-
ducibility and scalability remain significant challenges, blocking
practical application of SERS technologies.!'?] Many conventional
SERS substrates, including self-assembled nanoparticle and
chemically synthesized nanostars, exhibit structural variations
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that limit their uniformity and large-scale applicability.('? To over-
come these challenges, alternative top-down approaches such as
electron beam lithography (EBL) have gained interest, leveraging
nanofabrication techniques to craft solid substrates with a high
degree of control over nanoparticle geometry, arrangement, and
size distribution, allowing the production of highly reproducible
plasmonic nanostructures.”! Solid substrates have gained atten-
tion not only for their precision but also for their potential to rev-
olutionize the field of SERS.I713] They offer particle stability, a
higher reproducibility from batch-to-batch as well as the possibil-
ity of washing steps while doing biochemical or complex matrixes
analyses.

This study employs a top-down approach to first fabricate pe-
riodic gold nanodisks followed by their epitaxial growth into an-
chored nanostars using wet chemistry. This strategy combines
the advantages of well-defined periodicity with the enhanced
field confinement observed in star-shaped structures. It also ad-
dresses a critical challenge commonly found in solid substrate
fabrication with techniques like EBL, namely the high cost and
time-consuming nature of techniques like EBL, by implement-
ing a more cost-efficient patterning approach, the dots-on-the-fly
(DOTF) method, that maintains precision while significantly re-
ducing processing time and overall expense.

Thus, the goal is to enhance the accessibility and cost-
effectiveness of solid substrates by refining the methodology,
thereby removing previous barriers to their widespread use in
SERS. By optimizing the fabrication and wet-chemistry transfor-
mation into plasmonic nanostructures, this study aimed to de-
velop a reliable and reproducible strategy for producing high-
performance SERS substrates. These findings contribute to the
growing field of plasmonic sensors and underscore the impor-
tance of substrate engineering in advancing molecular detec-
tion technologies. Moreover, the development of nanostar-based
substrates with tunable plasmonic responses has the potential
to bridge the gap between fundamental plasmonics research
and practical sensing applications in biomedical and chemical
analysis.

2. Results

2.1. Nanofabrication and Structural Characterization of Solid
Substrates

The fabrication of the well-order and density-packed SERS sub-
strate started with the deposition of a thin gold film onto a base
substrate, followed by EBL. Using a fast exposure method,/*4*]
precise nanodots were patterned onto the gold film at area expo-
sure doses ranging from 5 to 285 uC cm~2 and pitch values (inter-
particle distance) 0£ 200, 300, 500, and 700 nm, leading to a variety
of morphologies, including well-defined arrays as well as under-
exposed and overexposed regions. The exposure is realized by fill-
ing a rectangular area with dots following the desired pitch and
resulting in an average area dose. Each dot received an individual
dose calculated according to the formula: dy,, = d, ., x p* where p
is the pitch. The average area dose ranged, in all the experiments
resulting in individual dot doses in the range of 24 to 1400 fC. To
systematically explore the fabrication limits, we nanofabricated
structures at a range of doses for each pitch, ensuring a com-
prehensive capture of morphological transitions. These exposed
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nanodots played a crucial role as masks in a subsequent carefully
controlled Au etching process, selectively removing unprotected
areas of gold film and producing highly ordered square superlat-
tices of gold nanodisks on the substrate which turned into a vari-
ety of diameter-to-pitch ratios. Figure 1Ai-iii and vii-ix presents
representative SEM images of nanostructures after Au etch with
pitches of 200 and 300 nm, obtained at different exposure doses
and conditions. Figures S2, S3, and S4 (Supporting Information)
further illustrate these nanodisk arrays with enhanced clarity and
detail.

