Open Access Article. Published on 16 May 2025. Downloaded on 7/19/2025 8:17:06 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Nanoscale

W) Check for updates

Cite this: Nanoscale, 2025, 17, 14125

™ COYAL SOCIETY
ap OF CHEMISTRY

Ultra-uniform high-quality plasmonic
metasurfaces through electrostatic self-assembly

of gold nanoparticles on chemically unmodified

glasst

Received 17th March 2025,
Accepted 16th May 2025

DOI: 10.1039/d5nr011169

Adriano Acunzo,
Bartolomeo Della Ventura,

rsc.li/nanoscale Raffaele Velotta (&) *@

We present a novel method for the fabrication of ultra-uniform
metasurfaces through the direct electrostatic self-assembly of
positively charged gold nanoparticles (AuNPs) on chemically
unmodified glass. The method was successfully applied to two
types of ultra-uniform AuNPs like nanospheres and nanocubes
differing in shape, size, and cationic surfactant ligands, proving the
versatility of the proposed methods. Unlike previous studies, we
found that the AuNP clustering was due to improper drying of the
metasurfaces after the deposition and not to instability of the col-
loids. Our fabrication methods resulted in metasurfaces of high
densities and ultra-uniform arrangements with negligible cluster-
ing at both the microscale and macroscale, as confirmed by micro-
scopic, spectroscopic, and nanophotonic analyses. Furthermore,
thanks to far-field dipole couplings, the plasmon resonances of
metasurfaces were significantly narrower (and blueshifted) com-
pared to the corresponding colloid. Combined with the ultra-uni-
formity feature, these plasmon phenomena increased the quality
factors (Q) of metasurfaces up to ~15. The densities, uniformities,
and Q-factors of our metasurfaces are among the highest reported
until now for similar nanostructures realized through the electro-
static self-assembly technique. Our findings demonstrate new pos-
sibilities to achieve higher Q-factors through simple, scalable, and
cost-effective electrostatic self-assembly processes, with practical
implications in optical sensing and nanophotonics. Moreover, the
ultra-uniformity achieved by our methods opens up new opportu-
nities to study the far-field dipole couplings in random arrays of
anisotropic AuNPs.
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Introduction

Nanofabrication science generally relies on two complemen-
tary approaches for the fabrication of plasmonic metasurfaces,
named ‘top-down’ and ‘bottom-up’ methods."* Top-down
methods, such as electron-beam and nanoimprint lithography,
can define virtually any pattern with sub-10 nm resolution, but
they require expensive clean-room facilities, high-vacuum or
serial writing steps, and thus suffer from limited throughput
and high costs. In contrast, bottom-up approaches, such as
colloidal and block-copolymer micelle lithography, harness
the spontaneous ordering of building blocks over wafer-scale
areas in a single step, offering large-area coverage at low cost,
albeit with larger feature sizes and more modest control over
geometry. When the absolute performance is not the sole con-
sideration, as in high-throughput sensing or integrated
nanophotonics,* bottom-up methods can provide a superior
quality-price trade-off. Among these latter methods, electro-
static self-assembly stands out as one of the simplest, most
scalable, and most cost-effective techniques for assembling
nanoparticles (NPs) into plasmonic metasurfaces, even though
apparently it does not offer the best quality and performance
of the class. A survey of the literature revealed that plasmonic
metasurfaces are often realized through electrostatic self-
assembly of negatively charged gold nanoparticles (AuNPs) on
substrates like Si/SiO, or glass,®™ electrodes,® optrodes,” and
many others. These substrates usually have negatively charged
interfaces requiring chemical treatments to acquire the posi-
tive charge demanded by the deposition of negatively charged
NPs. Chemical modifications are usually realized through the
adsorption of cationic species like silanes,®® organothiols,*°
and polyelectrolytes,'®'! creating positively charged adhesive
films atop the substrates. Intermediate films are adopted even
when positively charged AuNPs are used.'>'® In this case, a
bottom cationic layer (e.g:, a silane or a cationic polyelectrolyte)
is firstly adsorbed on the substrate, followed by the adsorption
of a top anionic layer (e.g., an anionic polyelectrolyte), allowing
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for the binding of the positively charged AuNPs. It is under-
stood that the main reason for functionalizing the substrates
is to endow them with the high surface charge needed for the
electrostatic deposition of oppositely charged AuNPs. However,
the resulting adhesive films are often unstable. The charged
molecules can indeed desorb, especially if the film is not a
monolayer, causing detachment of NPs. Moreover, non-
uniform adhesive films result in non-uniform surface charge,
leading to non-uniform AuNP arrangements and, in particular,
AuNP clustering.

