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Colloidal Plasmonic Metasurfaces for the Enhancement of
Non-Linear Optical Processes and Molecular Spectroscopies

Ylli Conti,*™ Naihao Chiang,” and Leonardo Scarabelli*®

Colloidal metasurfaces are emerging as promising candidates
for the development of functional chemical metamaterials,
combining the undisputed control over crystallography and
surface chemistry achieved by synthetic nanochemistry with
the scalability and versatility of colloidal self-assembly strat-
egies. In light of recent reports of colloidal plasmonic materials
displaying high-performing optical cavities, this Minireview
discusses the use of this type of metamaterials in the specific
context of non-linear optical phenomena and non-linear

1. Introduction

Photonic metamaterials are artificial structures consisting of
subwavelength elements that are rationally designed and
arranged (periodically or non-periodically) to generate a unique
electromagnetic response. Ultimately, this freedom in design
leads to the possibility of engineering materials presenting
exotic macroscopic properties not found in nature. Since the
first theoretical predictions by Vaselago, Yablonovitch, and
Pendry,® and the first experimental verifications by Shelby
etal,” the field of metamaterials has witnessed a steady
exponential growth over the last two decades, offering excep-
tional flexibility for the manipulation of light-matter interac-
tions, as well as new and exciting possibilities for applications in
imaging, photonics, telecommunications, and electronics.®™
Due to the need for subwavelength unit cells, the fabrication of
metamaterials targeting the visible and infrared (IR) portion of
the electromagnetic spectrum posed a major technological
challenge compare to the first examples operating in the
microwaves, as the components must have nanometric dimen-
sions. These restrictions established a tight feedback loop
between metamaterial scientific research and nanofabrication
techniques such as optical and electron lithography, which
were initially developed for semiconductor manufacturing, and
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molecular spectroscopies. Our attention is focused on the
opportunities and advantages that colloidal nanoparticles and
self-assembled plasmonic metasurfaces can bring to the table
compared to more traditional nanofabrication strategies. Specif-
ically, we believe that future work in this direction will express
the full potential of non-linear molecular spectroscopies to
explore the chemical space, with a deeper understanding of
plasmon-molecule dynamics, plasmon-mediated processes, and
surface-enhanced chemistry.

enabled the preparation of metallic plasmonic nanostructures
of different geometries and 3-dimensional organization with
nanometer-scale precision. Ultimately, these technological and
scientific advancements made concepts such as metaoptics and
meta-lenses a reality, encompassing architectures capable of
manipulating light polarization, phase, and wavefront, as well
as controlling both absorption and emission phenomena.*”
The possibility of applying engineered artificial optical proper-
ties to manipulate light-matter interactions created a fertile
area for the exploration of non-linear (NL) phenomena,
exploiting the incredible flexibility in the near-field electro-
magnetic response.

Very recently, the scientific interest around metamaterials
led to a new development phase, the so-called “chemistry of
metamaterials”, where the engineered artificial properties are
dynamically modified or enable the dynamic interaction with
the surrounding chemical environment. This includes chemi-
cally responsive, catalytic, or phase-changing materials as well
as the molecular functionalization of the unit cells, enabling
receptor-, pH- or electrochemistry-based responses."®2" In this
scenario, NL optical phenomena offer a unique development
opportunity. In fact, molecular spectroscopies based on second-
or third-order susceptibilities encode rich molecular information
that can be extrapolated directly from their optical response to
sense the surrounding chemical space” The successful
fabrication of metamaterials for the exploration/interaction with
the chemical surroundings imposes new scientific as well as
technological challenges. Since they were originally designed
for microelectronics development, standard nanofabrication
processes (including metal evaporation and hard lithography
techniques) offer limited control over the crystallography and
surface chemistry of the prepared nanostructures, and reduce,
at the same time, the choice of substrate and operating
conditions. As such, the pursuit of chemically active metasurfa-
ces led the scientific community to seek alternative fabrication
strategies. In this scenario, colloidal self-assembly emerged as
promising contender: on one side, colloidal synthesis offers an
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unmatched level of control over nanoparticle morphology,
crystallography, composition, and surface chemistry; on the
other side, self-assembly strategies are now capable of produc-
ing high-quality periodic and hierarchical arrangements at large
scales.

This Minireview presents the most recent progresses made
in the use of colloidal-based plasmonic metasurfaces in the
context of NL optical phenomena. We first introduced the
fundamental theoretical aspects, focusing our attention on the
roles played by plasmonic metasurfaces in promoting and
controlling NL optical processes and their potential impacts on
molecular spectroscopies. In the following section, we reviewed
the colloidal self-assembly preparation of these type of systems
and provided selective examples from the literature where they
were applied for the promotion of NL optical processes. We
conclude this review with our perspective on the field’s future
development. Our aim is to highlight the opportunities offered
by colloidal systems as dynamic chemical metastructures
towards advanced and versatile NL optical devices.