This controlled process promoted to generate structures rang-
ing from isolated nanodisks to closely packed structures, includ-
ing merged nanodisks (or Au film with nanoholes) up to a contin-
uous gold film. As expected, lower pitches required less dose due
to proximity effects in EBL. The resulting square superlattice of
gold structures served as a nanotemplate for a subsequent chem-
ical transformation process, inducing the formation of sharp
tips and additional hot spots (Figure 1Aiv—vi,x—xii). As shown in
Figure S1A (Supporting Information), the fabricated plasmonic
nanostar substrate was engineered with distinct columns, each
defined by a different interparticle pitch. Within each column,
multiple rows correspond to areas exposed to different electron
beam doses. Figure S1B (Supporting Information) presents a mi-
croscope image of one such line used for SERS measurements.
The wet-chemistry growth protocol, using polyvinylpyrrolidone
(PVP), N,N-dimethylformamide (DMF), and HAuCl,, was then
applied transforming in a controlled way the gold nanotemplate
into sharp-edged nanostructures, crucial for enhancinglocal elec-
tromagnetic fields and improving SERS performance. PVP acted
as a stabilizing and directing agent, controlling the anisotropic
growth of the nanostructures, while DMF facilitated the reduc-
tion of gold precursors,[1®! ensuring a uniform deposition of gold
atoms onto the nanodisks. Our approach used the patterned
gold nanotemplate/disks themselves as seeds, instead of rely-
ing on a traditional gold seed solution. The resulting nanos-
tars showed complex, irregular morphologies with numerous
sharp spikes, highlighting the controlled transformation from
uniform disks into multifaceted structures. This fabrication pro-
cess is highly dependent on the precise control of EBL expo-
sure doses to grow nanostructures directly from a gold film is
not commonly reported in the literature. It led to four distinct
configurations observed in the final nanostar substrate: i) unre-
solved nanostars when doses are insufficient, ii) well-defined in-
dividual nanostar superlattices with varying doses, iii) nanoholes
forming when nanostar diameters closely match the pitch value,
and iv) a continuous gold film with spikes forming at excessive
doses. This dose-dependent modulation in morphology not only
highlights the precision and versatility of our fabrication process
but also underscores its potential for tailoring the properties of
the SERS substrate to meet the specific requirements of diverse
applications.

Figure 1B presents an analysis of individual gold nanodisks
and nanostars diameters as a function of EBL exposure dose
and different pitch values. These measurements, obtained via
HRSEM imaging of at least 150 structures, were performed both
before and after the growth process for well-defined nanostruc-
tures. Only non-merged, clearly distinguishable nanostructures
were included in this analysis, as the Image] software was only
able to accurately detect and measure isolated particles with
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Figure 1. Structural and dimensional analysis of substrates. A) High resolution scanning electron microscope (HRSEM) images showcasing the morpho-
logical evolution of nanostructures on Au nanodisks i, ii, iii, vii, viii and ix) and their corresponding transformations after Au growth solution treatment
iv, v, vi, X, xi, xii) for interparticle distances (pitch) of 200 and 300 nm. Scale bar represents 1 um. Parameters [dose (fC); morphology; diameter (nm);
Au coverage area (%)]: i (48.4; merged nanodisks; NA; 66.5%), ii (45.2; nanodisks; 120.9 + 5.1; 25.8%), iii (42.0; nanodisks; 87.6 + 2.6; 13.7%), iv (48.4;
merged nanostars; NA; 93.3%), v (45.2; nanodisks; NA; 77.9%), vi (42.0; nanodisks; NA; 59.1%), vii (128.3; merged nanodisks; NA; 77.0%), viii (118.4;
nanodisks; 214.3 + 7.3; 37.2%), ix (103.5; nanodisks; 119.6 + 3.0; 11.3%), x (128.3; merged nanostars; NA; 96.9%), xi (118.4; merged nanostars; NA;
86.4%), xii (103.5; nanostars; 272.3 + 5.6; 59.1%). B) Measured diameter sizes of well-defined gold nanodisks templates before growth and resulting
nanostars post-growth, highlighting the impact of pitch and exposure dose on final structure size. Values obtained from SEM images for at least 150
nanostructures. C) Gold surface coverage analysis of nanostructures before and after the growth process, illustrating material deposition trends and

structural evolution.

defined contours. For substrates with a 200 nm pitch, all nanos-
tars presented only merged morphologies after the growth, pre-
cluding accurate diameter measurements for this condition. For
other pitch values (300, 500, and 700 nm), a clear and consistent
trend was observed: increasing the electron beam dose resulted
in a corresponding increase in the diameter of the nanodisks and
nanostars. However, the diameter increase is not strictly linear
due to proximity effects during EBL, where electrons scattered
in nearby regions unintentionally increase the local dose, espe-
cially at smaller pitches. This leads to overlapping exposure and a
nonlinear relationship between nominal dose and resulting fea-
ture size. The variance in diameters was remarkably low, with
minimal error deviation bars, highlighting the exceptional pre-
cision and control over the morphology of these arrayed nanos-
tructures. By comparing nanodisks and nanostars, the average
diameter increases in ~180 nm, with variations dependent on
the initial diameter-to-pitch ratio (Figure 1D).

Figure 1C presents the variation in circularity measurements
between nanodisks and nanostars, showing a significant reduc-
tion from 0.7-0.9 to 0.4-0.7 post-growth. This decrease under-
scores the morphological changes brought about by the growth
process and highlights the shift from more uniform circular
shapes to highly irregular, sharp protrusions that contribute to
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their enhanced plasmonic properties. Figure 1C presents the top-
view gold coverage area (%) for all structures, before and after the
growth process for each morphology. This figure illustrates the
progression from low coverage to full surface gold coverage.