A strategy to overcome these issues is the direct deposition
of positively charged AuNPs onto negatively charged substrates
without any chemical modification. Despite its potential, few
studies have investigated this method. A recent series of
works'*'® demonstrated the electrostatic deposition of cystea-
mine-capped AuNPs on unmodified Si/SiO, substrates, with
the surface density of AuNPs tuned by the ionic strength of the
colloids. However, the resulting metasurfaces lacked uniform-
ity, especially at high surface coverages, due to AuNP clustering
induced by the high salt content of the colloid. Moreover, the
cationic AuNPs resulted from a time-consuming post-synthesis
modification of negatively charged AuNPs by the cationic
cysteamine hydrochloride. It would be desirable to work with
AuNPs naturally endowed with positive charges and avoid
additives making the colloids unstable and hampering the
uniformity of the metasurfaces. In this regard, Shao et al.'’
demonstrated the electrostatic deposition of positively charged
cetyltrimethylammonium bromide (CTAB)-capped AuNPs onto
some unmodified substrates like glass, mesoporous silica and
titania films. A low CTAB concentration (~2 pM) was needed
for a decent AuNP deposition, which was hindered at higher
concentrations by competition with free cationic molecules.
The method was successfully applied to AuNPs of varying
shapes and sizes. However, even these metasurfaces lacked
uniformity because of AuNP clustering ascribed to instabilities
of the colloids at such low CTAB concentrations.

In this work, we hypothesized that the electrostatic self-
assembly technique could allow the fabrication of ultra-
uniform metasurfaces provided that specific conditions were
satisfied: (1) NP monodispersion; (2) the use of chemically
unmodified substrates; and (3) the use of appropriate drying
methods. Therefore, we employed ultra-high yield synthesis
methods, resulting in AuNPs naturally endowed with positive
charges. These AuNPs were deposited onto pristine glass
slides naturally endowed with negative charges under suitable
conditions.'®'® Finally, we developed a dedicated two-step
drying procedure capable of minimizing the capillary forces
among the freshly immobilized AuNPs,* the main source of
clustering. Our refined methods resulted in metasurfaces of
unprecedented density and uniformity for the electrostatic
self-assembly technique. Moreover, thanks to far-field
couplings,**> the metasurfaces exhibited plasmon resonances
significantly narrower (and blueshifted) compared to the start-
ing colloids, resulting in quality factors (Q) among the highest
reported until now for similar AuNP metasurfaces fabricated
through the same technique.
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Results and discussion
Ultra-uniform AuNSs and AuNCs

Ultra-uniform AuNPs were synthesized using seed-mediated
growth methods®*?® combined with Liz-Marzan’s oxidative
dissolution reaction.?® In particular, we synthesized two types
of positively charged NPs like CTAB-capped gold nanospheres
(AuNSs) and cetylpyridinium chloride (CPC)-capped gold
nanocubes (AuNCs) differing in shape, size, and ligand
capping. Short and detailed descriptions of our optimized pro-
tocols can be found in the Methods section and in section 1.1
of the ESI,} respectively.

Fig. 1a and b display typical top-view and 52°-tilted STEM
micrographs at high magnification of a typical batch of AuNSs,
respectively. Quantitative analyses of shape and size were con-
ducted on the top-view STEM micrograph in Fig. 2b to con-
sider a sample of 550 NPs for higher statistics. All NPs had a
spherical shape (shape yield ~100%) as confirmed by the
aspect ratio (AR) and circularity (C) distributions of mean
values AR = 1.05 + 0.03 and C = 0.94 + 0.02, respectively (see
the ESI, section S1t). Furthermore, the sputtering-corrected
diameter (D) distribution was well described by a Gaussian
curve of mean D = 104 + 2nm (see the ESI, sections S1 and
S27). Therefore, the CTAB-capped AuNSs were spherical and
monodisperse. Fig. 1c shows the normalized extinction spec-
trum of the as-synthesized AuNS colloid as a solid black line,
exhibiting a localized surface plasmon resonance (LSPR) at
580 + 1 nm with a full width at half maximum (FWHM) of 98 +
1 nm. The dotted blue line refers to the finite-difference time-
domain (FDTD) simulation of a single 104 nm gold sphere
enclosed in a 3 nm thick CTAB shell and embedded in a satu-
rated CTAB solution, mimicking the experimental conditions.
This simulated spectrum (which refers to a single object) per-
fectly aligns to the experimental one (which refers to trillions
of NPs) along the entire visible range, in particular, exhibiting
the same LSPR and FWHM. This result theoretically confirmed
the nearly perfect spherical shape and the monodispersion of
the AuNS colloids.