2. Fundamentals of Non-Linear Optics

When an intense coherent light source interacts with a material,
the collective displacement of the charges generating the
resulting outgoing electromagnetic fields becomes gradually
and asymmetrically distorted, affecting the overall optical
response of the system.” The intensity of the scattered light
will then increase non-linearly with the intensity of the
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impinging optical field, typically following a square or a cube
dependency.”? Mathematically, the electromagnetic response
of a medium at optical frequencies can be described by the
polarization vector P, which is the result of the combined linear
(P and non-linear (P") polarization vector components and no
longer depends linearly on the strength of the applied electric

field E. Assuming an input field polarization along the X

direction, the expression can be expanded in power series as:*?

Py = o |1y & + A BB+ GWEEE + .| = P+ P )

Pf’ =& [XEJ?EjEk + XJFE,)EJ-EkE, + } = P,@ + P,@—i- )

where g, is the vacuum permittivity, ¥ is the linear suscept-

ibility of the medium, describing light-matter interaction
processes such as absorption and emission, and ¥® and % are,
respectively, the second- and third-order NL susceptibility
describing higher orders NL phenomena (in this notation the
order of the tensor is represented by the upper index (1), (2),
(3); the lower index ijk denote the vector component implicitly
summed). By substituting an incident monochromatic electro-
magnetic field E(r,t)=E,™“™" impinging on the material into
Eq. 1, the NL terms of the polarization (P?and P{”) can oscillate
at different frequencies without violating the conservation of
energy, giving rise to phenomena such as second (2w) and third
(3w) harmonic generation (respectively SHG and THG, Fig-
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ure 1a). Similarly, when the incident field is formed by a
superposition of two plane waves:

E(I’,t) — E1 ei(k'l-r'w]t) =+ E2 ei(kZ-r'th) +cc (3)

where k; and k, are the wave vectors, ®, and ®, are the
corresponding frequencies of the two interacting tones, and cc
is the complex conjugation, the NL terms can oscillate at
frequencies ®;+w, giving rise to sum (SFG) and difference
(DFG) frequency generation (Figure 1a).”? These frequency
conversion processes probe the second-order susceptibility ¥,
and gained significant attraction in the last decade, finding
applications in photonics, holography, and invisible cloaking
technology. In parallel, NL spectroscopies were developed to
extrapolate chemical information from ¥ and even the third-

order susceptibility ¥, bringing new solutions for biosensing,
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Figure 1. Jablonski diagrams of the most common non-linear optical
processes. (a) From left to right: second harmonic generation (SHG), third
harmonic generation (THG), sum frequency generation (SFG), difference
frequency generation (DFG), and four-wave mixing (FWM, non-degenerate
case). The dashed lines represent the virtual excited energy states, while the
solid grey lines represent the vibrational energy levels. S, represents the
ground singlet (electronic) energy state, S, is the n-th singlet (electronic)
excited level, and V, represents the n-th vibrational energy level of the
singlet ground energy state (S,). (b) From left to right: comparison between
the one- and two-photon absorption processes, respectively one-photon
absorption (71PA) and two-photon absorption (2PA). These two processes
involve the emission of a photon after the internal conversion (IC) of the
excited electron to the lowest vibrational state of S, (Kasha's rule). (c)
Vibrational spectroscopies processes exploiting different photon energies
and interactions. These processes involve the inelastic scattering of photons,
resulting in a shift in the frequency of the scattered light. Since they are
non-degenerate processes, the frequency of the scattered light is different
from the incident light. From left to right: hyper Raman scattering (HRS),
femtosecond stimulated Raman scattering (FSRS), and coherent anti-Stokes
Raman scattering (CARS). w, is the probe frequency, and w,; is the
vibrational frequency.
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imaging, and studies of ultrafast dynamics. Similarly to first-
order light-matter interactions, high-order phenomena are also
subjected to symmetry rules constraints originated from
material’'s electronic structure. In centrosymmetric structures,
characterized by an inversion symmetry center, the structural
properties remain unchanged upon any symmetry transforma-
tion. That is, considering an imaginary line passing through the
center of the structure, for each point with coordinates (x, y, z),
after an inversion operation, the corresponding point (—x, —y,
—z) describes the same structure. Here, when an opposite
electric field (—E) is applied, the second-order polarization
results in —P® = P'?, implying that x® must be zero (a similar
argument is valid for ¥® and higher orders). Ultimately, this
observation leads to the conclusion that the properties for
centrosymmetric structures remain unchanged under an exter-
nal influence and do not show any NL responses. A symmetry
breaking is therefore necessary to perturbate the system,
leading to the emergence of NL effects. Frequency conversion
processes can originate from the surface’s asymmetries associ-
ated with small deviation from perfect symmetrical shape,®**”
and most metals show second-order effects originating from NL
dipoles at metal surfaces, where symmetry breaking occurs.*
Finally, multipolar plasmonic resonances, arising from retarda-
tion effects associated with nanoparticle size and morphology,
can induce a NL optical response >~

All the NL optical processes mentioned so far are known as
parametric processes, in which the system has identical initial
and final quantum-mechanical states. Here, the conservation of
energy and momentum of the interacting photons is achieved
through the NL medium, enabling the ground-level population
to transit through virtual energetic levels.”? Instead, processes
involving the transfer of population from one real quantum-
mechanical state to another are known as non-parametric
processes, and the energy of the interacting electromagnetic
radiation can be transferred to or from the medium.”® Examples
of non-parametric NL processes include two-photon absorption
(2PA), two-photon excited photoluminescence (2PPL), and
almost all NL optical spectroscopic processes, as schematized in
Figure 1b and c. In all cases, the transition from the ground
state to an excited state occurs through the simultaneous
absorption of two photons with sufficientenergy to promote an
electron from one level to the other. These phenomena had a
significant impact on the development of two-photon micro-
scopy, allowing deeper tissue penetration with less photo-
damage compared to traditional single-photon bio-imaging
techniques.