With the growth process, remarkable optical and structural
changes were observed, such as enhanced complexity in nanos-
tructure, and the creation of numerous Au sharp tips, which were
intended for enhanced SERS performance. In some cases, we ob-
served nanoholes decorated with surrounding gold spikes, form-
ing what we refer to as “inverted nanostars.” These structures
emerge when adjacent nanostars grow toward each other, creat-
ing a central void that mimics the star-like geometry in negative.
With continued growth, this process can evolve into a continu-
ous gold film of interconnected nanostars as depicted in Figures
S3,S4 (Supporting Information). This dynamic morphological
evolution highlights the versatility of our fabrication method, en-
abling the creation of a range of nanostructures tailored for spe-
cific applications, particularly in biosensing, where high SERS
performance is essential.

The produced plasmonic nanostar materials have well-
characterized structural and optical differences on the basis of
interparticle distances and growth. The development of well-
defined nanodisks into nanostars is easily realized in diameter
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as well as in circularity measurements, emphasizing the wet
chemistry process in nanostructure remodeling. As evident from
Figure S1D (Supporting Information), at a constant growth time,
the nanostar growth rate is determined by the initial diameter-
to-pitch ratio, with smaller initial nanodisks undergoing greater
growth. However, as nanostars reach the pitch size, lateral growth
slows down, imposing a natural growth restraint before neigh-
boring structures merge into fused nanostars. Circularity mea-
surements (Figure S1C, Supporting Information) also confirm
this conversion, where nanodisks are highly circular (x0.8) ini-
tially but reduce in circularity upon chemical growth to ~0.6, as
it forms sharp protrusions. Such morphological modification is
also relevant in controlling the plasmonic nature of the substrate,
achieving optimal localized field confinement and efficiency for
SERS applications.

2.2. Computational Analysis of Plasmonic Enhancements

Simulations were made in Lumerical to compare the electric field
enhancement of an array of nanostars compared to an equiva-
lent array of nanodisks. FDTD simulations were used to model
the electromagnetic field distribution and resonance modes of
both nanodisks and nanostars. The simulations were performed
to provide insights into how structural modifications impact the
localized electric field enhancement and scattering properties rel-
evant for SERS applications. Briefly, nanodisks and nanostars
models were built in AutoCAD Mechanical (Figure 2A) and the
model geometry was constructed in Lumerical (Figure 2B).

Simulations of nanodisks revealed well-defined plasmonic res-
onances modulated by interparticle spacing and diameter-to-
pitch ratios, as can be seen in the reflectance spectra in Figures
S5,S6 (Supporting Information). The electric field distributions
exhibited symmetric and moderately enhanced fields around the
nanodisks, indicative of limited coupling effects in the periodic
array (Table S1, Supporting Information). In contrast, nanostars
simulations showed more intense field localization at the sharp
tips, indicating significantly higher enhancement factors com-
pared to nanodisks. The presence of multiple protruding tips on
the nanostars demonstrated once again an increased number of
electromagnetic hotspots, making them potentially more effec-
tive for SERS applications.

A comparative analysis of the electric field intensity between
nanodisks and nanostars demonstrated that nanostar tips con-
centrated the electromagnetic fields up to 3 orders of magnitude
higher than nanodisks. These results aligned well with experi-
mental findings, reinforcing the superior SERS performance of
nanostars due to their ability to sustain stronger and more local-
ized plasmonic fields.

Figure 2C shows a comparison of the electric field magnitude
for 50 nm nanodisks compared to 75 nm nanostars at several
pitch spacings. Figure 2D presents the electric field magnitude
of several sizes of nanostars with compared to 50 nm nanodisks
at a fixed pitch of 500 nm from the center to center of each par-
ticle. Local electric field enhancement was observed at nanostar
tips. For a 500 nm pitch spacing, the maximum local electric field
magnitude was obtained in the simulations of 125 nm nanos-
tars. The enhanced electric field observed for the 125 nm nanos-
tars likely results from an optimal combination of core size and
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branch geometry, which maximizes the concentration of LSPR.
At this size, the spatial distribution and sharpness of the tips may
lead to more efficient coupling between nanostars and increased
near-field enhancement, without the damping effects observed
at larger sizes (e.g., 175-225 nm). In contrast, smaller nanostars
(e.g., 75 nm) may have fewer or less pronounced branches, lead-
ing to weaker hot spots. This intermediate size thus represents a
balance between size-dependent plasmonic resonance, interpar-
ticle coupling, and geometric sharpness, resulting in the high-
est simulated field intensities. The simulations provided critical
insights into how structural modifications influence plasmonic
behavior, supporting the experimental observations of improved
performance in nanostar-based substrates, as well as the selec-
tion of the most suitable structures for different prospective ap-
plications.

