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Plasmonic Nanostructure Engineering with Shadow Growth

Jang-Hwan Han, Doeun Kim, Juhwan Kim, Gyurin Kim, Peer Fischer,*

and Hyeon-Ho Jeong*

Physical shadow growth is a vacuum deposition technique that permits a
wide variety of 3D-shaped nanoparticles and structures to be fabricated from
a large library of materials. Recent advances in the control of the shadow
effect at the nanoscale expand the scope of nanomaterials from spherical
nanoparticles to complex 3D shaped hybrid nanoparticles and structures.

In particular, plasmonically active nanomaterials can be engineered in their
shape and material composition so that they exhibit unique physical and
chemical properties. Here, the recent progress in the development of shadow
growth techniques to realize hybrid plasmonic nanomaterials is discussed.
The review describes how fabrication permits the material response to be
engineered and highlights novel functions. Potential fields of application with
a focus on photonic devices, biomedical, and chiral spectroscopic applica-

tions are discussed.

1. Introduction

Plasmonic nanomaterials are structures made of metals (e.g.,
gold, silver, copper, aluminum, and magnesium) with a char-
acteristic size that is smaller than the wavelength of visible
light.4 Key features that distinguish plasmonic from many
other nanomaterials are the unique optical properties resulting
from strong, resonant light-matter interactions. Known as local
surface plasmon resonance (LSPR),>>7 this phenomenon
involves the coherent oscillation and excitation of free electrons
in the bulk of nanostructures upon irradiation of light. The
optical near-field is strongly enhanced, which can be exploited
for interactions with the medium surrounding a nanoparticle.
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As a result, photons are not only absorbed
and converted to phonons (and ultimately
heat),®1 but they are also strongly scat-
tered. Stable colors can thus be gener-
ated in metallic nanostructures that differ
from those of the corresponding bulk
materials."”! Crucially, structural control
of nanoscale features including shape
and symmetry”3™ material composi-
tion,3"7 as well as the overall arrange-
ment within an ensemblel®™ or array,'®1]
determines the exact nature of the plas-
monic response. This is successfully
exploited in diverse applications.

Solution chemistry has been widely
used to grow a range of highly symmetric
nanoparticles  (spherical,  rod-shaped,
pyramidal, etc.).?%23 Energetically, struc-
tures with high symmetry are generally favored, so that there
are no facile wet methods to synthesize complex 3D-shaped
hybrid metallic nanoparticles of low symmetry.?*?°l One
notable exception are chiral gold nanoparticles, including tri-
angular nanorings,?®l helicoids,*”%l and spirals,?>3% that have
been synthesized using a two-step growth method consisting of
the synthesis of highly symmetric gold nanoparticles followed
by further growth in the presence of chiral molecules.?8! Apart
from this example, it is challenging to obtain more complex 3D
shapes and to freely vary the material composition.?"32 In con-
trast, physical methods that are often restricted to the growth
on a substrate, offer more freedom in the choice of materials
and geometry. Often electron-/ion-beam-lithography is used to
realize diverse 2D and 2.5D plasmonic structures. For instance,
plasmonic structures such as bow-tie nanoantennas,**3* meta-
molecular structures,>*) and chiral gammadions*®3% have
been fabricated.

To obtain truly 3D structures, physical shadow growth tech-
niques are superior, as they permit the control of the material
composition and the 3D geometry at the wafer-scale. In con-
junction with nanoscale shadowing, plasmonic nanomate-
rials can be fabricated,***! including core/shell, patchy, Janus
structures,*-% low-symmetry shapes (zigzag, hook, crescent,
and helix),[>*#5152 and a large number of hybrid structures
with tailored material compositions (e.g., Au-Fe >3l Ag-Ti,4
Ag-MgF, >l and Ag-Cul®)). These structures are difficult
to achieve with any other growth method. Moreover, physical
shadowing can also be used to obtain periodic arrangements
of nanostructures.?>#5738] After removal from the substrate,
for example, through sonication, one can also obtain suspen-
sions of nanocolloids.*! In contrast to wet synthesis, the nano-
structures are grown without stabilizing ligands and can thus
be more easily functionalized. Physical growth yields superior
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optical properties that enable single-particle linear and non-
linear chiroptical scattering probes,>*®" and are simpler to
integrate with photonic devices.["%4 They can also be used to
grow structures for biomedical micro/nanorobotics. 6364

Here, we highlight recent developments in the physical
shadow growth of complex hybrid plasmonic nanomaterials.
We describe structures that show increasingly higher com-
plexity, that is, lower symmetry and several tuned parameters
for selected target applications. This review highlights some
unique properties exhibited by shadow-grown plasmonic 3D
nanomaterials that can typically not be obtained with other fab-
rication strategies. Examples include single particle chiroptical
spectroscopy and self-propelling nanomotors for potential bio-
medical applications.

2. Physical Shadow Growth for Plasmonics

Nanomaterials in the subwavelength regime of visible light, that
is, 10-100 nm in size, possess a LSPR. The electric dipole reso-
nance dominates and distinct plasmonic colors are observed.’?!
When the size of the nanomaterial is smaller than 10 nm, the
mean free path of the oscillating electrons can be longer than
the dimension of the nanomaterial, resulting in quantum
effects (see refs. [65, 66] for quantum plasmonics). Nano-
structures that have dimensions larger than 100 nm typically
exhibit higher-order resonance modes and radiation damping
effects.[%8 Thus, depending on the desired application, at least
one dimension should be greater than 10 nm and smaller than
a few hundred nm to permit the excitation of a LSPR.

2.1. Local Surface Plasmon Resonance

The electric field of a light wave can penetrate metallic nano-
particles. Depending on the metal there is a resonant frequency
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where the light wave can excite collective oscillations of elec-
trons, which is known as LSPR and accompanies strong optical
near-field enhancement on the surface of the plasmonic nano-
materials (Figure 1). In addition, one observes optical absorp-
tion of the incident photons. These are converted into phonons,
which are the source of heat or acoustic waves. In addition,
strong scattering takes place, where the nanoparticle reradiates
at the incident frequency. The sum of these two processes is
known as extinction (e.g., a nanosphere’s extinction spectrum
can be seen in the top panel of Figure 1b), E, expressed as,[®%7]

&
Ees i)

(& +7m2)2 +¢f
where & and & are the real and imaginary terms of the metal’s
dielectric constant, y is a shape factor of the metal nanopar-
ticle, n is the refractive index of the medium surrounding the
nanoparticle, 4 is the wavelength of light. LSPR occurs when E
becomes maximal, which defines the resonance condition:
& (X) =z’ B
Equations (1) and (2) clearly show that the LSPR resonance
wavelength A* is a function of the metal nanoparticle’s shape
factor g, its effective dielectric function (material composition)
&, and the nature of the surrounding medium n. Nanomate-
rials can thus be fabricated to show LSPR bands anywhere in
the visible spectrum, which is exploited in applications such
as sensing,>”7% imaging>7#”% actuation,>’?! and display
technologies.”’8] Advances in nanofabrication including in
physical shadow growth techniques continuously extends the
possible range for which the LSPR can be engineered. Here,
we highlight such recent achievements (Figure 1la). Although
the resonance condition in Equation (2) cannot fully describe
complex geometries (e.g., chiral particles, the bottom panel of
Figure 1b) and optical interactions (e.g., coupled systems, the
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Figure 1. Hybrid plasmonic nanoparticles. a) Examples of plasmonic nanoparticles grown by physical vapor shadow growth methods. b) Numerical
simulation of LSPR signals (left) and optical field enhancements (right) of: (top) Au sphere (diameter 30 nm), (middle) two representative examples
of hybrid nanoparticles, including the optical near-field coupled dimer (diameter 30 nm, gap 2 nm), and (bottom) a chiral helix (minor radius 15 nm,
major radius 35 nm, pitch 55 nm) in water (with respectively, LCP: left circularly polarized excitation, and RCP: right circularly polarized excitation).