3. Plasmonics Metasurfaces and Non-Linear
Light-Matter Interactions

One major driving force behind the development of plasmonic
metasurfaces is their capability to increase the efficiency of
light-matter interactions by orders of magnitudes at specific
frequencies, taking advantage of the strong confinement and
near-field enhancement of the electromagnetic fields in the
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proximity of metallic nanostructures.?* The first example of

plasmonic-enhanced spectroscopy can be traced back to the
1970s and 1980s with the discovery of surface-enhanced Raman
spectroscopy (SERS),®'*? where >10°x enhancement of the
Raman signal intensity was predominantly attributed to the the
local electric field amplification (the so-called electromagnetic
mechanism).®¥ Since these first experimental demonstrations,
the rational design of plasmonic nanostructures made a huge
step forwards, going from simple disordered colloids,®¥ to
complex multi-resonant and combined nanostructured arrays
(with active and passive elements).?”

3.1. Plasmonic Metasurfaces and Non-Linear Optics

Currently, metasurfaces can display a virtually unlimited variety
of shapes and compositions (Figure 2), including
nanoholes,?**¥ nanoparticles,®**" pillars,“>* chiral shapes,
and antennas,”®? translating directly into an incredible
versatility of their optical response, which can be tuned by
modifying both the localized plasmonic response of each
repeating unit, as well as the geometrical parameters of the
array. These parameters will ultimately regulate the quality and
the spectral position of all localized and collective resonances,
driving the boost of quantum efficiency of the various NL
optical processes.”**¥ Moreover, these properties also convey
the exceptional ability of shaping the wavefront of light with
subwavelength resolution.”® This ability is essential to over-

v
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come the phase matching condition requirements (Ak=k,,—
nk;,=0 where k,, is the wavevector of the converted frequency
and k;, are the wavevectors of the input frequencies, and n is an
integer),”® as the additional momentum provided by the
structure with periodicity A (Ak (A) =k, —nk;,~G(A) =0, where
G(A) is the wavevector associated to the grating), guarantees
that the momentum is conserved, allowing an efficient NL
conversion over extended interaction length.

Exploiting this versatility, Czaplicki etal. explored the
inclusion of passive elements (centrosymmetric dielectric nano-
bars) in a plasmonic metasurface constituted of non-centrosym-
metric L-shaped metallic units. The modification of the near-
field distribution, mediated by the coupling through lattice
interactions, led to an improvement of the SHG
enhancement.® A further increment of an order of magnitude
was achieved in a later study by improving the spectral match
between the surface lattice resonance of the array and the
frequency of the impinging electromagnetic radiation.® Anoth-
er exciting possibility is to use an anisotropic plasmonic band-
gap to control the directionality of the NL optical response. This
effect was explored by Kolkowski R. and coworkers through the
fabrication of a 2D rectangular array of non-centrosymmetric
metallic pyramids by depositing a 100 nm silver layer on top of
a patterned GaAs substrate. The obtained anisotropic band gap
not only gave rise to a substantial field enhancement through
the excitation of band edge modes at the fundamental
frequency, but the presence of surface plasmon polaritons (SPP)
contributed to break the symmetry of the system and achieve

Figure 2. Plasmonic metasurfaces for strong non-linear optical responses. Scanning Electron Microscopy (SEM) images of (a) gold split-ring resonator square
arrays; (b) Rodovik traditional Slavic symbol, consisting in identical (not mirrored) interspaced unit cells, showing non-linear chiroptical response by
optimization of gap size and design; (c) Trisceli- (above) and Gammadion-type (below) geometry for second and third non-linear response respectively,
displaying near-unity circular dichroism; breaks of symmetry achieved by using plasmonic structures such as (d) non-centrosymmetric V-shaped gold
nanoparticles, and (e) multiresonant antennas for SHG response. Panel a: Copyright 2012, APS. Adapted with permission.®” Panel b: Copyright 2014, Wiley-
VCH. Adapted with permission.*” Panel c: Copyright 2020, ACS. Adapted with permission.”! Panel d: Copyright 2018, ACS. Adapted with permission.®® Panel

e: Copyright 2020, Springer Nature. Adapted with permission.®”
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complete control over SHG anisotropy.®™ The anisotropic
control driven by the SPP allows the directional emission of a
second harmonic response. The ability to control SHG aniso-
tropy is crucial, for example, in the development of optical
switches and modulators offering potential applications in
telecommunications and quantum information processing.More
complicated geometries, including Fano-type resonances®” and
waveguided-assisted split-ring resonator array, were also
explored.®™ The role of plasmonic metasurfaces is not only
restricted to the enhancement of NL signal intensity. For
example, Almeida and coworkers applied similar architectures
to encode phase information for the reconstruction of images
(phase holograms).®® Specifically, they exploited the concept of
NL phase control to reconstruct THG holograms, where the
image is formed at a wavelength different from the reading
beam. The authors used V-shaped nanoantennas, with specific
polarization dependency, without plasmonic resonance match-
ing the third harmonic frequency. Since the phase didn’t
change during the propagation of the fundamental electro-
magnetic wave through the sample, they were able to build up
a multilayer structure. A distinct phase hologram was com-
puter-generated for each layer within the metamaterial, yielding
to reconstruct the far-field image by using specific polarized
input beam (vertically and horizontally). This approach offered
higher data density compared to flat metamaterials, due to the
individual element dimension being much smaller than the
optical wavelength, enabling it to overcome the optical
diffraction limitation.