Analogous characterization studies and analyses were con-
ducted for a typical AuNC colloid. Fig. 1d and e display typical
top-view and 52°-tilted STEM micrographs at high magnifi-
cation of AuNCs, respectively, showing cubic or parallelepiped
NPs characterized by flat {100} facets, rounded {110} edges and
truncated {111} vertices.”” Quantitative analysis of shape and
size was conducted on a sample of 200 NPs from two top-view
STEM micrographs of a typical AuNC metasurface (see the ESI,
section S31). Almost all NPs are cuboidal while other shapes
are almost absent (shape yield > 95%). The AR (length : width)
distribution had a mean value of AR = 1.12 + 0.10, while the
distribution of sputtering-corrected (and artifact-corrected)
edges (E) was well fitted by a bi-Gaussian curve with a main
peak at E; =74 + 5nm and a secondary minor tail at
E, = 92 + 7nm, the latter associated with a small population
of overgrown edges (see the ESI, section S37). Therefore, the
vast majority of the AuNCs were either cubes or parallelepipeds
slightly deviating from the cubic shape. Furthermore, the
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Fig. 1 Morphological and optical characterization of the AuNS and AuNC colloids. (a and d) Top-view and (b and e) 52°-tilted STEM micrographs at
high magnification of the AuNSs and AuNCs, respectively. Scale bars: 200 nm. (c and f) Experimental (solid black) and simulated (dotted blue) nor-
malized extinction spectra of the AuNS and AuNC colloids at 0.5 mM CTAB and 1 mM CPC, respectively. The insets are snapshots from the
Lumerical workspace showing the NP models (enclosed in a dielectric shell) used for the FDTD simulations.
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Fig. 2 Morphological and optical characterization of the metasurfaces. (a and e) Photographs of the AuNS and AuNC metasurfaces on chemically
unmodified glass coverslips, respectively. Scale bars: 24 mm. (b and f) Typical top-view STEM micrographs of the AUNS and AUNC metasurfaces,
respectively. Scale bars: 1 pm. (c and g) Experimental (solid black) and simulated (dotted blue) extinction spectra of the AuNS and AuNC metasur-
faces in air, respectively. (d and h) Corresponding spectra in water medium.

mean radius of curvature R., of the AuUNC corners was esti- is detailed in the ESI, section S4.1 Finally, Fig. 1f shows the
mated as Reyyv = 12 + 2nm by considering the 68 visible normalized experimental extinction spectrum of the as-syn-
corners of the AuNCs visible in Fig. 1d. The complete analysis thesized AuNC colloid as a solid black line, exhibiting a LSPR
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peaked at 590 + 1 nm with a FWHM of 91 + 1 nm. For the
simulations, the “all rounded quadrilateral” from Lumerical’s
object library—a parallelepiped with edges and corners
rounded by cylinders and spheres, respectively—was chosen as
accurately reproducing the crystallographic features of the real
AuNCs. A 3 nm-thick dielectric shell and an embedding
medium replicating the experimental conditions were also
considered for these simulations. The best model was
obtained by fixing the edges to the experimental mean value
E; while optimizing the R.,, against the experimental spec-
trum. This optimization yielded an optimal value of Ry =
14 nm, consistent with the morphological analysis. The dotted
blue line in Fig. 1f refers to the simulated spectrum of this
optimal model. It exhibits a LSPR peaked at 592 + 1 nm with a
FWHM of 78 + 1 nm, which is ~14% narrower than the experi-
mental one. This discrepancy obviously reflects the slight poly-
dispersion of the colloids, whereas the simulation referred to a
single object representing the average AuNC. It is worth noting
that the polydispersion could be further reduced by an iterative
synthesis technique.*® However, we were already satisfied with
the result and preferred a shorter protocol to save time.

It is also worth stressing that the seed-mediated growth
methods®*™® used to synthesize our AuNPs yielded highly
reproducible results. In fact, the amount of seeds added to the
(fixed) growth solutions can be easily adjusted for each new
synthesis to obtain the desired result. This high reproducibility
is reflected in the statistical data over multiple samples pro-
vided in Table 1.

In light of the aforementioned experimental and simulation
results, the first prerequisite for ultra-uniform metasurfaces,
i.e., the ultra-uniformity of NPs, was considered satisfied.