Adv. Mater. 2022, 2107917 2107917 (2 of 22)

© 2022 The Authors. Advanced Materials published by Wiley-VCH GmbH



ADVANCED
SCIENCE NEWS

ADVANCED
MATERIALS

www.advancedsciencenews.com

middle panel of Figure 1b), it is nevertheless a helpful guide.
It permits plasmonic nanomaterials to be categorized and we
thus use it to discuss specific examples where: (i) y, the shape
is engineered: LSPR from simple sphere to complex shapes,
including low symmetric and chiral structures. We also provide
examples (ii) where the & of a material is engineered: plas-
monic alloys with functional materials (e.g., magnetic,!*>37
catalytic,®*8 and phase change materialsi®>®); and finally
where the arrangement and coupling of nanoparticles are engi-
neered, which affect (iii) n, the environment: near-field gap res-
onances and far-field lattice coupling.

2.2. Vacuum Growth for Nanomaterials

For the fabrication of nanomaterials, we here focus on vacuum
growth schemes, which can be categorized into two main
groups: chemical vapor deposition (CVD) and physical vapor
deposition (PVD). CVD utilizes chemical reactions and the
growth of gaseous precursors that interact with a surface at
high temperatures, resulting in uniform clean thin films.[+#’]
This scheme has been largely advanced for growing low dimen-
sional and atomically flat materials, viz. 2D materials.¥-1
Recent optimization in the initial growth temperature
(restricting between 1000 and 1030 K) leads to the growth of
large area fold-free single-crystal monolayer graphene films.?
This is an exciting research domain with potential for flex-
ible/wearable transparent electrode materials®®>*! and opto-
electronic devices.”9%] However, this scheme is incompatible
with metals and metal alloys.

a

physical
vapor flux

source
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In contrast, PVD can be used to grow thin films from a large
number of materials, including metals, semiconductors, insu-
lators, magnetic materials, as well as alloys thereof. Vapors of
atoms or molecules are generated in vacuum with thermal or
electron-beam assisted heating. These travel directionally and
deposit on the target substrate to form adatoms.?>40:58.98] The
mobility of the adatoms and their interaction with the surface
as well as other adatoms determines the structural profile that
is formed.’” If the vapor flux is incident along the surface
normal, the entire substrate is coated with a continuous thin
film. In combination with lithographic techniques, normal-
incidence PVD can be used to grow planar (2.5D) plasmonic
structures with nanoscale precision, including for instance
bow-tie nanoantennas,**** metamolecular structures,*>*l and
2D-chiral gammadions.?3* However, this approach does not
lend itself for wafer-scale or truly 3D processing.

Remarkably, only a slight modification is required to obtain
wafer-scale grown 3D nanoparticles with PVD. When the sub-
strate is angled such that the vapor flux is no longer along the
surface normal, but almost orthogonal, that is, at an oblique
or glancing angle along the surface plane (Figure 2a), then
shadowing gives rise to nanostructuring. Any structure pre-
sent on the substrate, even as simple as a few random clusters
of atoms, serves as a seed onto which material preferentially
deposits leaving an area free from deposits in the shadow of
the seed.*9%100 If there are many such seed particles on the
surface, the growth leads to an array of slanted columnar struc-
tures on top of seeds (e.g., Figure 2d[iii]). First investigated in
1950, this growth has later been termed oblique angle dep-
osition (OAD).%2 In 1959, the first azimuthal rotation of the
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Figure 2. Glancing angle deposition (GLAD) on nanoseeds. a,b) lllustrations of physical shadow growth in a vacuum system (a), nanosphere litho-
graphy (NSL) with SEM image (b), and block-copolymer micelle nanolithography (BCML) with SEM image (c). a,b) Reproduced under the terms of the
CC-BY Creative Commons Attribution 2.0 Generic license (http://creativecommons.org/licenses/by/2.0).1%% Copyright 2013, The Authors, published
by Beilstein-Institut. ) Reproduced with permission.?’l Copyright 2013, Springer Nature. d) Combinatorial growth of 3D plasmonic nanostructures on
NSL nanoseeds (i,ii) and BCML nanoseeds (iii,iv). (iii) and (iv) show the growth with substrate rotation.
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target substrate during growth was proposed to change the
direction of the incident vapor flux relative to the substrate,
leading to the growth of nanostructured 3D films.'Z This is
been explored more systematically since the 1990s and is now
often termed glancing angle deposition (GLAD).'*®l For sim-
plicity, we here use “GLAD” for all types of physical growth
techniques that entail shadowing (e.g., OAD without substrate
rotation and GLAD with substrate rotation). GLAD has been
used to grow helical and zigzag structures with dielectric mate-
rials,®! but it has been difficult to grow 3D-shaped metallic
nanoparticles, a prerequisite for plasmonics.'* Due to the rela-
tively high mobility of many metals, the adatoms experience a
high surface diffusion such that they can move around during
vacuum deposition to minimize their surface energy which
hinders the fabrication of low-symmetry structures.

2.3. GLAD toward Nanoscale

Key factors to grow 3D metallic (or plasmonic) nanoparticles
using GLAD therefore include a regular array of nanoscale
seeds, such that all structures grow at the same rate. This is
particularly important if the nanostructures should be uni-
form. In addition, the diffusion of adatoms needs to be sup-
pressed. Here we summarize two approaches that can be used
to address these challenges.

2.3.1. GLAD with Wafer-Level Nanoseeds

Deposition onto a bare wafer results in random nucleation sites
and seeds that are not regularly spaced or of the same size. It
follows that akin to Ostwald ripening the larger structures grow
at a faster rate and hence the size distribution of the nanostruc-
tures broadens. This can be avoided if a regular pattern of seeds
is presented onto which the vapor flux condenses. The smaller
the structures of the seeds, the smaller the resulting nanostruc-
tures. Nanopatterns are, however, difficult to obtain on large
areas.[10%]

A slow method that suffers from poor scalability is elec-
tron/ion-beam-based nanolithography. It can be used to obtain
regular nanopatterns with customized shapes that can serve
as nanoseeds, but is hardly a wafer-scale method."%®1%] In
contrast, techniques based on the self-assembly of spherical
nanoparticles yield quasi-hexagonally close-packed seeds at the
wafer-scale with very short processing times (e.g., <1 min for
spin-coating). These work well in shadow deposition, including
GLAD. Here, we focus on wafer-level GLAD schemes for the
growth of plasmonic nanoparticles: nanosphere lithography
(NSL, Figure 2bI'®)) and block-copolymer micelle nanolitho-
graphy (BCML, Figure 2c/’)).

The NSL is a capillary force driven method to closely
assemble glass or polymer nanospheres (typically, from a few
hundred nanometers to several micrometers in diameter) into
a hexagonally close-packed lattice with spin- and dip-coating,
or the Langmuir-Blodgett method.'%! Refs. [40, 108, 109] pre-
sent comprehensive reviews of GLAD in combination with
NSL. The type of structure that is obtained when material is
deposited onto the NSL seed layer depends on the angle of the
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incident vapor flux. For 0 < < 90°, adatoms land on top of the
closely packed nanoseeds (Figure 2dJi]). Depending on ¢, the
surface coverage on top of the seeds can be varied from half
coverage to a small cap on the seed particle, which, respectively,
results in Janus structuresi®3 % and patchy particles.*>111112]
Similarly, metastructures including dimers are possible.l'3l The
second approach uses a smaller o ($30°) to direct the vapor
flux into the voids of the nanoseed particles, for example, the
opening between three neighboring nanospheres in a hexa-
gonal array. In this context, the nanoseeds are used as a flux-
blocking mask where the opening forms an effective aperture
giving rise to a seed gap, g, with respect to o'l Deposition
through the aperture without azimuthal rotation (¢ = 0) results
in nanotriangles,">!¢ while the continuous rotation during
deposition leads to crescent (split-ring) and ring structures
(Figure 2d[ii])."7!8] The gradual increase in the deposition rate
while rotating the substrate during deposition further allows
the growth of crescent nanoparticles that lack mirror symmetry
and are thus chiral.?211%120] As the structures are grown on top
of the nanoseeds, the dimension of the resulting structures
is in the range of several hundred nanometers to microme-
ters.* A limitation, however, is that it is difficult to grow truly
3D-shaped plasmonic nanostructures.