3.2. Towards Non-Linear Molecular Spectroscopies Enabled
by Plasmonic Metasurfaces

Plasmonic metasurfaces near-field enhancement was also
applied to the development of NL molecular spectroscopies.
Here, understanding the spatial distribution and spectral
response of the near-field becomes even more significant, as
the molecular surface distribution will directly impact their
contribution to the overall signal. For example, the higher
enhancing nature of coupled plasmons leads to the creation of
regions of high electric-field confinement, contributing to most
of the detected signal, generally referred to as “hot spots”.
These highly enhancing regions were mapped using high-
resolution molecule-substrate distance dependence SERS, as
well as super-resolution fluorescence microscopy,®® electron
energy loss spectroscopy and cathodoluminescence,”*7? and
scanning probe microscopy.”” On the other hand, the spectral
dependency of the near-field was studied in detail via wave-
length-scanned surface-enhanced Raman excitation spectro-
scopy (WS-SERES),” demonstrating how the relative spectral
position of the localized surface plasmon resonance and the
molecular electronic transition can modify the right choice of
excitation wavelength for maximizing the enhancement of the
Raman signal.”

Extending these analyses to NL spectroscopies to fully
understand the spatial and spectral influence on the chemical
systems by multiple plasmonic resonance modes, would be

ChemNanoMat 2024, 10, 202300566 (5 of 13)
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extremely valuable. Nonetheless, the general concepts under-
lying these effects can be extrapolated to plasmonic near-field
enhanced or surface-enhanced NL optical spectroscopy (SE-
NLOS). In this molecular context, the power series expansion of
polarization presented in equation (1) can be rewritten as:

1 1
PY =qE, P® = 5P EE, P = g7« EEE (4)

Where a, 8, and y represent the molecular polarizability, 1*
hyperpolarizability, and 2™ hyperpolarizability tensors, respec-
tively. Consequently, optical spectroscopies can exhibit different
dependence on the strength of the plasmonically enhanced
optical fields, and SE-NLOSs can achieve even higher
enhancement factors, ultimately allowing the detection and
analysis of molecular and interfacial events that would be
challenging or impossible to observe using non-enhanced NL
optical techniques. In fact, while SERS intensity (I) scales as
~|E|*, for 2™ order processes with two incoming laser fields
and one outgoing radiation | o |Eqy|*|Ein |*|Ein2|* ~ |E|°, assum-
ing that the plasmonic resonance frequencies match all three
optical fields. Similarly, the 3 order processes can present
enhancements up to ~|E[2.7

As an extension of SERS,””’® surface-enhanced hyper Raman
spectroscopy (SE-HRS) was one of the earliest demonstrations
of second-order SE-NLOS. The Jablonski diagram suggests that
the enhancement of the HRS signal requires a resonance
overlapping with both the pump frequency ®, or/and wygs
(prs = 20,—w, Figure 1¢).7? Using non-colloidal plasmonic
metasurfaces, SE-HRS has been used to probe symmetry at the
electrode/solution interface (Figure 3a).®” In this work, comple-
mentary HRS vibrational normal modes were used in addition
to SERS to understand the specific absorption site of pyridines
on a silver plasmonic electrode while following the electro-
chemical reaction, highlighting the extra chemical information
SE-HRS can generate.

Another powerful second-order SE-NLOS is surface-en-
hanced vibrational sum frequency generation spectroscopy (SE-
VSFG). Since 8 is a function of the tensor product of polar-
izability and IR transition dipole moment, vSFG has non-zero
signals for vibrational transitions that are both Raman and IR
active. At the same time, isotropic bulk medium and centrosym-
metric molecules do not exhibit a vSFG signal, as the overall y®
is zero. This unique property of VSFG makes it particularly
suitable for studying interfaces where the symmetry is broken.
While the vSFG signal from setups with pulsed lasers and
modern detectors is sufficient for many self-assembled molec-
ular systems, plasmonic enhancement may still be desirable for
studying systems with a low number of molecules or molecules
characterized by a small hyperpolarizability. For example,
Baldelli et al. used Pt nanoparticle arrays with a plasmon
resonance in the IR for studying CO absorption with ~10*
enhancement.® This study revealed the potential of tracking a
catalytical reaction that would otherwise be impossible without
the plasmonic enhancement (Figure 3b).