2.3. SERS Performance Evaluation of Nanofabricated
Morphologies

2.3.1. 1-Naphtalenethiol Detection Across Different Morphologies of
the SERS Substrate

To assess the influence of the different SERS substrate mor-
phologies presented in the previous section, the well-known Ra-
man reporter molecule 1-Naphtalenethiol (1-NAT) was used. This
molecule was selected due to its high Raman cross-section, chem-
ical stability, and affinity for metal surfaces. These characteris-
tics enable 1-NAT to form a consistent monolayer on SERS sub-
strates. The selected characteristic peak of 1-NAT (ring stretch-
ing vibrational mode, 1372 cm™') was used to monitor the SERS
performance of the different structures before and after substrate
growth (using 300 nm pitch)!'’! (Figure 3A, inset). Before growth,
the nanodisk arrays produced no characteristic SERS signal for 1-
NAT, which can be associated to insufficient hotspot density and
weak near-field enhancements caused by large interparticle dis-
tances. After the chemical growth, a very pronounced SERS sig-
nal was observed, related to the formation of sharp tips and, con-
sequently, enhanced plasmonic coupling. After growth, different
pitches (200, 300, 500, and 700 nm) and different EBL doses were
analyzed based on the 1-NAT intensity for each combination. As
shown in Figure 3A, all tested conditions promoted 1-NAT signal
identification.

Interestingly, signal trends did not directly correlate with Au
surface coverage, which would be proportional with the higher
density of nanospikes per area. In the smaller pitches (200 and
300 nm) the strongest signals appeared in merged nanostar
morphologies, indicating that controlled plasmonic coupling en-
hances rather than diminishes local field intensities. The pres-
ence of sharp tips, even protruding to nanohole areas, seems
to facilitate strong electromagnetic confinement and likely con-
tribute to further field enhancement. In contrast, for larger
pitches (500 and 700 nm), the highest signals were observed in
well-spaced nanostars, where merging led to field delocalization,
reducing enhancement effects. The highest signal intensity was
observed in the 300 nm pitch (dose 118.4 fC). This configura-
tion likely provided the best balance between hot spot density and
molecular accessibility, optimizing the localized electromagnetic
field.
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Figure 2. Lumerical simulation setup and results for nanodisk and asymmetric nanostar geometries. A). STL files of (left) nanodisk and (right) asymmet-
ric nanostars to show the geometry of the features imported into Lumerical for simulation. B) Lumerical simulation area setup: (Left) diagram/top-down
view of the 75 nm nanostars on a substrate with a 500 nm pitch distance. Grid square is 100 nm x 100 nm; (Right) 3D diagram of Lumerical setup,
where the red region represents silicon, the grey region represents silicon oxide, the yellow stars represents gold, and the orange box outlines the FDTD
simulation area. The white box indicates the source location. C) Simulation results showing electric field magnitudes for 50 nm nanodisks and 75 nm
nanostars at different pitch spacings. D) Simulation results demonstrating local field magnitude at the sharp tips of nanostars of several sizes compared

to nanodisks of 50 nm.

Figure 3B shows the SERS mapping based on the intensity
of the 1372 cm™! 1-NAT peak, demonstrating consistent high
signal homogeneity and reproducibility across different pitches.
This phenomenon underscores the importance of fine-tuning
substrate geometries to promote a careful balance between plas-
monic coupling and hot spot density, to achieve optimal SERS
performance. Overall, these results emphasize the critical influ-
ence of substrate selection on SERS signal enhancement, validat-
ing the potential of substrates for sensitive and precise biomarker
detection.

Adv. Optical Mater. 2025, e01275 e01275 (5 of 10)

2.3.2. Assessment of SERS Signals of 1-NAT and Tryptophan Across
Varying Concentrations

To further investigate the analytical performance of the SERS
substrates across, a range of concentrations of 1- NAT, spanning
from 107* to 10™* M, were tested using the optimized 500 nm
pitch merged nanostars substrate (Figure S1B, Supporting In-
formation). Figure 4A revealed a concentration-dependent SERS
signal intensity for 1-NAT, with the strongest signals observed
at 107 m, as expected. The signal of 1-NAT could be observed in
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Figure 3. Evaluation of SERS substrates performance and homogeneity. SERS spectra resulting from measurement with 107 m of 1-NAT: A) Comparison
of average SERS intensities across different doses and pitches (200, 300, 500, and 700 nm) after growth, measured over a 30 um X 30 um mapped area
(400 spectra). Inset: comparison of the SERS substrates before and after the growth process. The SERS spectrum is an average of 400 spectra from
a map. Map area: 30 um X 30 um, 1.5 um step size. The characteristic peak of 1-NAT (1372 cm™") is highlighted with a box. B) SERS intensity map
highlighting the highest-performing line in each pitch and dose. Laser wavelength: 785 nm; Laser power: 10 m\W; Objective: 50x.