In the previous example, the structural dimensions are
approximately on the micrometer scale. In order to reduce the
structural dimensions, nanoseeds much smaller than those
found in NSL are necessary. For this the method of BCML
can be used as it permits the fast, wafer-scale patterning of
metallic nanoseeds (diameter 4-10 nm). The nanoparticle
array serves as a seed layer for the subsequent GLAD step
(Figure 2c).?51211221 BCML is also a self-assembly technique,
analogous to NSL. In BCML, block-copolymer micelles form
in solution by self-assembly. Metal salts added to the solution
accumulate in the core of the micelles. Upon spin coating onto
a wafer, a quasi-hexagonal ordered monolayer of evenly spaced
micelles is obtained. After plasma treatment, the block-copoly-
mers are removed and the salts are reduced to form nanopar-
ticles.?>123] The array of the nanoseeds can be ideally extended
as large as the area of the target substrate to be coated, typi-
cally in the lab, silicon wafers with diameters of 2—4 inches
are used. An array of 10 nm gold nanoparticles with 100 nm
spacing are often used as a seed layer, but the center-to-center
distance of the nanoparticles (max. ca. 300 nm) can be tuned by
adjusting the polymer lengths, and the metal salt loading deter-
mines the diameter of the nanoparticles.'2124123] [n the GLAD
step the maximal effective ballistic shadow distance between
neighboring nanoseeds, g.., obeys a simple geometrical
relation,

Zmax =htano (3)

where h is the seed height (diameter). For the seed dimen-
sion, g > gmae the evaporant strikes the substrate behind the
shadowed region, and initiates the unseeded growth of nano-
structures, potentially causing undesired additional plasmonic
resonances.?l However, when the seed gap is reduced to
g5 < Gmao then columnar growth is observed without intersti-
tial unseeded growth.®1?] The incident angle & in GLAD
is generally very high (>80°). A slow continuous rotation of
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the substrate during growth leads to the formation of heli-
cally shaped chiral nanostructures (Figure 2d[iv]), while a fast
or no rotation yields, respectively, vertical or slanted nanorods
normal to the substrate (Figure 2dJiii]).l"””! Furthermore, when
the size of the nanoparticle becomes larger (e.g., h = 40 nm),
the shadowing region at the top and sidewall of the seeds are
no longer connected and it then becomes possible to realize
out-of-plane or in-plane dimers that are also plasmonic.[19>126]

2.3.2. GLAD with Reduced Adatom Mobilities

Controlling the diffusion of the adatoms during growth is
essential to enable the formation of complex 3D-shaped
metallic nanoparticles. Any residual thermal energy of mobile
adatoms leads to their diffusion and thus a collapse of any
structural shapes (top panel of Figure 3a).*’! To address this,
it is possible to cool the substrate or to slow the diffusion by
introducing dopants.

BCML+GLAD .'
(+ cooling)
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Figure 3. GLAD for the growth of 3D nanoparticles. a) Role of nanoseeds
(right) and substrate cooling (bottom) during GLAD. b) False-color TEM
images of 3D nanoparticles: barcode (top), zigzag (middle), and hook
(bottom). a,b) Reproduced with permission.?’l Copyright 2013, Springer
Nature. c) Number of academic articles published each year containing
the terms of physical shadow growth (or angle deposition, angle growth)
with “plasmonic” since 1995. Source: Web of Science, as assessed on
27 July 2021.
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According to the structure zone model’?812% where the film
morphology is predicted according to the substrate’s tempera-
ture (T;) and the melting temperature of source material (T;,)
during growth (i.e., T;/T,,), reducing the substrate’s tempera-
ture is effective to suppress the surface diffusion of adatoms.
For instance, for metals the ratio should be T;/T,, < 0.24 to
achieve zone 1 conditions where structures grow in a columnar
fashion.®% Hence, cooling the substrate (i.e., reducing T)
by applying a coolant to the substrate holder, such as liquid
nitrogen, during the deposition process can bring the substrate
temperature to =90 K and ensure columnar growth.?’! As soon
as the adatoms land, they then quickly lose their kinetic energy
and freeze out at their present position. This enables the fab-
rication of very small structural 3D features using materials
with mobile adatoms, such as metallic 2-turn nanohelices with
a total height <100 nm (bottom panel of Figure 3a) as well as
barcodes, zigzags, and hooks with multiple material segments
at the wafer scale (Figure 3b).1’]

Another approach is to reduce the mobility not via cooling,
but by introducing a dopant. Either an alloy or co-deposition is
used and 3-5% (atomic percentage) of a secondary supporting
material suffices to hinder adatom surface diffusion. The
dopant should possess low thermal surface diffusion® and a
high melting point (T;,)) to increase the net melting tempera-
ture (i.e., decrease T;/T,) such that zone 1 conditions can be
reached while maintaining the substrate temperature. Through
co-evaporation of the source material with the dopant together,
Ag nanohelices with 3-5% Ti doping have been grown without
noticeable change in their plasmonic property,® and these
structures enabled the observation of new nonlinear optical
effects and spectroscopy from a single chiral nanostructure (see
Section 5.3).1%%

Interestingly, a further increase in the Ti doping level can be
used to engineer the dispersion of a composite’s dielectric func-
tion. For instance, doping a plasmonic metal such as silver or
gold with Ti flattens the dispersion curve (dielectric response as
a function of wavelength) and consequently leads to a more sen-
sitive plasmon resonance, because the resonance wavelength
now changes by a greater amount for the same change in
the dielectric function of the surrounding medium (e.g.,
Equation (4)). Shadow-grown hybrid plasmonic nanoparticles
of this type have been used to observe greatly enhanced LSPR
sensitivities that are much bigger than for undoped plasmonic
nanostructures made of pure elements (see Section 4.2). Thanks
in part to the development of wafer-level GLAD schemes, in par-
ticular seeding with NSL or BCML that offer a precise control
over structure at the nanoscale in conjunction with substrate
cooling in 2013/ and/or dopant-induced reduced mobility in
2014, the number of studies and publications in the field of
GLAD for plasmonics rapidly increases every year (Figure 3c).
An important aspect is 3D-shaped complex hybrid nanomate-
rials that are continuously being developed to unlock the full
potential of plasmonics for diverse applications.

3. Complexity of Hybrid Nanomaterials

With an aim to gain an overview of the diverse hybrid plasmonic
nanomaterials grown by GLAD, ranging from a symmetric

© 2022 The Authors. Advanced Materials published by Wiley-VCH GmbH
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Figure 4. Classification framework of hybrid plasmonic nanostructures: a) rings, b) crescents, c) helix, d) core/shell particle, e) Janus and patchy
particles, f) alloyed particles, g) metamolecules, h) meta-oligomers, i) lattice and array of particles (here, crescents). a) Image for rings: Reproduced
with permission.["® Copyright 2009, Wiley-VCH. b) Image for crescents: Reproduced with permission.?%l Copyright 2013, American Chemical Society.
c) Image for helix: Reproduced with permission.[?l Copyright 2013, Springer Nature. d) Image for core/shell particle: Reproduced under the terms of
the CC-BY Creative Commons Attribution 4.0 International license (https://creativecommons.org/licenses/by/4.0).*4 Copyright 2017, The Authors,
published by Wiley-VCH. e) Image for Janus particles. Left: Adapted with permission.["% Copyright 2018, Wiley-VCH; Right: Adapted with permission.[’31l
Copyright 2018, American Chemical Society. f) Images for alloyed particles. Bottom: Adapted with permission.l*3l Copyright 2016, American Chemical
Society; Top: Adapted with permission.82l Copyright 2017, Wiley-VCH. g) Images for metamolecules: Reproduced with permission.%¢l Copyright 2019,
American Chemical Society. h) Image for meta-oligomers: Reproduced with permission.*2 Copyright 2014, American Chemical Society. i) Image for
lattice and array of particles: Reproduced under the terms of the CC-BY Creative Commons Attribution 4.0 International license (https://creativecom-

mons.org/licenses/by/4.0).1%3 Copyright 2020, The Authors, published by Wiley-VCH.

rod and ring structure to an asymmetric Janus, chiral crescent
shapes, and helical nanoparticles, we propose to classify hybrid
plasmonic nanomaterials according to their structure and sym-
metry, Figure 4. At the same time, we also consider the prop-
erties they exhibit and thus three main engineering spaces,
namely: (i) y, shape engineering, (ii) &, material engineering,
and (iii) n, engineering the environment (here, strictly speaking
the arrangement or many nanostructures). This classification
framework supports the comparison and design of hybrid plas-
monic nanostructures in a systematic fashion and highlights
which shape-material property relationship underlies a number
of desired optical properties. It also aids the subsequent discus-
sion. Although many other nanostructures previously fabri-
cated are not listed in the framework due to space limitations,
they can nevertheless be classified according to the same cri-
teria. For example, the hybrid zigzag and hook structures in
Figure 3b are of relatively low symmetry and contain several
segments with different materials, and can therefore be posi-
tioned somewhere in between Janus nanoparticles (Figure 4e)
and an alloyed chiral helix (Figure 4f).