Ultra-uniform metasurfaces

Among the substrates that are naturally endowed with a nega-
tive surface charge, borosilicate glass seemed to us the obvious
choice. In fact, borosilicate glass has a high SiO, content
(~65%) that makes its interfaces similar to Si/SiO, interfaces.
The latter are naturally rich in silanol bonds which ensure
negative surface charges when in contact with electrolyte solu-
tions of pH > 4.'® As the electrolyte pH increases, the interface
becomes more negatively charged.'® Moreover, the charge can
be further increased and made more uniform by fully oxidiz-
ing the interface by a simple oxygen plasma treatment, so-
called “activation”. An activated Si/SiO, interface can exhibit a
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{-potential as high as —70 mV at neutral pH."® Glass was thus
expected to have similar features. Given the role of the electro-
Iyte, we measured the pH of our AuNP colloids at an optical
density (OD) of OD = 5 (used for deposition) and surfactant
bulk concentrations ranging from 1 pM to 10 mM. To keep
these concentrations under strict control, the as-synthesized
colloids (AuNSs at 0.5 mM CTAB and AuNCs at 1 mM CPC)
were subjected to 2-3 rounds of centrifugation, each time
resuspending the pellets with the respective surfactant solu-
tions at the desired concentration. The results were similar for
both colloids and essentially equal to the pH values of the sur-
factants themselves:*® pH ~5.4 for colloids at 2100 pM CTAB/
CPC; pH ~7.4 for colloids at $1 pM CTAB/CPC; and a logarith-
mic scale in the range of ~1-100 pM. These pH values alone
would suggest that AuNP deposition onto activated glass
would be possible even for colloids at high surfactant concen-
trations. However, it is well known that surfactants like CTAB
stick to silica surfaces, implying a surface charge reversal at
~10-60 pM.*® In fact, we observed deposition only for colloids
at <1 pM CTAB/CPC, clearly indicating that competition
between the free surfactant cations and the surfactant-capped
AuNPs prevented the electrostatic binding of the latter at sur-
factant concentrations of >1 pM because of the above-men-
tioned effect.

It is worth noting that the instability threshold for the
CTAB-capped AuNP colloids was estimated as ~2 uM in a pre-
vious study."” This conclusion was based on evidence of AuNP
clusters in metasurfaces fabricated through the electrostatic
self-assembly deposition of CTAB-capped AuNP colloids at that
specific CTAB concentration. Unlike this conclusion, we found
our colloids to be stable at this surfactant concentration, while
becoming unstable at ~0.25 uM CTAB/CPC. Instead, we found
that clustering occurred because of the drying steps. In par-
ticular, we observed irreversible changes of the color of fresh
metasurfaces when taking them out of the ultrapure water
bath used for post-deposition washing steps (see the ESI,
section S5t). We ascribed the phenomenon, systematically
occurring at the water/air interface, to excessive capillary forces
among the AuNPs due to the high surface tension of ultrapure
water. The issue was overcome by introducing a solvent
exchange step right before the drying of the metasurfaces.
Specifically, at step 5 of our fabrication protocol (see the ESI,
section 1.2}), ultrapure water was slowly replaced by dropwise
adding a 5% isopropyl alcohol (IPA) aqueous solution to the

Table 1 Summary of key parameters for the AuNP colloids and metasurfaces of this work. For each parameter, the mean and its standard deviation

were calculated for a set of four samples

Size (nm) LSPR (nm) FWHM (nm) Q-Factor o (NPs per pm?) NND (nm) % clusters
AuNS colloids 104 +1 580+1 98 +1 59+0.1 n/a n/a ~0
AuNS metasurfaces in water 104 £1 542 +1 48 +1 11.3+£0.2 19+1 188 +5 4+1
AuNS metasurfaces in air 104 £1 515+ 1 34+1 15.1 £ 0.4 19+1 188+ 5 4+1
AuNC colloids 75+1 590 + 1 91 +1 6.5+ 0.1 n/a n/a ~0
AuNS metasurfaces in water 75+1 571+1 61+1 9.4 +0.2 14+1 226 +4 2+1
AuNS metasurfaces in air 75+1 541 +1 49 +1 11.0 £ 0.2 14+1 226 +4 2+1
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ultrapure water bath just used for the post-deposition washing
step. The new liquid avoided the aforementioned phenom-
enon. In particular, a thin layer of IPA solution wetted the
metasurfaces even after their removal from the Petri dish,
allowing controlled drying under a vigorous stream of nitro-
gen. The aforementioned procedure worked equally well when
employing a 5% ethyl alcohol (EtOH) aqueous solution, owing
to the similar physicochemical properties of EtOH and IPA. In
contrast, the procedure failed when using pure or concentrated
IPA or EtOH aqueous solution (e.g., 50% IPA or EtOH), as the
AuNPs detached from the glass substrate during either the
solvent exchange or the drying step. This behavior was attribu-
ted to the higher solubility of CTAB and CPC surfactant mole-
cules in concentrated IPA and EtOH solutions compared to
dilute solutions or water, which likely facilitated their desorp-
tion from the surfaces of the surfactant-capped AuNPs pre-
viously immobilized on the substrate. The resulting reduction
in the positive surface charge of AuNPs, conferred by the sur-
factant capping layer, may readily account for their detach-
ment under these different solvent conditions. Our fabrication
procedure also prescribed a final low-pressure oxygen plasma
treatment to remove organic trace residues (e.g., surfactant
residues) from the metasurfaces. Besides the cleaning func-
tion, this treatment also served to increase the binding
strength between the AuNPs and the glass substrate, as
demonstrated in the literature.'®'® Morphological alterations
were no longer an issue after such treatment. For instance, no
measurable changes in the metasurface extinction spectra
were observed after overnight incubation in ultrapure water,
PBS 1x and PBS 10x. It was only after tens of rinsing/drying
cycles that minor changes in the spectra occurred, indicating a
high stability of the plasma-treated metasurfaces. Eventually,
the metasurfaces showed no measurable spectral changes for
over 1 year when stored under standard conditions.