Despite their incredible potential, second order SE-NLOS on
plasmonic metasurfaces did not witness the same exponential

© 2024 The Authors. ChemNanoMat published by Wiley-VCH GmbH

35101 SUOLUWIOD SATERID 3|qedtdide By A paueA0B e PPN VO 88N J0 S3IN. 10§ ARRIq1T BUIIUO AB|IA UO (SUONIPUOD-PUR-SLLLG) D" B 1M ATR1q) 1 BujUo//Sdy) SUORIPUOD PUe SWLB | 3} 885 [1Z202/80/20] U0 A1 8UIUO AB|IM UCRIED 90 PRPSIRAIUN AJ 99500EZ02 BUWILD/ZO0T 0T/10p/W00"A8| M ARG [ou |O'Sa0e//'SNY WO papeojumod ‘y ‘¥20¢ ‘XZ6966TC



p—— Editorial Society

CHEMNANOMAT

(a) SE-HRS

ASEHRS ]
H H
H H H

H H
SERS

| : ©.'9
[ o3v il o7v ] Lo3v il o7v]

« Monodentate Adsorption Site
o Bidentate Adsorption Site

b 2um | 0.3V 0.7V

(b) SE-vSFG

40 nm Particle Arrays

>

ot

w

& ssp

3

£ v

Q

7p] v

g :

N r

(_U 5 r v'

g "'vvvvvv'vy'v"“"'"'"""' 'v
0 A i 1

Z 1900 1950 2000 2050 2100 2150

Wavenumber (cm 1)

Figure 3. Plasmonic metasurfaces for non-linear molecular spectroscopies. (a) Electrochemical surface-enhanced hyper Raman scattering of centrosym-
metric molecules on silver film over polystyrene nanospheres electrodes. The monodentate site refers to the surface binding via a single nitrogen of the
molecule trans-1,2-bis(4-pyridyl)ethylene, reducing the site symmetry, and inducing the appearance of the SE-HRS band. On the other hand, the bidentate
bridging site refers to the surface binding of the same molecule via both nitrogen atoms, maintaining symmetry and not contributing to the SE-HRS band. (b)
Surface-enhanced vibrational sum frequency generation spectra of CO adsorbed on 40 nm platinum nanoparticle arrays (Inset scale bar 1 um). Panel a:
Copyright 2006, ACS. Adapted with permission®® and Copyright 2002, ACS. Adapted with permission.®” Panel b: Copyright 2000, ACS. Adapted with

permission.®"

growth observed for SERS. In fact, even with signal
enhancement several orders of magnitude bigger, SE-NLOSs
remain a significant challenge since the magnitude of the
hyperpolarizabilities decreases as much as ~107'° when the
order of the associated NL optical processes increases. Finding
a robust fabrication method for plasmonic substrates that can
enhance all optical fields involved in the process would be
pivotal to developing SE-NLOS.

4. Colloidal Self-Assembly for Plasmonic
Metasurfaces

As evidenced by the highlighted examples, the experimental
investigation of NL optical phenomena relied on developing
advanced nanofabrication techniques to prepare high-quality
plasmonic metasurfaces. By improving the confinement of the
associated electromagnetic field, these technological progress
ultimately boosted the optical non-linearity in materials
response at low pump intensities, avoiding the need for
complex phase matching techniques.*®*? Most of these
fabrication processes fall within the realm of hard lithography,
including extreme ultraviolet (UV) lithography, focused ion-
beam (FIB), electron beam lithography (EBL) and thermal
evaporation steps. However, fabrication methodologies relying
on soft-lithography such as nanoimprint lithography,®® micro-
contact printing,®*® colloidal self-assembly,®*®?' and in situ
growth®®” are emerging as promising alternatives capable of
bringing plasmonic metamaterials to the next development
phase. On one side, constant progress in the field of colloidal
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chemistry has enabled great advances in the synthesis of
plasmonic nanoparticles, leading to unprecedented control of
optical properties by controlling elemental composition, near-
field distribution, and even chirality at the single nanoparticle
level®8%% At the same time, developments in surface
chemistry, feature miniaturization, and scalability had a huge
impact on the quality of the fabricated colloidal-based meta-
surfaces, controlling the distribution and orientation of single
nano-objects, targeting high-quality factor plasmonic optical
cavities and achieving high-throughput large-scale self-assem-
bly up to wafer-scale dimensions.

Examples of colloidal self-assembly approaches include
drop casting,"®" spin coating,"®*'® and Langmuir-Schaefer
techniques.'®% Still, the two strategies that achieved the most
widespread results are perhaps capillary-assisted particle assem-
bly (CAPA) (Figure 4a) and template-assisted self-assembly
(TASA) (Figure 4b), where nanoparticle concentration is induced
in accumulation zones of the liquid meniscus via convective
flow. Controlling the evaporation rate, the features of the
template define a minimum in free energy that selectively traps
the nanoparticles."%'® CAPA is particularly successful in
forming single-particle metasurfaces, i.e., where the repeating
unit is a single plasmonic nanoparticle. This approach recently
yielded quality factors above 50, and it was expanded to the
organization of anisotropic nanoparticles such as cubes or
rods."""" The main drawback of this approach is that the
nanoparticles assemble inside nanocavities previously prepared
on the substrate, and the fabrication process must involve
either a transfer printing step,'®'"*"">"3 or a dissolution
step.™ On the other side, TASA has greatly improved
reproducibility and precise control of the spatial organization of
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Figure 4. Colloidal-based plasmonic metasurfaces fabricated via soft-lithographic strategies. Scheme of (a) capillary-assisted particle assembly (CAPA), (b)
template-assisted self-assembly (TASA), and (c) Langmuir-Blodgett deposition fabrication methods. SEM images of: (d) Template-DNA-mediated assembly of
gold nanoparticles; (e) CAPA of gold nanorods; TASA of (f) heptamers nanoclusters, and (g) pyramidal super-crystals; (h) nanoparticles assembled by spin
coating on top of a wrinkled polydimethylsiloxane substrate and then transferred onto flat substrates by wet contact printing. Panel a: Copyright 2020, Wiley-

VCH. Adapted with permission.® Panel d: Copyright 2018, Science. Adapted with permission.!