Adv. Mater. 2022, 2107917 2107917 (6 of 22)

3.1. Material and Shape Complexity

The y-axis (from top to bottom) of the classification framework
(Figure 4) indicates the change in material complexity of hybrid
plasmonic nanomaterials, which refers to the number of types
of materials and segments within a given nanostructure and its
arrangement. The left column shows structures with increasing
complexity starting from pure Au nanorings (Figure 4a),8] Cu/
HfO, core/shell nanorods (i.e., complexity increase in mate-
rial, Figure 4d),"™ to Au/Ag heterodimers or trimers arranged
in-plane or out-of-plane (i.e., complexity increase in mate-
rial composition and geometry/geometrical arrangement,
Figure 4g).120 Tt is used to indicate three properties that are of
interest for plasmonic applications: shape ¥, dielectric function
(material composition) g, and interactions in lattices of plas-
monic structures n, which are all of interest in engineering the
LSPR response (see Section 4 for details).

The core/shell nanoparticles consist of a plasmonic core
encapsulated in a shell (Figure 4d) of, respectively, mole-
cules,PL34 polymers,I*V13>13] or inorganic materials.*138] The

© 2022 The Authors. Advanced Materials published by Wiley-VCH GmbH
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shell can increase the chemical and colloidal stability, ensure
biocompatibility and prevent fouling.*! When the core con-
sists of a nonmetallic material, for example, plastic®"% or
glass,[3919 it can be partially coated by GLAD to form plas-
monic Janus or patchy nanoparticles (Figure 4e),''%131 or core-
shell nanoparticles whose shell are plasmonically active and
can even be formed from refractory materials, such as TiN.[*!
It is also possible to assemble superstructures with plasmonic
building blocks, or “atoms,” to form metamolecules. These are
distinct assemblies of nanoparticles (Figure 4g) to form dimers,
trimers, tetramers, and oligomers (Figure 4h). All of the struc-
tures are grown by GLAD, including the one grown on BCML
as helices (Figure 4c).?5) GLAD with NSL at & <30° produces
rings, crescent shapes (Figure 4b,2% also on a periodic lattice,
Figure 4i),3% and oligomers.*2%2] The Janus and patchy par-
ticles can be grown with varying degrees of surface coverage
simply by changing c.

Apart from layered structures it is also possibly to form
alloyed hybrid plasmonic nanomaterials (Figure 4f°382)). Since
many materials can be deposited by PVD it becomes possible
to realize a large combination of polyelemental nanoparticles
with GLAD. For instance, by alloying a plasmonic metal (Au or
Ag) with a second material (e.g., Pd, Ti, or MgF,) the dielectric
function can be changed and this can be exploited to achieve
superior LSPR sensing.**>>%3] Similarly, additional functionali-
ties can be introduced by combing the relevant materials, such
as plasmonic and ferromagnetic,™ 1 catalytic B84 and
gas responsive active plasmonic nanoparticles!™®>! (see Sec-
tion 4.2 for details).

3.2. Symmetry and Chirality

The x-axis (from left to right) in the classification shows a
reduction in the symmetry of the individual nanoparticle
(Figure 4). Using the point group symmetry, nanorings, core/
shell nanorods, and linear dimers on the left show higher sym-
metry (D..;) than Janus nanoparticles and hetero trimers (C..y),
and low-symmetry chiral tapered nanoparticles (C;) and hetero
oligomers (C,). Chiral nanoparticles can be grown by GLAD,
for example, with BCML for nanohelices with a slow azimuthal
substrate rotation,”! as well as with NSL for nanocrescent
structures between seed particlest®? or as multilayered patchy
particles on the top of seeds.[52153]

Aside from the symmetry of the nanoparticle’s geometry,
the symmetry of the nanoparticles’ arrangement is particularly
important, when the lattice constant approaches the wavelength
of the LSPR band (Figure 4i).*3l A new lattice resonance mode
can be observed that couples to the LSPR, thanks to the addi-
tional diffraction of the scattered light through the lattice (see
Section 4.3 for details).¥ The symmetry of the hexagonal lat-
tice in NSL and BCML can be tuned by, respectively, controlling
the sizes of spheres and micelles (to be assembled).

4. LSPR Engineering

The LSPR is determined by the nanoparticle’s shape y, mate-
rial g, and the surrounding environment »n (Equation (2) and
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Figure 5. LSPR of shape-engineered plasmonic nanoparticles. a) LSPR
phenomena of a metal nanosphere under light illumination. b) Linear-
polarization dependent LSPR signals of nanocrescents. U and C, respec-
tively, indicate the light polarization along the short and long axes of
crescents. Reproduced with permission.l Copyright 2019, Wiley-VCH.
c) Circular dichroism (extinction) spectroscopy of nanohelices (LH: left-
handed, RH: right-handed). Reproduced with permission.l?l Copyright
2013, Springer Nature.

Figure 5a). Here, “LSPR engineering” refers to the systematic
design and control of those factors that determine the form
and spectral position of the LSPR and its associated functions,
such as the generation of hot electrons,>>>] heat,[>11.131158]
and acoustic waves.’>1U These are included in the classi-
fication (from top to bottom, Figure 4). The first two groups,
shape and material engineering, focus on the LSPR of indi-
vidual nanoparticles, whereas the last group, environment
engineering, concerns the near- and far-field coupling of nano-
particle arrangements, which influence the “effective” refractive
index n of the surrounding. We highlight the role of the engi-
neering space in the emerging field of nanophotonic material
and device applications.

4.1. Shape Engineering

The resonance wavelength of a nanostructure depends on
shape. Shadow growth can be used to obtain isotropic spheres
(typically, in the range of 10-100 nm) as well as anisotropic and/
or low symmetric structures (e.g., the first row in Figure 4). The
relevant length scale in plasmonics only applies to the overall
size of the plasmonic material in the nanoparticle. For instance,
the Janus pen consists of a small plasmonic nanoparticle (ca.
80 nm in diameter) at the end of the 500 nm long oxide rod
(Figure 4e).

An increase in length or shape complexity of the plas-
monic section along one or more axes of the nanoparticle
introduces the appearance of additional LSPR modes, such

© 2022 The Authors. Advanced Materials published by Wiley-VCH GmbH
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as a longitudinal mode (LSPR along the long axis). It is red
shifted with respect to that of the transverse mode (LSPR along
the short axis), Figure 5b.°l Since the anisotropic geometry
increases the polarizability along the long axis of the plasmonic
nanoparticle, this causes the additional extinction band in the
NIR, which can be modulated by controlling the geometrical
anisotropy, specifically the aspect ratio of the rods['*? and cres-
cents.’?l A strong extinction feature in the NIR benefits in
in vivo biomedical applications owing to the NIR transparent
window of human tissue,[1931%4 such that the plasmonic nano-
particle can for example be used as a sensing probe'®l and as a
contrast agent in photothermal imaging,119>1% or a carrier for
drug deliveryl'71%8] (see Section 5 for applications).

