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“There is a long way between chaos and creation”
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Abstract
Atoms change their optical properties drastically when combined into molecules or crystals. This
becomes evident when comparing isolated carbon atoms with their solid-state polymorphs graphite and
diamond. Plasmonic meta-surfaces adopt this concept to design the optical properties of thin films at
will. In analogy to natural materials, the optical response of a meta-surface is dictated by the arrangement
and plasmonic coupling (hybridization) of sub-wavelength metallic objects, so-called meta-atoms,
rather than by the individual components. Although traditional direct writing approaches offer a high
degree of freedom in design of nanostructures, reconfiguration of meta-atoms is usually limited.
Especially their spatial rearrangement remains a huge challenge. Postfabrication tunability, however,
would be crucial to advance device miniaturization and optical computing, by introducing dynamically
tunable optics and optical switches.
This thesis investigates colloidal assembly as a cost-efficient approach to fabricate meta-surfaces on
cm²-areas whose optical properties can be tuned by geometrical reconfiguration. Hydrodynamic fields
and topographical templates guide the deposition of colloidal nanoparticles with precise orientational
and/or positional control. In the course of this work, the level of particle assembly complexity is
successively increased to realize 1-, 2-, and 3-dimensional (1D, 2D, 3D) plasmonic assemblies. Strongly
correlated with assembly geometry, different aspects of light are controllable. (I) 1D alignment of silver
nanowires (AgNWs) produces differential transmission for linear polarization states (linear dichroism).
(II) Single particles in a 2D square array interact coherently to produce a sharp, so-called surface lattice
resonance (SLR). This effect confines strong electromagnetic fields in the lattice plane, which is
promising for plasmonic lasing. (III) 3D chiral, cross-stacked particle chains control the transmission of
circular polarization states (circular dichroism, CD).
The unique advantages of colloidal assembly are demonstrated. (I) Spray coating allows rapid
deposition of oriented AgNWs over large areas and is compatible with roll-to-roll processing.
Employing wrinkle-structured receiver substrates, gradients of continuously varying linear dichroism
are feasible in a single step. (II) Capillary assembly is able to realize ~1 nm inter-particle spacing, which
is not achievable by conventional top-down lithographical methods. The small spacing enhances interparticle plasmon coupling and boosts CD in cross-stacked, chiral particle chains, as presented in this
thesis. (III) Such hierarchical and restackable, chiral structures make large volumes of superchiral fields
accessible for ultrasensitive, enantioselective detection of analytes. This is in vast contrast to stacked
nanobars produced via lithography where the most pronounced fields in the inter-layer gap are blocked
by the presence of spacing layers.
A central focus of this thesis is the postfabrication reconfiguration of the systems presented. This insitu tunability is realized by elastic and reversibly stackable templates. (I) Uniaxial, mechanical strain
converts the 2D square lattice into a rectangular one. This splits the SLR into two polarization-dependent
modes whose resonance position is shifted reversibly when load is applied. (II) The cross-stacked, chiral
particle chains are restackable. This allows adjustment of the stacking angle to tune CD magnitude and
sign. (III) Reversible compression of this chiral stack induces a bending of the chains to shift the spectral
position of CD modes. In a proof of concept, locally varying compression is shown to create a gradient
of CD response as important step towards on-chip CD spectroscopy.
i

Abstract

Overall, this thesis (I) tests the limits of colloidal assembly by going from single-particle arrays to
complex 3D arrangements; (II) explores geometrical reconfiguration of these plasmonic nanostructures
to tune pronounced optical effects. The strategies presented herein can be extended to other colloidal
particle shapes and materials. Moreover, the concepts of restackable meta-surfaces and local
compression for tuning optical response open an intriguing playground and might inspire top-down
approaches as well.