concentrations as low as 10~1* v, indicating the substrate’s capac-
ity for very ultrasensitive molecular detection. These insights are
vital for understanding the substrate’s sensitivity limits, homo-
geneity, and its optimal working concentration range and, conse-
quently, the potential for applications in biomarker detection.
As a further proof-of-concept to assess the substrate’s abil-
ity toward ultrasensitive detection, the molecule tryptophan
was tested. Tryptophan is an essential biomolecule involved
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in metabolic and physiological processes and particularly rel-
evant in cancer research and diagnostics, where tryptophan
metabolism plays a key role in tumor progression and im-
mune escape.['®l Different concentrations of tryptophan (102
and 10~* M) were tested using the optimized SERS substrates
(Figure 4Bi,ii). Figure 4B shows the SERS signal of the different
concentrations and the characteristic SERS peak of tryptophan at
~1011 cm™ (ring breathing mode) was clearly identified. SERS
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Figure 4. Performance of gold nanostar SERS substrate at different concentrations of 1-NAT and proof-of-concept using tryptophan. A) SERS spectra
resulting from measurements with 1-NAT at different concentrations: 1074, 1076, 1078, 10719, 10~'2, and 10~ '* m on pitch 500 nm after growth. SERS
intensity map obtained for different concentrations, showing an intensity gradient. The SERS spectrum shown in each condition corresponds to a single
high-intensity spot in the mapped area (25 um x 25 um, 4 um step size, 1s acquisition). The 1372 cm™" peak was selected for analysis. Range of 35.
Laser: 785 nm; Laser power: 25 mW; Objective: 50x. B) SERS mapping of the substrates after immersion in tryptophan at concentrations: i) 1072 and
ii) 107* M. The SERS spectrum shown in each condition corresponds to a single high-intensity spot in the mapped area (25 um x 25 pum, 1.5 um step
size, 1s). The specific peak from tryptophan selected to result these maps was 1011 cm~', with a range of 30. Laser: 785 nm; Laser power: 10 mW;

Objective: 50x; Scale 6 um.

mapping revealed widespread higher-intensity regions (indicated
by intense yellow in the color maps), confirming the uniformity
of hotspot distribution.

3. Discussion

The development of these novel SERS solid substrates allowed
precise control of interparticle distances, enabling highly con-
trolled enhancement factors and greater signal intensity and uni-
formity. The precision level offered by these solid substrates
has potential for accurate detection and analysis of challenging
molecules or biomarkers. Despite the common perception that
SERS substrates fabricated via EBL are costly, our work chal-
lenges this notion by optimizing and streamlining the method-
ology to significantly reduce process times and production costs
while maintaining high precision and scalability. The optimized
exposure method achieves rapid and efficient patterning, com-
pleting four different pitches and doses in under 12 min at a
typical speed of 54.27 min cm~2. For a standard sensor area of
300 x 300 pm?, the EBL exposure takes only 2.93 s, highlight-
ing the potential of this approach for scalable, high-sensitivity,
and cost-effective SERS substrate This efficiency is demonstrated
through the dot-on-the-fly (DOTF) EBL technique, which signif-
icantly improves patterning speed, decreasing costs and making
EBL a more viable option for nanofabrication of these types of
nanostructures.'*13) While traditional EBL has not yet experi-
enced widespread use on a large-scale industrial basis, the im-
proved rapid-exposure process described here makes the tech-
nique useful for the manufacture of larger substrates. Moreover,
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other scaling techniques, such as deep ultraviolet (DUV) lithog-
raphy or nanoimprint lithography, typically applied to micropro-
cessor manufacture, represent legitimate options for bringing
production up-scale while keeping costs low. By contrast, purely
wet chemistry-based fabrication of SERS substrates is typically
plagued by low precision. This is most likely to lead to uneven
surface coating, nanoparticle agglomeration, and chemical con-
tamination risks. These drawbacks negatively influence repro-
ducibility and uniformity, thus making it difficult to attain con-
trolled, scalable production, one of the key challenges addressed
in this area of study. But by tackling these issues head-on, our
approach offers a more reproducible and scalable means of pro-
ducing high-performance SERS substrates.