An attractive feature of GLAD is that it can be used to grow
chiral nanoparticles with uniform shape and definite hand-
edness. Chiral nanoparticles possess identical physical and
chemical properties, but can be distinguished in a chiral inter-
action.'®] For instance, they interact differently with left- and
right-circularly polarized light (e.g., bottom panel of Figure 1b),
which is termed optical activity.”"! The differences in the real
part (refractive index) and imaginary part (extinction) of the
complex refractive index with respect to left- and right-polar-
ized light, respectively, underlies circular birefringence (CB)
and circular dichroism (CD). Among several methods that
probe the chirality,”!) CD spectroscopy (strictly circular extinc-
tion) is suitable for the study of both colloidal forms and nano-
structured substrates of plasmonic nanoparticles (Figure 5c).
Because the LSPR can be tuned, it is also possible to move
the chiral band to longer wavelengths outside the absorption
range of regular biological media, such as blood.”*l The optical
activity of chiral nanostructures is also much stronger than
that associated with molecules, so that it becomes possible to
observe the chiral response of a single chiral nanoparticlel® as
well as nonlinear optical signals from suspensionsl®®7? (see
Section 5.3 for details). The chiroptical effect can be tailored
by engineering their geometry (e.g., helix: pitch, major, and
minor radius,® oligomer: height and gap”%)) as well as mate-
rial composition.

www.advmat.de

4.2. Material Engineering

The purpose of incorporating other materials and/or segments
in a plasmonic nanoparticle (the second row of the classification
in Figure 4) is to address dispersion engineering for custom-
ized coloration and superior sensing performance.’*4 Tt also
serves to introduce multiple functions within a single nano-
structure.?>#-1LI176] Materials for LSPR typically include
metals, such as Au,R5525912012613216217-182 " Ag [60,134182-19]
Cu,l23192) Nj[192193 pd 82 Mg 192194 and AI92195] whose
LSPR bands are intrinsically set by their plasma frequencies
(Figure 6). They are the key component in the LSPR response,
which can be further modified by alloying them with other
plasmonic or functional materials (i.e., increase in the material
complexity from top to bottom in the framework in Figure 4).
For instance, the gradual change in the atomic ratio of Ag and
Cu through the whole body of a single nanotriangle modulates
the peak position of LSPR spectra over a wider spectral band
than is possible with either material alone (Figure 6b,c). This is
because the effective dielectric constant of the alloyed material
changes. In particular, by alloying a plasmonic material with a
weakly dispersive one, it becomes possible to obtain a flatter &
curve while ensuring &, is still negative (e.g., see Figure 7a).>
Examples are Ag helices doped with Ti (3-23%)°Y and Ag
patchy particles doped with MgF, (3-10%),1>”! giving rise to the
extended LSPR bands, respectively, ranging from 347-920 and
890-1537 nm (Figure 6c).

Apart from the role of tunable coloration, dispersion engi-
neering also offers a route to increase the sensitivity in LSPR
detection.’ LSPR sensing relies on detecting a change in the
local refractive index n* surrounding a plasmonic nanoparticle
via a change in the LSPR peak position A* (Equation (2)),** and
has been adopted for various chemical and biological sensors.
Applications include the detection of food poisons, %7l hazard
heavy metal ions,®1%l cancerous cells,['*>?%) and viruses.”* The
crucial value to evaluate the sensing performance is the figure of
merit (FOM = sensitivity/full width at half maximum [FWHM] of
the resonance), where the LSPR sensitivity is given byl®!

Odisk =« Orod | crescent ™ A helix = Y/ Janus/patchy [> triangle QO molecule/oligomer = =/ Hi,
a b c
] ¢ Au-Ag
A Ag-Ni
A A L AEST e e
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AAA AETA 0] = Cu(20-80%) 1
: . 20 AN A
Nia ' AulAg Ab—A A
A Pd w Ag/MgF, AL L
A Mg A v WY W Ag/SIO, VvV T1(3—f23‘?/o;) (D
] Al ow v®v @ Ag/PS b—p »
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Figure 6. LSPR of shape- and material-engineered plasmonic nanoparticles. a—c) LSPR spectral bands of plasmonic nanoparticles made of: a) homoge-

neous metals (Au,

[25.5259,120,126,132162177-182] p g [60,134182-191]  123192] Njj [192.193] P [2) Mg [192194] and AIN92195)) )

multilayered shapes (Janus and patchy:

Au/SiO,, 133 Au/polystyrene, 2% Au/TiO,, 51 Au/Ln, 182 Ag/MgF,,[2%% Ag/SiO,,139210.21] Ag/pS [152153,212-214] and molecular structures: Au/Au dimer,1%
Au/Ag dimer and trimer,126132 Ag/G dimerl?"]), and c) metal alloys (Au-Fe,%3 Au-Ag, 2181 Ag—Ni 23 Ag—Cu,[25:56123217] Ag_Tj [54 and Ag-MgF,[>%).
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The traditional way to improve the sensitivity (eventually
FOM) is via shape engineering (), for instance by employing
anisotropic particles (e.g., rodsi?°2203 and prisms2%). This,
however, yields sensitivities that are typically below 1000 nm
per RIU (refractive index unit, Figure 7b),2%! which is still
one to two orders of magnitude lower than those of surface
plasmon resonance biosensors.[2%! A recently developed alter-
native approach is to decrease the wavelength dependence of
& (i.e., dispersion engineering to reduce the denominator in
Equation (4), Figure 7a), leading to further increase in sensi-
tivity (Figure 7b). Examples are (but not limited to) Au-Pd,®2
Ag-MgF, >l and Ag-Ti, > allowing enhanced sensitivity com-
pared to the same structure made from a pure metal. The
latter, in particular, holds the record sensitivity over 1000 nm/
RIU while keeping the resonance in the visible range.>*l
It is of interest to further explore the optimal material alloy
composition to reduce absorption effects (i.e., large FWHM)
and in this context high-dielectric materials are of particular
interest.27]

An interesting development is the combination of a nano-
structure that shows LSPR with another property, such as a
magnetic, ™ 1#218]  catalytic,8%] or gas responsive mate-
rial. 9151 For this purpose hybrid nanoparticles can be fab-
ricated by GLAD, as shown in the second row of the frame-
work in Figure 4. Examples include magneto-plasmonic
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core/shell particles (Au/Fe,0;?) and Fe,0;/Aul??’), Janus
(Au/Co multilayered patchy on polymeric particle, left panel
of Figure 4e),1% and Au-Fe alloyed chiral nanohelices (bottom
panel of Figures 4f and 7c).>*! Since both plasmonic (Figure 7d)
and magnetic functions (Figure 7e) are still active in the hybrid
nanoparticles, an external magnetic field can be used to align
the particles in solution and thereby modulate the LSPR. Simi-
larly, “active” plasmonic systems can be actuated for optical
signal modulation.

Another example is hydrogen sensing with Au/Pd multilay-
ered structuresi??l or alloyed nanostructures® (Au-Pd helix
in Figure 7f). When exposed to hydrogen, the Pd undergoes a
reversible phase transition from the metallic state to a hydride
and thus changes its dielectric constant (and hence the LSPR
signal), making Pd suitable for hydrogen sensing.??222 A
drawback is that the LSPR signal is broad and featureless, 82
and shows hysteresis in gas adsorption/desorption with long
response times (e.g., 40 min for ca. 2% hydrogen sensing).
Much sharper and stronger LSPR signals are observed when
Au is alloyed with Pd (Figure 7g). Crucially both the hysteresis
and response time are also significantly reduced, which makes
the Pd-Au hybrid chiral nanostructures useful for plasmonic
hydrogen sensing.8%

Hybrid plasmonic nanoparticles with responsive polymers
are responsive to mechanical,’ optical,'¥?*l and electric
inputs.¥2#-2%] Recently, the latter is extensively developed
as a form of core/shell nanoparticle whose core is plasmonic
and shell is a conductive polymer, for example, polyaniline. A
promising application is the use of these hybrid nanoparticles
as nanopixels for reflective displays?**>>!l and meta-atoms for
active optical holography.7:248.252] The common underlying
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mechanism here is that the change in the redox state of the
conductive polymer in response to an applied voltage causes
the change in its complex refractive index, n*, leading to a shift
in the LSPR peak, A* (i.e., color, referring to Equation (4) for
LSPR sensing).””1¢ To the best of our knowledge, the GLAD-
grown nanoparticles have not been applied in this scheme,
but the plasmonic hybrid nanomaterials could be promising
as they can further increase the performance via dispersion
engineering.