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Kurzfassung
Atome ändern ihre optischen Eigenschaften drastisch, wenn sie sich zu Molekülen oder Kristallen
vereinigen. Dies wird deutlich, wenn man isolierte Kohlenstoffatome mit ihren Festkörperpolymorphen
Graphit und Diamant vergleicht. Plasmonische Meta-Oberflächen übernehmen dieses Konzept, um die
optischen Eigenschaften dünner Schichten nach Belieben einzustellen. In Analogie zu natürlichen
Materialien wird die optische Antwort einer Meta-Oberfläche durch die Anordnung und plasmonische
Kopplung (Hybridisierung) metallischer Mikro- und Nano-Objekte, den sogenannten Meta-Atomen,
bestimmt und kann sich stark von den Eigenschaften der Einzelkomponenten unterscheiden. Obwohl
traditionelle Direktschreibverfahren ein hohes Maß an Gestaltungsfreiheit in der Nanostrukturierung
bieten, ist die Rekonfiguration von Meta-Atomen in der Regel begrenzt. Vor allem ihre räumliche
Neuordnung bleibt eine große Herausforderung. Eine Durchstimmbarkeit auch nach der Herstellung zu
gewährleisten wäre jedoch entscheidend, um die Miniaturisierung von Geräten und die Realisierung
optischer Computer—durch die Einführung dynamisch durchstimmbarer optischer Bauteile und
optischer Schalter—voranzutreiben.
Diese Dissertation untersucht kolloidale Assemblierung als kostengünstigen Ansatz zur Herstellung
von Meta-Oberflächen im cm²-Maßstab, deren optische Eigenschaften durch geometrische
Rekonfiguration durchgestimmt werden können. Hydrodynamische Felder und topographische
Template steuern die Ablagerung kolloidaler Nanopartikel mit präziser Orientierungs- und/oder
Positionskontrolle. Im Verlauf dieser Arbeit wird die Komplexität der Partikelanordnung sukzessive
erhöht, um 1-, 2- und 3-dimensionale (1D, 2D, 3D), plasmonische Anordnungen zu realisieren. Eng
verbunden mit der Anordnungsgeometrie können verschiedene Aspekte des Lichts gesteuert werden. (I)
Die 1D-Ausrichtung von Silbernanodrähten ruft unterschiedliche Transmission für lineare
Polarisationszustände hervor (linearer Dichroismus). (II) Einzelpartikel in einem quadratischen 2DKristall wechselwirken kohärent, was eine scharfe, sogenannte Oberflächengitterresonanz (surface
lattice resonance) erzeugt. Dieser Effekt konzentriert starke elektromagnetische Felder in der
Gitterebene, was ihn für plasmonische Laser interessant macht. (III) 3D-chirale, über Kreuz geschichtete
Partikelketten beeinflussen die Transmission zirkularer Polarisationszustände (zirkularer Dichroismus).
Die einzigartigen Vorzüge der kolloidalen Assemblierung werden aufgezeigt. (I) Die
Sprühbeschichtung ermöglicht eine rasche Abscheidung orientierter Silbernanodrähte auf großen
Flächen und lässt sich mit kontinuierlicher Fertigung (Rolle-zu-Rolle) verbinden. Mit Hilfe
faltenstrukturierter Substrate können Gradienten mit kontinuierlich variierendem Lineardichroismus in
einem einzigen Schritt erzeugt werden. (II) Partikelanordnung mittels Kapillarkräften ermöglicht
Partikelabstände von ~1 nm, was mit herkömmlichen, lithographischen Methoden nicht erreichbar ist.
Dieser geringe Abstand verbessert die Plasmonenkopplung zwischen den Partikeln und verstärkt den
Zirkulardichroismus in gekreuzten, chiralen Partikelketten, wie in dieser Arbeit vorgestellt wird. (III)
Solche hierarchischen und wiederholt stapelbaren, chiralen Strukturen machen große Volumina an
superchiralen Feldern für Analytmoleküle zugänglich, was deren ultrasensitive, enantioselektive
Detektion ermöglicht. Dies steht in starkem Gegensatz zu gestapelten, lithographisch hergestellten
Nanostäbchen, bei denen die stärksten Felder im Zwischenschichtspalt durch die Anwesenheit von
Abstandsschichten versperrt bleiben.