These substrates were fabricated using a two-step process:
i) an EBL-fabricated Au nanotemplate and ii) a chemical growth
process with controlled growth to create nanostars, where nanos-
tar formation allows controlled hot spot generation necessary
for obtaining highly intense SERS signals. Other works demon-
strated the potential of combining fabrication methods to en-
hance nanostructured arrays. For example Neretina et al.l'l and
Hughes et al.?% also studied hybrid approaches that applies the
microfabrication approach and chemical growth as complemen-
tary procedures to produce optimized nanostructured arrays of
metallic nanoparticles, like Au@Ag prisms, Au@Ag cubes, and
Au@Ag nanoshells and nanocages, among others.['*) In a recent
paper Demille et al.l?!] reported the production of a large area
periodic array of gold nanostars by using substrate-supported
Au seeds (obtained through a lift-off procedure) immersed
in a reducing DMF+PVP+HAuCl, solution. Other strategies
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underscore the broad interest in and potential for tailored
nanostructures to enhance SERS sensitivity and expand its
applications. For example, Li et al. proposed a broadband
porous Ag-Au nanoparticle array, using an ultra-thin alumina
mask (UTAM) technique to create arrays with big hotspots for
SERS.[22] Peng et al. produced Ag-coated gold nanorod arrays
with tunable plasmonic properties, with effective results in the
detection of antibiotics through effective plasmonic coupling
among nanoparticles.[?)] In addition, another study using an
Au-Ag nanoparticle array sandwiched, integrated into an ad-
hesive acrylic polymer tape and a polyethylene terephthalate
film resulted in a high-performance SERS chip for pesticide
detection.*¥]

The efficiency and homogeneity of the herein presented
SERS substrates was initially demonstrated using 1-NAT
(Figure 3), providing a benchmark for comparing substrate
performances,?! highlighting the robustness of our approach.
This performance is promising for the detection of more com-
plex molecules, such as cancer biomarkers and amino acids, ex-
emplified by the successful detection of tryptophan (Figure 4B).
Tryptophan detection is relevant in biomedical research due to
its role in immune response and tumor growth pathways.[?¢]
Real-time monitoring of tryptophan levels in biological samples
can thus provide insights into the tumor microenvironment and
immune system interactions. The challenge of detecting trypto-
phan through SERS is due to its weak adsorption to gold sur-
faces. Unlike thiol-containing molecules, which form strong co-
valent bonds with gold, tryptophan binds through weaker 7—x
stacking interactions via its indole ring. Additionally, the amino
and carboxyl groups in tryptophan may contribute weak electro-
static forces, although these are not as significant as the z—x
interactions. The effectiveness of this interaction is influenced
by the orientation and proximity of the molecules to the gold
surface and consequently results in variable SERS signal in-
tensities. This relatively weaker interaction, compared to thiol-
containing molecules like 1-NAT, makes tryptophan a less com-
mon choice for SERS studies involving gold surfaces. Accord-
ing Kandakkathara et al. the relative intensities of the tryptophan
peaks in the SERS spectrum are dependent on several factors
(e.g., the metal used, colloid aggregation, and pH).[?”] These re-
sults signify the versatility and reliability of our substrates, laying
a strong foundation for their utilization in diverse and complex
detection scenarios, particularly in the field of cancer research
and molecular analysis.

In conclusion, our optimized SERS substrates provided good
accuracy and efficiency, with the capacity to produce homo-
geneous and intense signals across different molecules. Their
demonstrated sensitivity and reproducibility make them as
promising tools for advancing complex detections, particularly
in the exploration of cancer biomarkers and intricate molecular
interactions.

4, Conclusion

This work introduces a new, scalable, and cost-effective method
of fabricating high-performance SERS substrates through an op-
timized process of EBL followed by controlled chemical growth.
In working with rapid exposure times and fine capabilities, we
challenge the widespread perception that top-down fabrication
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such as EBL is too impractical for use at a large scale. A precise
nanopatterning was integrated with chemical growth demon-
strating nanostar arrayed geometries with significantly improved
electromagnetic field localization, a parameter controlling high-
intensity SERS signals.

The controlled chemical synthesis process enabled the control
of interparticle spacing, nanoparticle architecture, and substrate
homogeneity in a systematic manner, providing enhanced repro-
ducibility and signal homogeneity. The research also emphasizes
the effect of substrate geometry on SERS amplification and its
role in obtaining larger magnitudes of signals through the opti-
mization of nanostructure geometries.

Our findings demonstrate the capabilities of scalable and pre-
cise nanofabrication to propel SERS-based sensing technologies.
Though our approach sets a good foundation for building re-
producible and durable SERS platforms, future studies must ex-
plore other surface functionalization and integration with large-
scale fabrication techniques such as nanoimprint lithography or
DUV lithography in order to further enhance manufacturability.
In general, this work is a milestone in bridging the gap between
high-precision nanofabrication and practical SERS application,
particularly in molecular sensing and biological diagnosis.