Short and detailed descriptions of the fabrication protocol
are reported in the Methods section and in section 1.2 of the
ESI,{ respectively. It is worth stressing that such protocols
refer to the most dense and uniform metasurfaces that could
possibly be achieved. The following results refer to this case,
the most interesting for this work. First, the uniformity and
density of the as-fabricated AuNS and AuNC metasurfaces
could be observed by the naked eye. Fig. 2a and e show photo-
graphs of typical AuNS and AuNC metasurfaces, respectively,
both displaying brilliant and uniform colors all over the 24 x
60 mm glass coverslips. Typical STEM micrographs at low mag-
nification are shown in Fig. 2b and f, respectively. They show
NPs randomly distributed over large areas (230 pm?®) as indi-
vidual particles and minimal clustering. Specifically, the frac-
tion of clusters is $5% in the case of the AuNS metasurfaces
(528 visible structures, of which 505 are single AuNSs and 23
are clusters counting 65 AuNSs organized as dimers or
trimers), and ~2% in the case of the AuNC metasurfaces (398
visible structures, of which 390 are single AuNCs and 8 are
clusters counting 18 AuNCs organized as dimers, trimers, or
occasionally stacked AuNCs). Quantitative analysis of the
nearest-neighbor center-to-center distance (NND) distribution

This journal is © The Royal Society of Chemistry 2025
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of the AuNPs showed visual evidence of high uniformity (see
the ESI, section S6T). For the AuNS metasurfaces, excluding
the first two bins counting the AuNSs organized as clusters,
the Gaussian fit yielded a mean NND = 192 + 22 nm, while
for the AUNC metasurface it yielded NND = 223 + 33 nm, ie.,
they are both characterized by relatively small standard devi-
ations. Furthermore, the NND distributions are obviously
related to the surface densities of AuNSs and AuNCs. In the
case of AuNS metasurfaces, the mean interparticle gap (g) is
88nm = g < D, indicating that there is usually insufficient
space for an additional AuNS to be positioned in between two
neighboring AuNSs. Therefore, this NND distribution reflects a
relatively high surface density, estimated as ¢ ~ 19 AuNSs per
pm?. In this regard, it is noteworthy that small areas (~1 pm?)
of the AuNS metasurfaces (see Fig. 2b) occasionally exhibit a
quasi-hexagonal arrangement, i.e., the maximum packing con-
figuration for spheres. Instead, for the AuNC metasurfaces,
there is typically enough space for another AuNC to be placed
in between two neighboring AuNCs, being 149nm =g > E;.
This NND distribution reflects a relatively lower surface of
density ¢ ~ 14 AuNCs per pm”. We ascribed this lower surface
density to different AuNC/glass and AuNC/AuNC interactions
compared to the case of AuNSs, likely due to the different sur-
factants. However, the uniformity and density of both metasur-
faces are among the highest found in the literature for similar
AuNP nanostructures fabricated through electrostatic self-
assembly and other nanolithography techniques.'”?*3%3!