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Kurzfassung

Ein zentrales Thema dieser Arbeit ist die Rekonfiguration der vorgestellten Systeme im Anschluss
an deren Fertigung. Diese in-situ-Durchstimmbarkeit wird durch elastische und reversibel stapelbare
Template realisiert. (I) Mechanische Deformation entlang einer Achse überführt den quadratischen 2DKristall in einen rechteckigen. Dadurch wird die Oberflächengitterresonanz in zwei
polarisationsabhängige Moden aufgespalten, deren Resonanzposition unter Krafteinwirkung reversibel
verschoben wird. (II) Die über Kreuz gestapelten, chiralen Partikelketten sind wiederholt stapelbar. Dies
ermöglicht die Anpassung des Stapelwinkels, um die Stärke und das Vorzeichen des
Zirkulardichroismus einzustellen. (III) Reversible Kompression dieses chiralen Stapels verursacht ein
Verbiegen der Ketten und verschiebt so die spektrale Position der zirkulardichroitischen Moden. In einer
Machbarkeitsstudie konnte gezeigt werden, dass lokal variierende Kompression einen Gradienten des
Zirkulardichroismus hervorruft. Dies stellt einen wichtigen Schritt in Richtung Ein-Chip-Spektroskopie
dar.
Diese Arbeit (I) lotet die Grenzen der kolloidalen Assemblierung aus, indem sie von EinzelpartikelAnordnungen zu komplexen 3D-Arrangements übergeht; (II) untersucht die geometrische
Rekonfiguration dieser plasmonischen Nanostrukturen, um ausgeprägte optische Effekte zu modulieren.
Die hier vorgestellten Strategien können auf andere kolloidale Partikelformen und -materialien
übertragen werden. Darüber hinaus bereiten die Konzepte wiederholt stapelbarer Meta-Oberflächen und
der lokalen Kompression zum Einstellen der optischen Eigenschaften eine faszinierende Spielwiese.
Auch der Top-Down-Fertigung könnten diese Ansätze als Blaupause dienen.
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1 Introduction
Nanoscience is a highly active research area because of its potential to tackle challenges of our modern
society. For example, nano-enhanced solar energy conversion, wastewater treatment, and environmental
monitoring fight global warming and environmental pollution.1,2 In biomedical applications, tailored
nanomaterials were demonstrated to improve diagnostic accuracy and reduce side effects in therapy.
This is enabled by ultrasensitive (multiplexed) detection of biomarkers and pathogens as well as targeted
drug release, to name but a few.3
These applications significantly benefit from the highly controlled and pronounced light–matter
interaction provided by metal nanostructures.4 The light-driven excitation of collective electron
oscillations—so-called localized surface plasmon resonance (LSPR)—confines strong electromagnetic
fields to sub-diffraction-limited volumes. This facilitates ultrasensitive detection in biosensing,5,6 and
super-resolution applications.7 Furthermore, plasmon-induced charge separation attracts much attention
in the pursuit of solar fuel generation8 and efficient solar cells.9
Plasmonic nanostructures have the virtue of tailorable optical properties—as defined by choice of
material, size, shape, and arrangement of their sub-diffractive building blocks. This is exploited
excessively in the field of meta-surfaces where tailoring of particle arrays facilitates manipulation of
light amplitude, phase, and polarization state.10,11 The thin-film nature of such arrays significantly
reduces device fingerprint and holds great potential for on-chip optical spectrometers,12 dense data
storage,13 plasmon nanolasers,14 and wave-based analogue computing.15
Conventionally, plasmonic meta-surfaces are fabricated via electron beam and focused ion beam
lithography.16 These direct-writing processes allow high versatility in array design for convenient
screening of geometrical parameters in fundamental research. However, they are time-consuming, costly
and demand sophisticated equipment. Therefore, scaling up beyond cm²-areas remains difficult.
Moreover, fabrication of complex hybrid or 3D structures imposes a major challenge. Although 3D
electron beam lithography keeps evolving,17–19 the large number of processing steps required hampers
their practical use.