5. Experimental Section

Plasmonic Nanotemplate Fabrication: The fabrication of the nanodisks
template followed a precise nanofabrication workflow to ensure high re-
producibility and structural integrity. First, a 100 nm thick SiO, layer was
deposited by plasma-enhanced chemical vapor deposition (PECVD) on a
single-side polished (SSP) (10 0) 200 mm Si wafer or Si sample (30 x 30
mm?) (p-type, boron doped, (100), 725 um thickness (1-100 Q-cm) from
Silicon Valley Microelectronics, Inc.). Next, a metallic stack composed of
3 nm Cr and 100 nm Au was deposited by multi-target sputtering (Keno-
sistec). This was followed by physical vapor deposition (PVD) of a 20 nm
Al,O5 layer (Singulus, Timaris FTM) to protect the Au surface during fur-
ther processing. To promote resist adhesion, the wafer was treated with
hexamethyldisilazane (HDMS) vapor (Sigma—Aldrich), followed by spin
coating of 160 nm AR-N 7520.18 electron beam resist (Allresist GmbH).

The EBL patterning was carried out using a Vistec EBPG 5200 (Raith
GmbH) with pitches of 200, 300, 500, and 700 nm via the dots-on-the-fly
(DOFT) method with a beam with 100 kV voltage and 50 nA. Each pat-
terned areas was 2 mm in width and 80 um in height for each EBL dose.
Each area was exposed using dot arrays, where individual dots received
varying dwell times to precisely control the local dose at each position.
After EBL exposure, the resist was soft-baked at 85 °C for 120 s, followed
by a post-exposure bake at 85 °C for 60 s, and developed in AR 300.47
(3:4 in water) using six 30 s cycles at room temperature, with intermedi-
ate rinsing and final spin-drying at 4000 rpm. The patterned structures,
consisted in Si / 100 SiO, / 3 Cr / 100 Au / 20 Al,O3 / 160 resist (with
nanofilms thickness in nm), were then transferred into the alumina and
gold layer using an ion beam milling system (Nordiko lon Milling 7500,
UK). The Argon ion milling process used an argon plasma source with a
130° etch angle (depending on geometry), and sidewall cleaning at 165°,
30 rpm rotation for uniformity (typically <5% across the wafer), with etch
rates ~10 nm min~' depending on the material and geometry (typical ex-
ample reference is of 16.67 nm/min for SiO,). The process endpoint stop-
ping at 50% of the Cr peak was detected via an integrated secondary ion
mass spectrometry (SIMS) module. The remaining resist was removed
using an oxygen plasma (Tepla PVA GIGAbatch 360 M, USA), and the pro-
tective Al,O5 layer was stripped using AZ400K (Microchemicals GmbH,
Germany). To finish, the wafer was rinsed with deionized water and dried
(SUSS MicroTec AG, Germany), followed by automated dicing into indi-
vidual chips using the Disco DAD 3500 dicing system (USA). The gold
nanodisk templates used as seeds in this study were originally developed

© 2025 The Author(s). Advanced Optical Materials published by Wiley-VCH GmbH

85U0| SUOLULIOD BAIER.ID 8| [dde aLy Aq pousenob a8 o e YO ‘88N JO SaJnI o} Aeig1 BUIUO A1 UO (SUOIPLIOD-PUe-SWUBH WD A8 |1 A1 1 U1 |UO//STRY) SUORIPUOD Pue SWR 13U} 89S *[G202/0T/80] U0 Aklq1T BulUO AB|1IM ‘SdueId 8URIUY0D AQ §/2T0SZ0E WOPe/Z00T OT/I0p/W0d 43| 1M Aleiq||Bul U0 peaueApe;/Sdiy o) papeojumod ‘0 ‘T0TS6TZ


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

ADVANCED
SCIENCE NEWS

ADVANCED
OPTICAL
MATERIALS

www.advancedsciencenews.com

Table 1. Pitch spacings and comparable nanostar/nanosphere models.

Pitch [nm] centre-to-centre Radius [nm] nanodisk Radius [nm] nanostar

200 50 75
300 50 75
500 50 75
700 50 75
500 50 75
500 50 125
500 50 175
500 50 225
500 50 275

during the GRAPHSENS (FCT, POCI-01-0145-FEDER-028114) and TAR-
GET (FCT, UTA-EXPL/NPN/0038/2019) projects and subsequently opti-
mized and adapted for the current fabrication protocol and application.

Growth of Nanostars Tips on Top of Nanoplates: Nanostar tips were
grown directly on the lithographically patterned gold nanotemplate using a
very common protocol combining: N, N-dimethylformamide (DMF), PVP,
and chloroauric acid (HAuCl,). In this work, the gold nanodisks were used
as “seeds.” Thus, 10 g of PVP-10K were dissolved in 100 mL of DMF using
an ultrasound sonicator for 15 min. Then, a final concentration of 0.5 mm
of HAuCl, was added under vigorously magnetically stirring for 2 min. Af-
terward, the substrates were washed three times with isopropanol (IPA)
to remove excess PVP and DMF and dried carefully with a nitrogen gun.