4.3. Environment Engineering

Here, we refer to environment engineering to describe the near-
and farfield coupling between plasmonic nanoparticles (the
third low of the classification framework in Figure 4). At short
range (i.e., interparticle spacing < 0.1 particle size),[?*% the LSPs
of neighboring nanoparticles are coupled and generate strong
optical near-field enhancement, known as hotspots. These give
rise to a new LSPR cavity mode (e.g., Figure 4h).25425] The
hotspot can be maximized by reducing the gap down to ca.
1 nm between plasmonic metamolecules (Figure 4g,h) and very
often finds application in surface enhanced Raman scattering.
The Raman signal is enhanced by many order of magnitude
(depending on mechanism and analysis enhancement factors
between 10* and 108 are quoted).?>°l Depending on shape and/
or material composition (Figure 4h), the near-field coupling can
also become polarization-dependent, which could be of interest
in chiral sensing applications.[322>7]

For larger separations between plasmonic nanostructures,
collective LSPR effects can take place via the far-field cou-
pling of diffracted scattering of neighboring nanoparticles
within their lattice (Figure 4i).32%%] Interestingly, this effect
can even occur for a sparse nanoparticle distribution, which
approximates to the dimension of the LSPR peak position A%,
and results in a strong and sharp resonance upon the LSPR
signal, commonly referred to as plasmonic surface lattice res-
onance, SLR.54259.260] The sharp (high Q-factor) resonance
can be achieved when individual plasmonic nanoparticles are
identical (i.e., same geometry and material composition) and
arranged with a regular distance near A*.21l Tt has been uti-
lized for selective light filtering,?¢¥ LSPR sensing to reduce
the FWHM (so high FOM),[263264 and recently, the photonic
lasing effect.[01265266] Furthermore, this SLR still occurs under
a chiral influence so gives rise to unique chiroptical lattice res-
onance, if the nanoparticles are chiral, for example, crescents
(Figure 4i).

5. Emerging Applications

Engineering hybrid plasmonic nanomaterials controls the
LSPR while incorporating additional functionalities. The fol-
lowing subsections highlight three recent key applications of
hybrid plasmonic nanomaterials, namely in photonic devices
(Section 5.1), biomedical applications (Section 5.2), and chi-
roptical spectroscopy (Section 5.3). The reader may consult
refs. [1, 11, 267-269] for other possible applications using
plasmonics.
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5.1. Nanophotonic Devices

Over the last few decades, several new nanophotonic devices
based on the LSPR have been developed including various
types of optical modulators, for example, filters,?’0*1 dif-
fusers,?#272253]  polarizers,”*?’l and wavelength (down
or up) converters, 2?6271 as well as components of opto-
electronic devices including lasers,©276.278-280] light-emitting
diodes,?8™-2%4 photodetectors, 2852881 and photovoltaics.?8-291
The advance in nanofabrication including GLAD helps to not
only improve their performance, but also diversify the applica-
tion domains ranging from high-end electronics to consumer
products.[283284292] Although there are many types of devices
involved in this context, they share several underlying physical
mechanisms. So, we here discuss them based on recent rep-
resentative LSPR-based photonic applications, namely optical
modulation (polarization, Figure 8a and energy, Figure 8b),
conversion to electrons (photodetection, Figure 8c,d), and
amplification (lasing, Figure 8e). The interested reader is
referred to refs. [1, 4, 78, 157, 293, 294] for further information
on photoelectric conversion and LSPR-based photonic devices.

The optical modulation using plasmonics is often based on
the shape complexity of the plasmonic nanomaterials (as seen
in the first row of the framework in Figure 4), where the optical
extinction at the LSPR depends on the wavelength and polariza-
tion state of the incident light. For instance, the longitudinal
LSPR mode is excited if the light polarization is parallel to the
structural long axis of plasmonic nanorods, whereas negligible
interaction occurs when the polarization is orthogonal.[*9>2%]
This simple mechanism applies to most LSPR-based optical
modulators, as seen in an example of Au gratings on a wrin-
kled polymer substrate (Figure 8a).?*] The simple GLAD pro-
cess (with control of the vapor flux angle) onto the wrinkled
polymer yields centimeter-scale Au nanogratings with the tun-
ability of the spatial distance (left panel of Figure 8a). Arising
from the dissimilar excitation of plasmonic modes due to the
anisotropy, the intensity and angle of light diffracted into dif-
ferent diffraction orders differ (right panel of Figure 8a). The
same modulation approach can be used for polarization-
dependent coloration. For example, the forest of slanted Ge
nanorods on a Au mirror can modulate colors across the whole
visible range in response to the linear polarization of the inci-
dent light,””®! which is potentially useful for holographic data
encryption!?>2297-2%] and display applications.2%:300-302]

An increase in the material complexity of plasmonic mate-
rials (as seen in the second row of the framework in Figure 4)
can enhance the performance of the optical modulator. For
example, plasmonic patches on lanthanide nanoparticles lead
to the superior efficiency of photon upconversion (i.e., the color
conversion from NIR to visible) compared to those supported
by the lanthanide nanoparticle alone (Figure 8b). Lanthanide
nanoparticles covered with Au can show plasmonic hotspots at
openings on the surface, and it is from there that photons are
concentrated, resulting in the enhanced photon upconversion
and extraction, while the details are still unclear since multiple
routes of upconversion can occur at the same time.[02]

Such plasmonic hotspots in the extremely small gap between
plasmonic elements, that is, metamolecules (as seen in the
third row of the framework in Figure 4), can also be used
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Figure 8. LSPR photonic devices. a) Au gratings on PDMS (SEM, left) and associated diffraction patterns under constant light illumination (right).

Reproduced under the terms of the CC-BY Creative Commons Attribution 4.0 International license (https://creativecommons.org/licenses/by/4.0).

[244]

Copyright 2021, The Authors, published by Wiley-WCH. b) Au/lanthanide Janus nanoparticles with different Au surface coverages (TEM, top) and asso-
ciated theoretical optical field enhancement and experimental upconverted light generation (bottom). Reproduced with permission.l®Z Copyright 2017,
American Chemical Society. c) Ag dimers with a graphene sandwich structure between them (SEM, left) and their associated photocurrent generation
in response to red (635 nm), green (535 nm), and blue (470 nm) light wavelength at 180 K. Reproduced with permission."l Copyright 2015, Wiley-
VCH. d) Ag-decorated VO, nanorods (TEM, left) and associated photoresistance. Reproduced with permission.[®¥l Copyright 2019, American Chemical
Society. e) Array of Au nanocrescents (SEM, top) and associated changes in charge distributions, LSPR spectra, and lasing emission spectra according
to direction of the linearly polarized light (middle and bottom). Reproduced with permission.®l Copyright 2019, Wiley-VCH.

for photoelectric conversion (Figure 8c).'33%3] The array of
standing Ag nanodimers with a graphene spacer (ca. 0.34 nm)
was fabricated by GLAD (left panel of Figure 8c) and used for
a 100-fold optical field enhancement, '}l leading to the plas-
monically enhanced photoresponse as high as 14.5 A W at
A = 280 nm, which corresponds to a 10 000-fold enhancement
over the photoresponse of native graphene.?’ The LSPR fea-
ture of Ag plasmonic nanoparticles can be also combined with
phase change materials, for example, VO, for enhanced pho-
toelectric conversion (Figure 8d). When the simulated solar
spectrum (AM 1.5G) is illuminated, the near-field enhance-
ment of the Ag nanoparticles leads to a change in the phase
of VO, from dielectric to the metallic state, resulting in a ten-
fold increase in conductivity.®¥ A similar mechanism can also
be observed with responsive polymers. 78131 For example,
plasmonic nanostructures are encapsulated within conductive
polymers (e.g., polyaniline,”7136241  poly(3,4-ethylene-dioxy-
thiophene),24>24.248]  polypyrrole, 24024304 and  poly(3,4-(2,2-
dimethylpropylenedioxy)thiophene)3%)), acting as electro-
chromic elements for future low power-driven reflective
displays?**->l and active holographic displays.*’!

In contrast, sparsely arranged plasmonic nanostructures
can generate far-field optical coupling and enhancement
(Figure 8e),l®l which could be another route to make active
plasmonics for photonic applications.[#:133136.265] For instance,
an array of nanocrescents gives rise to a polarization-dependent
plasmonic lattice resonance, that is, the long axis of the cres-
cents supports an additional higher mode, that is, quadrupolar
lattice mode, due to the broken symmetry in the structure.l*°!
The lattice resonance stems from the in-plane component of
the scattered light supported by individual plasmonic nano-
particles, which can be diffracted and trapped if the lattice
dimension of the nanoparticles matches the wavelength of the
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scattered light.3¥154 The trapped state of the light (in accord-
ance with the quadrupolar lattice mode, not the dipole lattice
mode, middle panel of Figure 8e) means efficient accumulation
of photons in the lattice and thus makes it possible to induce
photon emission stimulated by injecting trigger photons, that
is, lasing (bottom panel of Figure 8e). This nano-lasing mode
is not only switchable by changing the polarization of an
external light field,®” but can also be used to tune the color
by controlling the surrounding refractive index or lattice para-
meter.[133:205.266.307-309 \¥/e expect that such lasing effects can be
further engineered by increasing the complexity, for example,
metal alloys for enhanced scattering or incorporating additional
functionalities and/or reducing the symmetry (e.g., more ani-
sotropic or chiral) and that they find many potential applica-
tions, including in sensing and active displays.[?°131%311 Recent
advances in hybrid plasmonic systems and their large-scale
fabrication, often utilizing shadow growth methods, accelerate
the translation of current research activities into the industrial
domain for real-world applications.