123

! Panel e: Copyright 2017, Springer Nature. Adapted with

permission.""” Panel f: Copyright 2012, ACS. Adapted with permission."*" Panel g: Copyright 2017, ACS. Adapted with permission."*” Panel h: Copyright

2014, ACS. Adapted with permission."'?

the colloidal meta-units. Indeed, the templates are often
designed to engineer specific interactions with nanoparticles
based on size, shape, and chemistry,”® ensuring quality factors
>60 and enough efficiency to promote NL phenomena such as
lasing emission.""™ This feature offers the possibility of
engineering three different plasmonic responses within the
same metasurfaces (i.e, the single colloidal response, the
localized response of the repeating unit, and the collective
response of the lattice), opening fascinating possibilities for the
promotion of SE-NLOS. Another significant advantage of TASA
is the possibility of performing the assembly directly on the
substrate of choice without needing a mask or any other
alignment tool. Mayer and coworkers, for example, used this
technique to build up a functional magnetic metasurface with
high sensitivity, which translated in a sharp drop of the
magnetic response, due to a strong coupling between a gold
film with one dimension gold nanorods lines assembled on top,
targeting advanced sensing applications."®

Recently, several template-free alternatives to CAPA and
TASA gained much attention in the metamaterial community. A
prime example is certainly the packing of plasmonic nano-
particles at the liquid-liquid or liquid-air interface exploiting
specifically designed coatings or polymer shells. The obtained
self-organized metasurfaces are then transferred to a solid
substrate via dip-coating or evaporating the liquid phase. Volk
etal. demonstrated the fabrication of cm?scale hexagonally
ordered arrays of silver@gold-poly-N-isopropylacrylamide core-
shell nanoparticles to achieve narrow spectral features.""” The
main drawback of this approach is that it relies on packed
colloidal self-assembly, which limits the technique to hexagonal
close-packed structures. A step forward in overcoming this
limitation was presented by Ferndndez-Rodriguez et al. in 2018,
with a variety of tunable particle arrays being prepared by
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sequential self-assembly and deposition of two differently sized
microgel particles at liquid-liquid interfaces (Figure 4c). With a
two-step process, they were able to transfer the microgel
nanoparticles onto silicon substrates realizing complex non-
close-packed binary nanopattern in order to achieve a 2D
binary colloidal alloys kinetically inaccessible by direct co-
assembly.'®

Finally, it is worth mentioning recent progress in the
development of patterned in situ growth directed by chemical
contrast.””!"92 Despite being still in its infancy, this approach
would avoid the need for pre-synthesis, ligand exchange, and
self-assembly steps, offering a new toolbox for developing
dynamic and chemically active metamaterials. As a first
demonstration of this potential, surface lattice resonances were
recently recorded as the result of a 100% in situ growth
process."#

5. Non-Linear Optical Properties in Colloidal
Systems

Before moving on to the application of colloidal metasurfaces
for NL optics, it is important to highlight that isolated noble-
metal nanoparticles can exhibit optical non-linearities such as
SHG and 2PA."*3" The enhancement of the quantum vyield of
gold photoluminescence following the excitation of localized
surface plasmon resonances was first demonstrated by Boyd
etal. in 1983.% In the particular case of gold, two-photon
luminescence is a two-step process:"*¥ the first photon excites
one electron from the sp-band to an unoccupied energy level
above the Fermi level, while the second photon promotes one
electron from the lower d-band to the unoccupied sp-
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conduction band. The two electrons subsequently move closer
to the Fermi level via intraband relaxation, from which electron-
hole recombination can occur through a photon emission
process.** 3% The photoluminescence properties of metal
nanoparticles™ and clusters'*® were exploited for multiphoton
microscopy,"* allowing deeper imaging of biological systems
while reducing at the same time the radiation-damage caused
to cells and tissues.™™ Recently, Wang and El-Khoury used a
near-field scanning probe microscope to image the spatial
distribution of SHG, SFG, 2PPL and FWM of a silver nanocube
coupled to a gold-coated atomic force microscopy tip."*" This
work elucidated the NL optical properties of a single nanocube
when coupled to another plasmonic resonance (Figure5).
However, when compared to organic molecules and semi-
conductors, the photoluminescence efficiency in metal nano-
particles is significantly weaker, and the emitted light generally
presents broader spectral features."*? The lower performances
are caused by non-radiative energy processes of the photo-
excited carriers in the metals, such as Coulomb carrier-carrier
scattering and electron-phonon interactions, which take place
on a faster timescale compared to the electronic relaxations
needed for the emission process to occur. This results in a
heating effect and a consequent quenching of
photoluminescence.*