Scanning Electron Microscopy (SEM): High resolution scanning elec-
tron microscopy (HRSEM) was performed to determine the morphologies
of structures and homogeneity. At each step, high-resolution imaging of
the synthesized substrates was done using a NovaNanoSEM 650 micro-
scope (5 kV, high vacuum), and multiscale magnifications were employed
for examining the shape of the nanodisk, the nanostar tip extension, and
surface coverage in general.

Image| FlJI Semi-Automated Analysis: Image analysis and processing
were performed using FlJI (Imagej). A minimum of 150 nanodisks and
nanostars were processed to ensure statistically robust characterization
for size distribution, shape uniformity, and surface coverage areas. Scale
bars were utilized to calibrate the SEM images, and the noise was reduced
and threshold corrected. Automated particle analysis tools were used to
calculate the diameters of the nanostars, circularities, and Au coverage
area quantification was achieved through image segmentation and mea-
surement of occupied Au top-view surface fractions.

Finite-Difference Time-Domain (FDTD) Simulations: To gain a better
understanding of the optical properties of the nanodisks and nanostars
that are synthesized, FDTD simulations were performed in Lumerical. In
Lumerical, a model area was constructed with a 500 nm high silicon base,
on top of which a thin 100 nm high silicon oxide (SiO,) layer was placed.
Four gold nanostars or nanospheres were placed in a 2 X 2 array on this
substrate with pitch spacing according to Table 1. A 400 nm high block
of air was simulated above the substrate. The width of each simulation
was twice the pitch spacing in both X and Y to produce a symmetric array
condition. All materials used the Palik refractive index data for modelling.

The calculations were used to compute the distribution of electric fields
around the nanostructures and to predict the influence of morphology on
the electric field enhancement. Boundary conditions were considered as
perfectly matched layers to prevent nonphysical reflection. Dielectric con-
stants of gold were also retrieved from built in material parameters, and
the source of excitation was established as a plane wave of 785 nm wave-
length to align with Raman experimental conditions. Electric field enhance-
ment maps were calculated in comparison to a pit against nanodisk and
nanostar geometries.

Briefly, nanodisks and nanostars models were built in AutoCAD Me-
chanical and sliced in halfto retain the upper half of the star to simulate an
embedded condition on the substrate. These were exported as.STL files for
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import into Lumerical. To emulate the asymmetrical nature of the nanos-
tars, a 31-spike symmetrical nanostar was first constructed in AutoCAD,
and then the spike size was scaled by a random number to be between
85% and 115% of the initial set size. Spike tips were rounded to avoid
non-physical inhomogeneities in the simulated electric field, and reflect
typical rounding seen in colloidal and fabricated nanostars. The spike an-
gle was rotated at a random angle of up to 20° in a random direction from
the baseline symmetrical model to have similar morphologies.

Boundaries in the Z direction had PML boundary conditions. The
source wave was a 785 nm plane wave with an amplitude of 1 and
Bloch/periodic conditions, fully polarized with 0° rotation, directed in the
-Z direction. Monitors (to measure the electric field) were placed in the
plane of the surface of the SiO, layer, and at 5, 10, and 15 nm above the
plane.

1-NAT and Tryptophan Solutions for Raman Signal Inspection:  After the
tip growth, a Raman reporter, 1-naphthalenethiol (1-NAT), was used to test
the potential of the substrates. For that, the different substrates (before
and after growth) were immersed in a solution of 1-NAT with a concen-
tration of 107* M in ethanol. The incubation time was 2 h under shaking
followed by 3 washes with ethanol and dried carefully with a nitrogen gun.
The different pitches and doses lines were measured in order to deter-
mine the most effective configuration. Once identified, the optimal and
same substrate was used for the calibration curve and different increas-
ing concentrations of 1-NAT, in ethanol, were used: 10714, 10712, 10719,
1078, 107% and 10~ m.

Additionally, different concentrations of tryptophan: 107* and 1072 wm,
in MilliQ water, were also tested. For both solutions, the substrates were
immersed during 2 h under gentle shaking, carefully washed (only for 1-
NAT), carefully dried, and analyzed.

SERS Analysis:  Raman measurements were carried out in a 300R Con-
focal Raman microscope (WITec) using a 785 nm laser and a 600 gr-cm™!
grating as the excitation source. SERS maps of the substrates were ac-
quired with a 50x objective at a 1.5 um step size and an acquisition time
of 1s. SERS spectra were processed with the Project4 WITec software for
background and cosmic ray removal corrections and Spectragryph soft-
ware for figure preparation.
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the author.
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