5.2. Biomedical Applications

LSPR systems are valued for their strong optical response
and small size so they are important for various biomed-
ical applications, ranging from in situ disease detection
and diagnosis®?3" to noninvasive local surgery and treat-
ment, 181651683151 and recently actuation inside the human
body aiming for nanorobotics.l*331 Hybrid plasmonic nano-
materials grown by GLAD permit the combination of two or
more functions within a single nano-object, which is needed
in nanorobotic applications.?*>3”] Due to the broad range of
possible biomedical applications, we here focus on examples
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Figure 9. Hybrid plasmonic nanomaterials for biomedical applications. a) Au/Al,O3 Janus nanopen for the intracellular penetration via the photo-
thermal effect (left) and experimental observation of the nanopen penetration (right). Reproduced with permission.*l Copyright 2018, American
Chemical Society. b) Au/Fe;0, magneto-plasmonic Janus nanospheres for tissue fusion (left) and the experimental observation (right). Reproduced
under the terms of the CC-BY Creative Commons Attribution 4.0 International license (https://creativecommons.org/licenses/by/4.0).%1 Copyright
2016, The Authors, published by Wiley-VCH. c) Au/SiO, Janus nanoparticle and its simulated photothermal effect (left), and experimental motion in
water (right). Reproduced with permission.®l Copyright 2016, American Chemical Society. d) SiO, micro helix with Ag/Fe patchy at one end for mag-
netic propulsion with plasmonic trapping (top) and corresponding experimental demonstration for active cargo delivery (bottom). Reproduced with
permission.l®3 Copyright 2018, The Authors, published by American Association for the Advancement of Science.

that benefit from GLAD-grown hybrid plasmonic nanomate-
rials. The first is the photothermal effect for cell penetration
(Figure 9a) and fusion (Figure 9b) as well as the actuation of the
nanoparticle (Figure 9c). The next is the optical force to be used
as a tweezer for active cargo delivery with self-propelling micro
actuators (Figure 9d). We refer the reader to refs. [205, 316, 318]
for more comprehensive general reviews on the plasmonics
for biomedical applications including sensing, imaging, drug
delivery, and hyperthermia.

Excitation of a metallic nanoparticle at the LSPR generates
heat via the Joule effect, known as plasmonic heating, and the
increase in the temperature is proportional to the light absorp-
tion.[®3] The Janus-type plasmonic nanopen composed of a Au
nanosphere connected to a dielectric (Al,03) handle (Figure 9a)
generates heat only at the plasmonic tip, enabling the entire
nanopen to drill through the cell membrane of a living cell
while maintaining a cell viability of over 75% (right panel of
Figure 9a).3Y The handle-like body can be chemically function-
alized with DNA. Injection of the nanopen into a cell with an
optical tweezer, then permits DNA to be directly inside a living
cell, as the handle stays cold. The plasmonically heated nanotip
opens a pore in the membrane and thus permits the spatially
controlled injection of genetic material with an untethered
nanocarrier, which is potentially useful for future applications
in cell transfection or sensing.l'%331% Different hybrid magneto-
plasmonic Janus particles have been used as a glue to suture
wounds in a living mouse (Figure 9b). An external magnetic
field drags and localizes the Janus particles near the area of the
physical wound, and heat is generated by the NIR light exciting
the LSPR of the plasmonic particle. In vivo applications can be
envisioned due to the long penetration depth through skin and
tissue of NIR light. Plasmonic heating initially causes blood
aggregation near the Janus particle, resulting in blood coagu-
lation to prevent excessive bleeding, and further aids the syn-
thesis of collagen, ultimately accelerating the healing process.
The long-term stability of the nanoparticles (i.e., toxicity and
biodegradability) still needs to be addressed.

It is also possible to realize self-propelling microparticles with
hybrid plasmonic structures. The LSPR-driven photothermal
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mechanism can be combined with plasmonic nanoparticles that
are anisotropic or that possess low symmetry, such that light
absorption generates a nonuniform thermal profile around the
particle. The temperature gradient across the particle induces
fluid flows and the particle moves. Termed self-thermophoresis,
the particles’ motion now has an additional active ballistic com-
ponent in addition to its Brownian motion.’™ For example, a
Janus nanoparticle whose core is a glass (SiO,) sphere coated
with a Au cap at one hemisphere can generate thermal gra-
dient surrounding the nanoparticle under NIR light irradiation
matching to the LSPR peak (left panel of Figure 9c), leading
to the propulsion of the nanoparticle with the maximal velocity
of =18 pm s™ in water (right panel of Figure 9¢c).’® If the
SiO, core is mesoporous, it can simultaneously act as a cage
to carry drug molecules such as doxorubicin, gemcitabine,32’!
and cisplatin.??l Another intriguing example of LSPR for actu-
ation is optical force-driven actuation,?2Z which could benefit
from GLAD-grown nanomaterials.[32232%] For example, a pair
of asymmetric Au nanorods with different lengths (130 and
175 nm) on a substrate generates strong optical near-field cou-
pling and induces directional scattering which can push the
entire object forward.[324

One advantage of helical or rod-shaped tiny nanomachines
is that in complex biological fluids, which is often a non-
Newtonian viscoelastic environment, 3%/ propulsion experi-
ences less hindrance if the cross section is smaller than the
mesh size of the macromolecular network of the medium.3?]
The nanoparticles can then move in the fluid in the pores,
which at this small scale then behaves as a simple Newtonian
fuid.3326328] Various types of forces, including optical 322330
magnetic,?3333 acoustic,3*3% catalytic,3**3*] and thermal
forces342-34] are used to drive the motion of the nanoparti-
cles. Among them, the most advanced scheme with the pros-
pect for biomedical applications is a magnetic force driven
actuation of micro/nanohelices. The body of the helix can be
made from a variety of materials including oxides (SiO,) and
one section typically contains a ferromagnetic material for mag-
netic actuation (top panel of Figure 9d). The magnetic moment
should be orthogonal to the long axis of the helix, such that an
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externally applied rotating magnetic field can rotate the helix,
which then translates due to rotation—translation coupling.3¢3l
These micro/nano helices can be functionalized to propel in
mucus,?*! living cells,?*! and pig eyes.'”] Most recently, it
has been shown that a biocompatible magnetic material that at
the same time is a hard ferromagnet with a record magnetiza-
tion, namely FePt in the L1, phase, can also be incorporated in
hybrid nanostructures via GLAD.PY

The nanomachines can also be decorated with plas-
monic nanoparticles to optically trap and release a payload
(Figure 9d).%% The alternately deposited Fe and Ag structures
at the neck part of the helix are used for magnetic propulsion
and at the same time give rise to optical near-fields that exert an
optical force on bacteria and liposomes when illuminated. The
goal of actively propelling hybrid structures is targeted delivery,
which has many potential benefits over traditional systemic
passive diffusion-based drug delivery in the body.**’!

5.3. Chiroptical Spectroscopy and Chiral Sensing

Chirality plays an important role in biology and chemistry, and
most newly approved pharmaceutically active compounds are
chiral (handed). The foremost technique to distinguish the
two mirror-image forms of a chiral molecule is optical. Chi-
roptical spectroscopy relies on the differential interaction of
chiral (handed molecules) with handed or left- and right-cir-
cularly polarized light. A difference in the absorption of left-
and right-circularly polarized light is known as CD,!*”] which
can also be detected as fluorescence-detected CD,**®l or when
the resonances are vibrational as vibrational CD.B*! Corre-
sponding differences in the real part of the refractive index are
observed as optical rotation, and its variation with wavelength
as optical rotatory dispersion,”" and for vibrational resonances
as Raman optical activity.?>@ All of these optical effects rely
on a change of the light’s electric (and magnetic) field across
the molecule. Hence, these effects are small as the wavelength
of light is many orders of magnitude larger than a molecular
dimension.l”!! Nanostructures that are chiral therefore show
much larger effects. In addition, plasmonic chiral nanostruc-
tures benefit from stronger light-matter interactions at the
plasmon resonance frequency. Both effects greatly amplify
the chiroptical response.*>'-3*] The reader may want to con-
sultl37169.171.257.357.358] for comprehensive reviews of chiral plas-
monics and spectroscopy, also for an ongoing discussion on the
underlying physical mechanisms.!