5.1. Colloidal Metasurfaces for Non-Linear Optics

As we explained in section 3, better NL performances can be
obtained through the combination of plasmonic metasurfaces
with semiconductors or molecular emitters exploiting the
electric field enhancement in the proximity of the metal
surfaces. Moreover, collective resonances commonly associated
with this type of structure are able to overcome the optical
losses associated with localized plasmons.'*¥

100
nm
0
nm

0
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(b) SRS (o) so : : : .
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Liu and coworkers, for example, used colloidal silver cubes
over a gold mirror to enhance the two-photon photochromism
of the spiropyrans/merocyanine system.* The large Purcell
enhancement in the gap region of the film-coupled nano-
particles led to high directionality and efficiency of the
spontaneous emission rate and quantum yield of merocyanine.

In 2023, Conti et al. reported lasing of a one-photon excited
gain medium stimulated by silver colloidal plasmonic metasur-
faces fabricated via TASA (Figure 6a-c), achieving on- and off-
normal emission with thresholds as low as 0.3 mJ/mm2""¥ The
reported system holds interesting characteristics in the direc-
tion of chemically active metamaterials, featuring an optical
cavity that remains exposed to the surrounding environment,
as the silver nanoparticle arrays were fabricated on top of a
waveguiding material layer hosting the gain medium. In this
way, they were able to support the outcoupling of plasmonic
lattice resonances without using index matching layers, leaving
at the same time the cavity accessible for further chemical
functionalization.

In another example, Zeng et al. demonstrated how colloi-
dal-based metasurfaces are promising structures for the
promotion of NL frequency conversion processes such as SHG
and upconversion (Figure 6d)."*® They have used silver nano-
cubes-on-metal geometry, fabricated via Langmuir-Blodgett
deposition, to create a metamaterial absorbing NIR light and
emitting a second harmonic in the visible part of the electro-
magnetic spectrum. It was determined that both the near-field
and plasmonic modes coupling are critical parameters for the
enhancing mechanism of SHG. However, the poor spatial phase
matching of the SHG far-field signal makes it incoherent. This
aspect can potentially be improved by engineering the
geometry of the colloidal metasurface.'*

SHG

60 | .

4WM

Counts/sec
N
o

20 sFG "
TPPL
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Figure 5. Single nanoparticle non-linear optical response. Silver nanocube (100 nm) (a) atomic force microscopy and near-field (b) SFG, (c) SHG, and (d) FWM
(or 4WM) images, spectrally integrated into the 456-466, 517-530, and 667-687 nm regions, respectively. (e) Tip-enhanced 2PPL spatially integrated spectrum
of the region at 667-687 nm. Panel a,b,c,d: Copyright 2021, ACS. Adapted with permission."*"!
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Figure 6. Colloidal-based plasmonic metasurfaces for non-linear optics. (a) photograph and (b) SEM image of a template-assisted self-assembled silver
nanoparticle array on top of a layer of SU8 epoxy resin hosting the gain medium (Rhodamine B). (c) Lasing emission achieved by pumping the system using a

532 nm pulsed laser. (d) Silver nanocube-on-metal assembly for SHG. Panel a,

2018, Wiley-VCH. Adapted with permission.!*

5.2. Colloidal Systems for Non-Linear Optical Spectroscopies

Arguably, the field of chemistry where colloidal nanoparticles
and metasurface applications hold the highest potential is most
likely the one of molecular spectroscopies. Here, one can take
full advantage of the rich surface chemistry of this type of
system, encompassing small molecules, polymer shells, DNA,
and antibodies. Like linear susceptivity, which contains informa-
tion about the polarizability of the molecules, NLOS also
provides rich chemical information, and depending on the
molecular properties of interest, specific molecular transitions
must be considered when designing spectroscopic experiments.
The most common second- and third-order NLOS (Figure 1c)
are SHG spectroscopy, vibrational sum frequency generation
spectroscopy (VSFG), hyper Raman spectroscopy (HRS), femto-
second stimulated Raman spectroscopy (FSRS), and coherent
anti-Stokes Raman spectroscopy (CARS)."” For all of them, the
plasmonic-enhanced version was demonstrated using colloidal
nanoparticles. For example, SE-HRS found applications in
diverse fields, including accessing single-photon forbidden
excited states,"* and two-photon vibrational microscopy™ for
biological tissues (Figure 7a);"*” Schliicker et al. used antibody-
labeled gold/silver nanoshells to enhance the immune-contrast
in surface-enhanced CARS (SE-CARS) microscopy™" (Figure 7b);
and Pluchery and coworkers used SE-VSFG to interrogate the
capping ligands of gold nanoparticles."*? However, the vSFG
enhancement factors were reported to be only 21x for the
signal from gold nanoparticles compared to Au(111) surfaces.
Nonetheless, the higher signal enhancement could be achieved
if the plasmonic metasurface would resonate with all the optical
transition involved (mjg ©,; and ®sge).