This thesis employs colloidal assembly that solves these limitations.20 Here, plasmonic particles with
well controlled size, shape, and composition21—synthesized in large volumes—serve as building blocks
in (non-)close-packed nanoparticle lattices or hierarchical nanoparticle arrays.22–25 In addition to the
cost-efficient production, the monocrystalline structure of the wet-chemically produced nanoparticles
reduces plasmon damping. Furthermore, the inter-particle spacing is controlled by the ligands used and
can be as small as 1 nm,26 as compared to ~5 nm achievable by electron beam lithography.16 This
facilitates strong plasmonic coupling accompanied by more pronounced and more sensitive coupled
resonances.
Static meta-surfaces can act as polarization gratings or pixel-based color filters to realize
polarimetry27,28 or detect molecular fingerprints29 without the need for bulky spectroscopic setups.
Nevertheless, dynamically tunable systems open up new horizons in the field of light manipulation30—
well beyond continuous polarization engineering and spectral filtering. This motivates intense research
for advanced data encryption,31 complex structuring of light,30 and broad-band optical computing.15
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Active plasmonic meta-surfaces dynamically tune the plasmon resonance by controlled change in
surrounding index of refraction, charge carrier density, and inter-particle separation.30,32 For refractive
index tuning, the applied triggers include electrical, magnetic, electrochemical and thermal stimulation
of the surrounding medium. In contrast, driving large variation in particle spacing often relies on
responsive hydrogels whose response rate is diffusion limited.33,34 As a valuable alternative, mechanical
deformation provides real-time tunability.35 Applying macroscopic strain to an elastomeric foundation
or matrix hosting the meta-surface building blocks allows for reversible adjustment of inter-particle
spacing36–38 and lattice type39 with directional control.40 This strategy has proved useful for in-situ tuning
of structural colors,41 surface-enhanced Raman scattering,42 and nanolasing efficiencies,36 as well as for
strain-multiplexed holograms.43 Mechanical modulation represents a universal tuning scheme that
accepts a huge variety of meta-surface designs and enables large real-time displacement of plasmonic
building blocks. Therefore, it is the perfect candidate to achieve considerable optical tuning in 2D and
3D assemblies studied within the framework of this thesis.
In the course of this work, colloidal assemblies with increasing structural complexity are constructed
to achieve optical gradients and mechanical control over collective plasmon resonances. To this end, the
choice of deposition method—namely, grazing incidence spraying44 (GIS) and capillary assembly45—
as well as template design provide orientational and/or positional control in particle placement. That
way, thin films of 1D aligned AgNWs, 2D square lattices of single gold nanospheres, and 3D chiral,
cross-stacked particle chains are fabricated, as summarized in more details in Chapter 2. As tunable
polarization optics and light concentrators, they foster device miniaturization. Moreover, sharp
resonances and superchiral fields hold great potential for ultrasensitive (chiral) molecular detection. In
general, simple, scalable fabrication and strong optical effects underline the importance of colloidal
assembly for novel nanoplasmonic devices. The innovative strategy of mechano-tunable 3D assemblies
via macroscopic stacking of arrays introduced in this thesis serves as a new design idea readily adoptable
to both bottom-up and top-down approaches. Furthermore, local, strain-induced manipulation of optical
properties, shortly explored, unfolds an intriguing road towards on-chip spectrometers.
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2 Synopsis
This thesis explores a scalable route to inscribe unique optical properties on macroscopic areas. To this
end, noble metal nanoparticles are precisely arranged on the nanoscale to produce so-called plasmonic
meta-surfaces. As compared to traditional lithographic approaches, directed colloidal assembly benefits
from less plasmonic damping and strong inter-particle coupling, as a result of monocrystalline, colloidal
building blocks, and exceptionally small particle separation in close-packed assemblies—inaccessible
by electron beam lithography.
The colloidal approach employed in this work opens possibilities in designing gradients of optical
effects and enables postfabrication tuning of plasmon resonances. The latter one is realized by applying
mechanical strain to the elastomeric matrix embedding the particle assemblies. As an alternative for insitu optical modulation, reversible restacking of meta-surfaces facilitates inversion of nanoarrangement
chirality and corresponding chiroptical response. This innovative strategy combines strong optical
effects of dense plasmonic arrays and flexible tuning in the visible and near-infrared (vis-NIR) range by
geometrical reconfiguration that otherwise is limited to dilute solutions of colloidal assemblies. The
systems investigated in this work hold great potential as tunable thin-film polarizing optics, strain and
molecular sensors. Therefore, the detailed characterization of colloidal assembly yield, optical tuning
range, and nanoscopic origin of the optical effects represent a crucial part of this study.