The metasurfaces were also optically characterized through
UV-vis extinction spectroscopy when placed in two different
media such as air and ultrapure water (see the Methods
section). Typical spectra are shown as solid black lines in
Fig. 2c and d for AuNS metasurfaces in air and water, respect-
ively, and in Fig. 2g and h for AuNC metasurfaces in air and
water, respectively. The AuNS metasurfaces typically exhibited
a LSPR peaking at 515 + 1 nm with a FWHM of 34 + 1 nm and
an OD of ~0.33 in air, and a LSPR peaking at 542 + 1 nm with
a FWHM of 48 + 1 nm and an OD of ~0.77 in ultrapure water.
Similarly, the AuNC metasurfaces exhibited a LSPR peaking at
541 + 1 nm with a FWHM of 49 + 1 nm and an ODof ~0.27 in
air; and a LSPR peaking at 571 + 1 nm with a FWHM of 61 +
1 nm and an OD of ~0.54 in ultrapure water. No secondary
LSPRs or shoulders at longer wavelengths were observed, indi-
cating minimal clustering also at the macroscopic scale. It is
worth mentioning that the relatively high ODs of our metasur-
faces corresponded to one NP monolayer, and not two mono-
layers, one on the top and one on the bottom substrate sur-
faces, as often reported in the literature.’”*** This practical
feature was inherent in our deposition method (see the ESI,
section 1.21). The dotted blue lines in Fig. 2c and d and 2g
and h refer to the FDTD simulations of faithful models of the
STEM micrographs in Fig. 1a and d, respectively. Full details
about the processing and modelling of the micrographs are
reported in the ESI, section S7,1 for the most complex case of
the AuNC metasurfaces. Technical details about the simu-
lations can be found in the Methods section. Notably, each
simulated spectrum perfectly aligned with the corresponding
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experimental spectrum. Since the simulations considered local
geometries (the micrographs cover a microscopic area of
~1 pm?), whereas the experimental spectra refer to macro-
scopic regions of the metasurfaces (the area intercepted by the
spectrophotometer light beam is a few mm?), the aforemen-
tioned agreement between the experimental and simulated
spectra theoretically confirmed the uniformity of our metasur-
faces at the macroscale.

It is also worth emphasizing that minimal variations were
observed across multiple samples, see Table 1. This high
reproducibility was a direct consequence of the minimization
of clustering ensured by our fabrication method, as well as the
ultra-uniformity and reproducibility of the AuNPs themselves.

The results shown in this section conclusively demonstrate
the ultra-uniformity of our AuNS and AuNC metasurfaces at
the macroscale. To the best of our knowledge, these arrays are
among the most uniform and dense metasurfaces fabricated
until now through the electrostatic self-assembly technique.

High-quality metasurfaces

An obvious observation about the metasurfaces is that their
LSPRs were significantly blueshifted and narrower than the
corresponding colloids, see Fig. 3a and b. These peculiar
plasmon phenomena are due to far-field dipole couplings
among relatively big nanoparticles,”** which decrease the
real and imaginary parts of the retarded dipole sum of the par-
ticle ensemble compared to the single-particle case, yielding
the LSPR blueshift and narrowing, respectively.>*** Some
aspects of these phenomena, e.g., whether the blueshift is due
to changes in the absorption or scattering contributions of the
nanoparticle ensemble, are still missing®® and will be the
object of a future study. Here, we stress that the quality factor
Q = LSPR/FWHM of our metasurfaces significantly increased
as a consequence of the aforementioned effects and their
ultra-uniformity. In fact, minimal NP clustering implies
minimal near-field coupling, which is generally associated
with a broadening of the LSPR which, in turn, would compete
with the narrowing effect of far-field coupling. In particular, in
the case of AuNSs, the Q-factor changed from Q ~ 6 of the
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Fig. 3 Comparison between the experimental spectra of the metasur-
faces in air and water media and their corresponding colloids. (a) AuNSs.
(b) AuNCs. Thanks to long-range dipole couplings, the LSPRs of meta-
surfaces were blueshifted and narrower than the corresponding colloids,
thus resulting in higher Q-factor resonances.
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colloid to Q = 11 of the metasurface in water to Q ~ 15 of the
metasurface in air. Analogously, in the case of AuNCs, the
Q-factor changed from Q = 6.5 of the colloid to Q = 9.5 of the
metasurface in water to Q ~ 11 of the metasurface in air.
These Q-factors are among the highest reported so far using
similar metasurfaces fabricated through the electrostatic self-
assembly technique. In fact, they are even comparable with the
Q-factors of surface lattice resonances' (SLRs) measured for
hexagonally ordered AuNP metasurfaces fabricated through
more sophisticated lithography techniques.*"*