In addition to signal enhancement, the time-resolved
capability of SE-CARS was demonstrated in 2012 by Scully and
coworkers.™ This study reported a molecular analyte's
(pyridine-water complex) vibrational dephasing times greater
than ten picoseconds for pyridine near nanoparticles. Around
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b,c: Copyright 2023, Wiley-VCH. Adapted with permission.""™ Panel d: Copyright

the same time, the groups of Frontiera and Van Duyne also
reported the first demonstration of surface-enhanced FSRS (SE-
FSRS)"*'**! (Figure 1c), where the femtosecond timescale gives
access to several fundamental processes involving plasmonic
resonances and molecular optical transitions (Figure 7c), such as
phase-matching near metal surfaces,"*® and molecular vibra-
tional dephasing.®” These experimental and theoretical advan-
ces indicate the power of SE-NLOS not only in the signal
enhancements but also for the study of the plasmon-molecule
dynamics at the suitable timescale, which could play a major
role in plasmon-mediated and strong-coupled chemistry. Over-
all, SE-NLOS mainly focused on the localized surface plasmon
resonance of colloidal nanoparticles. Opportunities for using
other plasmonic resonance systems, such as lattice resonances
over large probe areas, remain unexplored.

6. Conclusions and Perspectives

We anticipate that the exploration of a “chemistry of metama-
terials” will provide a renewed motivation in the use of colloidal
plasmonic metasurfaces in the context of NL optical phenom-
ena. Colloidal self-assembly has recently achieved the fabrica-
tion of optical cavities with quality factors that open new
avenues for the interrogation of both NL absorption and
emission processes, as well as NL molecular spectroscopies. In
particular, by modifying the individual nanoparticle building
blocks, the internal architecture of the repeating unit, and the
overall geometry of the metasurface, it will be possible to
engineer both localized and collective responses. NLOS involve
optical excitations and scattering/emissions at multiple wave-
lengths that might be far apart. Due to the intricate challenges
in the fabrication of suitable substrates for SE-NLOS techniques,
that aim to enhance the performance of light scattering
processes, the use of lattice resonance can make more feasible
the process enhancement, either for the excitation or the NL
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Figure 7. Colloidal non-linear optical spectroscopy and microscopy. (a)
Bright-field image of the 3,3'-diethyl-thiatricarbocyanine iodide (DTTC)
Au@SiO, nanoparticle spleen sample placed on a glass slide (left) and
corresponding hyperspectral images of the 1550 nm SE-HRS (right). On the
bottom, transmission electron microscopy (TEM) image of the DTTC Au@SiO,
nanoparticles displaying monomers and oligomers. (b) Immunochemistry
based on SE-CARS for contrast generation. White light (upper left) and SE-
CARS (upper right) images of prostate biopsies incubated with SERS-labeled
p63 antibody. Extinction spectra (left) and TEM image (right) with scale bar
200 nm of bare gold/silver nanoshells. (c) Surface enhanced-femtosecond
stimulated Raman spectroscopy (SE-FSRS) using nanoantennas made with
Au@SiO2 core-shell nanoparticles encapsulating the Raman probe mole-
cules. The plots on the bottom show the time-delay between pump and
probes dependence of SE-FSRS data for nanoantennas samples (left) and the
neat cyclohexane standard (right). Panel a: Copyright 2022, Wiley-VCH.
Adapted with permission."*” Panel b: Copyright 2022, ACS. Adapted with
permission."*" Panel ¢: Copyright 2022, ACS. Adapted with permission.””
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signal. Exploiting the flexibility offered by colloidal assembled
nanoparticles array, it may be possible to engineer a metasur-
face that matches all the optical fields and uses the plasmon
lifetime to tune into the desired process. The outcome of this
research will enhance our comprehension of plasmonic near-
fields and hold great promise for groundbreaking applications
in various scientific and technological domains. Moreover, the
surface chemistry and crystallographic control offered by the
colloidal system could dramatically impact the application of
this new generation of metamaterials for catalysis, sensing, and
telecommunication.

List of Abbreviation

2PA Two-photon Absorption.

2PPL Two-photon Luminescence.

CAPA Capillary-Assisted Particle Assembly.
CARS Coherent Anti-Stokes Raman Scattering.

DFG Difference Frequency Generation.

FSRS Femtosecond Stimulated Raman Scattering.

FWM Four Wave Mixing.

HRS Hyper Raman Scattering.

IR Infrared.

NIR Near Infrared.

NL Non-Linear.

SE-CARS Surface-Enhanced Coherent Anti-Stokes Raman Scat-
tering.

SE-FSRS  Surface-Enhanced Femtosecond Stimulated Raman
Scattering.

SE-HRS  Surface-Enhanced Hyper Raman Spectroscopy.

SEM Scanning Electron Microscopy.

SE-NLOS Surface-Enhanced Non-Linear Optical Spectroscopy.

SERS Surface-Enhanced Raman Spectroscopy.

SE-vSFG  Surface-Enhanced Vibrational Sum Frequency Gen-
eration Spectroscopy.

SFG Sum Frequency Generation.

SHG Second Harmonic Generation.

TASA Template-Assisted Self-Assembly.

TEM Transmission Electronic Microscopy.

THG Third Harmonic Generation.

uv Ultraviolet.

WS-SERES Wavelength-Scanned Surface-Enhanced Raman Ex-
citation Spectroscopy.
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