Figure 2.1 | Plasmonic nanostructures with increasing structural complexity explored in this thesis. Spraydirected, 1D alignment of silver nanowires (left), fabrication of single-nanosphere 2D square lattices (center), and 3D
chiral, cross-stacked particle chains (right). In the latter case, left-handed (LH) and right-handed (RH) stacks represent
two possible enatiomorphs as non-superimposable mirror images.

In the course of this thesis, meta-surface architectures with increasing structural complexity are
fabricated (Figure 2.1). Appropriate design of topographical templates and the introduction of bilayer
meta-surfaces guide this conversion. That way, control over linear and circular light polarization with
expanding modulation capabilities is achieved. Chapter 5 investigates how parallel surface corrugations
improve the shear-mediated, 1D alignment of AgNWs via spray coating. The orientational order on the
nanoscale generates optical (and electrical4) anisotropy on macroscopic areas. Chapter 6 introduces
positional order to fabricate 2D square lattices of single, spherical nanoparticles. Matching the lattice
periodicity with the single-particle plasmon resonance efficiently confines strong electromagnetic fields
in the lattice plane and produces a sharp SLR. This effect can be exploited for nanolasing in gain media5
and ultrasensitive refractive index sensing.6 Chapter 7 combines orientational and positional order to
fabricate chiral 3D nanoarrangements. To this end, two arrays of particle chain arrays on compliant
substrates are cross-stacked at oblique angles. Depending on the sign of the stacking angle, two
enantiomorphs as non-superimposable mirror images are created. One displays a left-handed (LH) twist
while the other one is right-handed (RH). Despite the macroscopic stacking procedure, the elastic
5

2 Synopsis

substrates ensure small inter-particle spacing. This results in strong intra-chain and inter-layer plasmonic
coupling to produce outstanding CD—i.e., differential extinction of left and right circularly polarized
(LCP and RCP) light. As unique benefit of the restackable bilayer design, the strong superchiral fields
in the inter-layer gap are accessible for analyte molecules to facilitate ultrasensitive enantioselective
detection, as proved in a proof-of-concept experiment.
The leitmotif of this work is the tunable control over optical properties. Although Chapter 5 shows
that spraying of AgNWs perpendicular to surface corrugations generates a gradient in linear dichroism,
this system is static. Conversely, the remaining systems take advantage of the elastic templates to
achieve dynamic control of optical response. In-plane mechanical strain gradually and reversibly
transforms the square lattice from Chapter 6 into a rectangular one. The presence of two distinct
periodicities in this active system yields two separate SLRs that continuously shift apart with increasing
strain. Using a linear polarizer, the individual modes can be selected. In Chapter 7, compression normal
to the chiral bilayer induces a bending of the particle chains to induce a spectral shift of CD modes.
Furthermore, the chain arrays making up the chiral bilayer are easily restackable at different stacking
angles. This allows for modulation of CD magnitude and sign.
In summary, this thesis investigates several assembly architectures realized via colloidal assembly.
Precise particle arrangement generates distinct plasmonic resonances that are mechano-tunable
(Chapters 6 and 7). Chapters 3 and 4 provide the theoretical foundation for this pursuit and discuss the
status of the field. For the successful and selective assembly, it is crucial to control particle–particle and
particle–substrate interactions. Therefore, Chapter 3 explains fundamental interfacial forces to describe
colloidal stability and wetting phenomena. Moreover, it gives an overview on colloidal assembly
techniques and template fabrication. Chapter 4 is dedicated to light–matter interactions, namely the
light-driven excitation of electron-oscillations in metal nanoparticles—i.e., LSPR. Starting from singleparticle plasmonic properties, near- and far-field coupling are discussed. This part concludes with the
special case of chiral plasmonic structures and reviews strategies for achieving dynamic modulation of
optical properties, focusing on mechano-tunability. The findings of my studies are presented in Chapters
5 through 7 and will be briefly summarized in the following.