Conclusions

We have shown that the electrostatic self-assembly technique
results in ultra-uniform AuNP metasurfaces whenever certain
conditions are satisfied. In particular, we found the main
obstacle to be in the post-deposition step of drying, which is
generally associated with excessive capillary forces inducing
the clustering of freshly deposited AuNPs. In combination
with monodisperse AuNPs and a chemically unmodified glass
substrate, a refined drying procedure addressed the issues and
resulted in metasurfaces of unprecedented density and uni-
formity for the technique used. It is worth stressing that the
same methods were indiscriminately applied to both CTAB-
and CPC-capped AuNPs, obtaining comparable results. This
was likely due to the similar chemical compositions and struc-
tures of CTAB and CPC. Considering that almost any kind of
AuNP can be synthesized with these surfactants as native
ligand capping agents, the fabrication methods introduced in
this work could be straightforwardly extended to AuNPs of any
shape and size, also potentially providing ultra-uniform meta-
surfaces. Moreover, the plasmon resonances exhibited by the
fabricated metasurfaces were unexpectedly found to be blue-
shifted and, more importantly, narrower than those of the
starting colloids. This effect, due to far-field dipole couplings,
significantly increased the Q-factor of the metasurface reso-
nances compared to the colloid, up to ~15. These Q-factors are
among the highest reported so far for metasurfaces realized
through the electrostatic self-assembly technique. While our
method could not achieve either the sub-10 nm precision and
order of top-down nanolithography techniques or the resulting
ultrahigh SLR Q-factors (10°-10°), it represents a smart route
for enhancing Q-factors through a much simpler, scalable, and
cost-effective self-assembly process. In fact, our approach oper-
ates under ambient conditions, requires no clean-room facili-
ties, uses inexpensive chemicals and substrates, and routinely
yields macroscopic samples (>10 cm?) with ultra-high uni-
formity and high Q-factors. These features significantly sim-
plify fabrication, minimize batch-to-batch variations, reduce
spectral noise, and increase refractive index sensitivity, paving
the way for the development of low-cost, high-quality, and
high-throughput biosensing platforms. Moreover, the ultra-
uniformity achieved by our methods opens up new opportu-
nities to study the far-field dipole couplings in random arrays
of anisotropic AuNPs.
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Materials and methods
Chemicals and solid substrates

All chemical reagents used for the synthesis of gold nano-
particles  (AuNPs), including cetyltrimethylammonium
bromide (CTAB, C;oH4,BrN), tetrachloroauric(u) acid trihy-
drate (HAuCl;-3H,0), sodium borohydride (NaBH,), silver
nitrate (AgNOj3), vr-ascorbic acid (CgHgOg), cetylpyridinium
chloride (CPC, C,;H35CIN) and potassium bromide (KBr), were
purchased from Sigma-Aldrich. These compounds were trace
metal grade and used without further purification. Aqueous
solutions of these compounds were prepared using ultrapure
water (18.2 MQ cm at 25 °C, 1.7 ppb TOC) from a Millipore
Milli-Q IQ 7000 system. The substrates used for the fabrication
of AuNP arrays were Menzel-Gliser glass coverslips (D263M
colorless borosilicate glass) of standard sizes, 24 x 60 mm or
24 x 32 mm, and thickness no. 1 (0.13-0.16 mm), purchased
from Thermo Fisher Scientific. Before use, they were sequen-
tially cleaned with isopropyl alcohol (IPA) and ultrapure water
in an ultrasonic bath for 5 minutes and finally dried under a
gentle stream of nitrogen.

Synthesis of AuNPs

Gold nanosphere (AuNS) and gold nanocube (AuNC) colloids
synthesized by combining seed-mediated growth
23725 with Liz-Marzan’s dissolution reaction.”® Our

were
methods
optimized protocols are detailed in the ESLft, section 1.1.
Briefly, CTAB-capped gold seeds (size:>* <4 nm) were syn-
thesized and grown into CTAB-capped gold nanorods (AuNRs),
whose dissolution provided CPC-capped spherical gold seeds
(size:*> ~20 nm). These latter were grown either into CPC-
capped AuNCs or into CPC-capped gold concave rhombic
dodecahedra (AuCRD). Dissolution of AuCRD resulted in
CTAB-capped AuNSs.