Plasmonic nanostructures show strong scattering effects,
which permits the observation of a single nanoparticle using a
dark-field spectroscopy.”3¢0:3¢1 Analyzing the difference of the
scattering response to circularly polarized light underlies single
particle chiroptics. The corresponding circular differential scat-
tering intensity (CDSI), defined as!3%?

cps = LIk (5)
I +1y

where I} and Iy are the intensities of scattering from the nano-
particle in response to, respectively, left- and right-circularly
polarized light (Figure 10a). The spectra from a single chiral
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plasmonic nanoparticles including oligomers”?l and heli-
coids®® are successfully observed using this method. One
difficulty is that often the nanostructures are positioned on a
substrate, which complicates the interpretation, as the sensi-
tivity to circularly polarized light may not only stem from the
particles’ intrinsic chirality, but also from the particle’s orienta-
tion on the substrate.37:36436]

Shadow-grown chiral GLAD structures, including cres-
cents, " hooks,1?’! and helices (shift from left to right in the
framework in Figure 4),5%1933%] can also be used in suspen-
sion.[#235460172] A colloidal suspension of plasmonic nano-
helices can serve as a reference sample to ensure a setup that
measures the intrinsic chirality of the structures and not a geo-
metrical artefact.’”) In dilute suspensions (typically, pico-molar
concentration) where the interparticle separations are large, the
chiral nanoparticles independently undergo Brownian motion
and thus maintain random orientations in space.”” The chiral
plasmonic response in such an isotropic state is given by the
average response across all possible nanoparticle orienta-
tions, that is, the ensemble-averaged CDSI (bottom panel of
Figure 10b).>” Interestingly, a single particle in solution will
over time also sample all orientations in space. Hence, the
time average of the CDSI of a single particle over a sufficiently
long period (seconds) yields the same result as an ensemble
measurement over a large number of particles (top panel of
Figure 10b).5) It follows that the average of the time-series
of CDSI spectra can be used to unequivocally determine the
intrinsic chirality of a single nanoparticle in solution (without
any geometrical artefacts). Recently, this has been demon-
strated using a 200 nm long single 2-turn Au nanohelix.>’)

Strong chiral nanoscatters also permit the observation
of optical activity in nonlinear optical processes, where for
instance n photons at the fundamental wavelength are anni-
hilated to produce a single photon at the wavelength A/n."%
Recently, shadow-grown chiral Ag nanohelices have permitted
the observation of chiroptical effects®®7?l that have been
predicted a long time ago,?*’3%] but could not be observed
with molecules. A colloidal suspension of Ag nanohelices
is illuminated with a laser and the scattered light is detected
(Figure 10c). This platform is currently able to observe the
optical activity of higher-order harmonic scattering signals,
the second (n = 2, Figure 10d)° and third (n = 3) harmonics
thus far.”2l New effects and higher harmonics can possibly
be detected by engineering the material complexity of the
scatterers to amplify and tune their LSPR signal (shift from
top to bottom in the framework in Figure 4)20>30 as well as
their shape, for example, increasing the number of turns in
the helix can enhance the chiroptical signal (shift from left to
right in the framework in Figure 4).>¥ These advances in chi-
roptical spectroscopy with the possibility of accessing the true
chiral signature of a single nanoparticle in solution promise a
new robust platform for chiral sensing and spectroscopy due
to the following two reasons.’>V733%3 First, the spectroscopy
of a freely diffusing nanoparticle has the advantage that the
Brownian motion provides a rotationally averaged spectrum
that is free from birefringence artefacts and thus a measure of
the “true” chirality. In contrast, particles immobilized on a sub-
strate can lead to additional optical artefacts, for example, linear
birefringence and dichroism. This can easily mask any chiral
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Figure 10. Single nanoparticle chiroptical spectroscopy. a) Circular differential scattering intensity, CDSI spectroscopy consisting of a dark-field con-
denser, quarter-wave plates (QWP), Wollaston prism (WP) polarizer, and b) measured CDSI spectra of single nanohelices averaged over time (upper)
and averaged in an ensemble (lower). a,b) Reproduced under the terms of the CC-BY Creative Commons Attribution 4.0 International license (https://
creativecommons.org/licenses/by/4.0).%) Copyright 2020, The Authors, published by Springer Nature. c) Nonlinear (second or third harmonic genera-
tion) chiroptical scattering spectroscopy. Reproduced under the terms of the CC-BY Creative Commons Attribution 4.0 International license (https://
creativecommons.org/licenses/by/4.0).172 Copyright 2021, The Authors, published by Wiley-VCH. d) Measured spectra of second harmonic scattering
intensity excited by a 720 nm (blue) and a 780 nm (red) laser. Reproduced under the terms of the CC-BY Creative Commons Attribution 4.0 International
license (https://creativecommons.org/licenses/by/4.0).°% Copyright 2018, published by American Physical Society.

interactions or perturbations. Second, a low limit of detection is
aided by the ability to observe a small number of nanoparticles,
as the volumes are then minimal. Since measuring the plas-
monic resonance of a single nanoparticle is now possible, this
will aid the detection of very few analyte molecules.

6. Conclusion

PVD in the form of shadow growth, and in particular GLAD,
has enabled the wafer-scale fabrication of hybrid nanostructures
with nanoscale (=10 nm) structural resolution, with multiple
functionalities, including plasmonic, magnetic, and catalytic
ones, potentially containing multiple materials and exhibiting
tailored 3D shapes. Composites, alloyed, multilayered, and/
or encapsulated structures can all be grown with ease. These
hybrid nanostructures would be difficult to realize with any
other existing method.

This review shows that increasing degrees of complexity
can be achieved in the shape, ranging from highly symmetric
structures to chiral ones including those without any sym-
metry. A feature of the shadow growth is that the structures
tend to be highly uniform and that they are obtained without
any chemical impurities or stabilizing molecules. In addition,
we classify the hybrid nanostructures according to their mate-
rial composition, which can result in Janus, core/shell, and
alloyed particles (Figure 4). It is not only possible to engineer
the properties of isolated nanostructures, but the same tech-
niques also facilitate the arrangement of nanostructures, which
gives rise to additional coupling phenomena. We describe
nine representative structures whose shapes and composi-
tions describe the range of systems that can be obtained as
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well as the associated LSPR properties. Engineering the inter-
actions and the environment of the plasmonic nanostructures
determines the optical response across different length scales,
ranging from quantum plasmonics to far-field synchronized
lattice extinction effects. Furthermore, material engineering not
only advances the LSPR performance used for well-established
applications including spectroscopy and sensing, but also ena-
bles novel applications including for nanophotonics and robotic
materials and devices. Shadow growth is particularly suited for
the exploration of new complex material systems. We have fur-
ther discussed how novel physical and chemical properties of
hybrid plasmonic nanomaterials can be engineered and how
they enable emerging applications, such as single particle chiral
spectroscopy for sensing, as well as nanophotonic devices for
future displays and biomedical nanorobotics.

We see a major advantage in physical shadow growth in that
it facilitates the high throughput generation of novel material
systems.’7!l This will enable the screening of candidate mate-
rials and structures and lends itself to combinatorial materials
discovery. Material libraries of hybrid plasmonic nanomaterials
will be helpful for instance in determining catalytic activity,
chemical stability, or biocompatibility, where not only the com-
position, but also the shape are important factors that need to
be considered. It will be advantageous if one at the same time
also establishes standard operating procedures for nanomate-
rial screening and testing and if this data is shared in open-
access databases. We anticipate that the nanoscale physical
shadow growth will become a major tool in materials discovery
and that range of exciting applications for tailored novel hybrid
plasmonic nanomaterials continues to steadily increase, as it
is clear that shape and materials composition underlie many
important effects and properties at the nanoscale.
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