Fabrication of ultra-uniform AuNP metasurfaces

AuNS and AuNC metasurfaces were obtained on chemically
unmodified glass coverslips through the electrostatic self-
assembly of the corresponding colloids. The full procedure is
detailed in the ESI,T section 1.2, and refers to the most dense
and uniform metasurfaces that could possibly be fabricated.
Briefly, the as-synthesized CTAB-capped AuNS and CPC-
capped AuNC colloids were brought to OD 5 and ~0.5 pM
CTAB and CPC through at least three rounds of centrifugations
and resuspensions using 0.5 pM CTAB and CPC aqueous solu-
tions, respectively. These colloids were pipetted onto the top
surfaces of oxygen plasma activated glass coverslips (plasma
parameters: 0.8 mbar, 200 W, 5 min) and allowed to stand for
4 h for deposition in a Petri dish. During this time, the posi-
tively charged AuNPs (due to the capping of cationic surfac-
tants) electrostatically adsorbed onto the negatively charged
glass surface (due to the plasma activation and pH conditions).
Afterwards, the substrates were rinsed with ultrapure water to
remove the unbound AuNPs. Then, the ultrapure water was
slowly exchanged by dropwise adding a 5% IPA solution in a
Petri dish. Finally, the samples were dried under a vigorous

This journal is © The Royal Society of Chemistry 2025

View Article Online

Communication

stream of nitrogen and cleaned from organic trace residues by
a low-pressure oxygen plasma treatment (0.8 mbar, 200 W,
30 min and 0.8 mbar, 200 W, and 3 min for the AuNS and
AuNC metasurfaces, respectively).

Characterization of AuNP colloids and metasurfaces

The UV-vis extinction spectra of colloids and metasurfaces
were recorded using a DeNovix DS-11FX+ spectrophotometer.
The spectra of the AuNP colloids were recorded in 10 mm path
cuvettes. CTAB or CPC aqueous solutions at concentrations
equal to the bulk CTAB or CPC concentrations of the investi-
gated colloids served as reference samples for the ‘blank’
spectra. The spectra of the metasurfaces were also recorded in
10 mm path cuvettes. In this case, 10 mm width slices of the
metasurfaces were cut using a diamond tip and placed in the
cuvettes. The spectra of the metasurfaces in water medium
were recorded after filling the cuvettes with ultrapure water.
10 mm width slices of pristine glass coverslips (placed in cuv-
ettes possibly filled with ultrapure water) served as reference
samples for the ‘blank’ spectra.

Top-view and 52°-tilted scanning transmission electron
microscopy (STEM) micrographs of the AuNP metasurfaces
were obtained using a FEI Magellan STEM microscope at the
Helmbholtz Nano Facility (HNF). All samples were imaged after
iridium sputtering (60 s, 25 mA). The iridium sputtering layer
had a nominal thickness of 6 nm, which was confirmed experi-
mentally by a focused ion beam (FIB) cut of a metasurface
sample performed using the FEI Helios FIB of the HNF, see
the ESI section S2.f The thickness of the iridium sputtering
layer was considered for the correct estimation of the AuNP
dimensions. All STEM micrographs were analyzed using
Image] Fiji software.

FDTD simulations

Finite-difference time-domain (FDTD) simulations were per-
formed using Ansys Lumerical commercial software. Single-
particle simulations were performed using the so-called “Mie
scattering setup”, whose detailed description can be found in
previous works.?®*” AuNSs were modelled as spheres while
AuNCs were modelled as “all-rounded quadrilaterals”, a built-
in object consisting of a parallelepiped with edges and corners
rounded by cylinders and spheres, respectively. Olmon’s
dataset®® was chosen to reproduce the monocrystalline nature
of both AuNPs. A 3 nm-thick dielectric shell of refractive index
(RI) n = 1.4350 was used to reproduce the well-known
CTAB**™*' or CPC* bilayer capping. Finally, a background
medium of RI n = 1.3478 was used to reproduce the experi-
mental conditions of saturated CTAB or CPC aqueous solu-
tions.*® It is worth noting that these values strictly refer to
CTAB, but were also assumed for CPC since reliable values for
CPC were not found in the literature. The assumption was
based on the chemical and structural similarities between the
CPC and CTAB molecules. A 0.5 nm mesh override was used
for NPs for high accuracy. Many-particle simulations (i.e., con-
cerning the metasurfaces) were performed using a standard
setup for extended objects, consisting of a plane wave source, a
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transmission plane monitor, and scatterers. The scatterers
were accurate reproductions of the STEM micrographs in
Fig. 1a and d, i.e., AuNPs on a seemingly infinite glass slab of
RI = 1.52. In order to reproduce the extended nature of the
metasurfaces, periodic boundary conditions (rather than
perfect matched layer boundaries) were set along the x and y
axes of the simulation workspace. Consequently, the objects
that were actually simulated were periodic arrays having as
unit cells (models of) the STEM micrographs in Fig. 1a and d.
No dielectric shells were added to the AuNPs this time, as the
metasurfaces were cleaned of organic materials by a low-
pressure oxygen plasma treatment. A 1.5 nm mesh override
was applied to each scatterer compatibly with our compu-
tational resources.
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