2.1 Grazing Incidence Spraying of 1D Aligned Silver Nanowires
Chapter 5 investigates how parallel surface corrugations improve the unidirectional alignment of
AgNW monolayers prepared via GIS. In this technique, spray droplets of nanoparticle suspension hit a
receiver substrate at an angle of ~15°. The shear forces—arising from the impact and the sliding motion
of the droplets—orient shape-anisotropic particles parallel to the spraying direction. This orientation is
fixated by fast electrostatic immobilization of the nanoparticles on the substrate coated with
polyelectrolytes of opposite charge.
Although GIS facilitates rapid, oriented particle coating over large areas and accepts a huge variety
of elongated nanoparticle materials,4,7,8 it suffers from two limitations. (I) Because of the conical shape
of the spray, the predominant direction varies across the deposited monolayer, reflecting the opening
angle of the spraying cone.8 (II) Good orientational control is restricted to high aspect ratio nanoparticles.
Consequently, AgNWs (length-to-diameter aspect ratio, AR ~110) were demonstrated to produce highly
oriented thin films via GIS, as characterized by a high 2D nematic order parameter of 𝑆𝑆2D = 0.83 (unity
for perfect orientation).4 In contrast, spray coating of gold nanorods (AR ~7) produced poor order (𝑆𝑆2D
= 0.15).4
6
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Figure 2.2 | Robust, wrinkle-enhanced alignment of AgNWs. a, b, False-colored SEM images representing the
orientation of AgNWs sprayed parallel (a) and at 45° relative to the wrinkle orientation (b). The inset schematic highlights
the impact point (blue circle) and the spraying direction (blue arrow, gray spraying cone) relative to the wrinkles (white)
and depicts the measurement spot as red square. Scale bar, 5 µm. Figures adapted with permission from ref. 2, © 2017
ACS.

Introducing parallel surface corrugations improves the long-range orientation of AgNWs and
enhances the alignment of small AR gold nanorods (Chapter 5). This study was carried out in
cooperation with Pauly, Decher, and co-workers and improves their results on flat surfaces from ref. 4.
Strain-induced mechanical buckling in a stiff surface layer on a compliant substrate produced parallel
surface wrinkles on cm²-areas with periodicity around one micron and depth of few hundred nanometers.
This surface topography has a strong impact on the alignment via GIS. (I) The parallel grooves redirect
the flow of the spraying droplets and reduce turbulences. (II) The rough, anisotropic surface topography
favors adsorption of shape-anisotropic nanoparticles along the features to maximize the contact area.
This increased the order parameter 𝑆𝑆2D up to 0.98 on the wrinkled surface and expanded the area over
which AgNWs were highly oriented. Figure 2.2a depicts a representative, false-colored scanning
electron microscopy (SEM) image for AgNWs sprayed parallel to the surface corrugations (see also
schematic inset). The angular deviation from orientation parallel to the wrinkles (red) is very small. Only
in surface defects (cracks orthogonal to the wrinkles), AgNWs are oriented in perpendicular direction
(blue). Varying the in-plane spraying angle relative to the wrinkle orientation from parallel (0°) to
perpendicular (90°) proved robust alignment of AgNWs parallel to the wrinkles. Indeed, the surface
corrugations were able to maintain high quality alignment parallel to the wrinkles (𝑆𝑆2D ~0.9) up to a
spraying angle of 45° (Figure 2.2b).

Figure 2.3 | Spatial gradient in AgNW orientation for spraying perpendicular to the wrinkles. a,b,c, False-colored
SEM images representing the orientation of AgNWs near the impact point of the spray (a), in ~5mm (b) and ~12 mm
distance (c). The inset schematic highlights the impact point (blue circle) and the spraying direction (blue arrow, gray
spraying cone) relative to the wrinkles (white) and depicts the respective measurement spots as red squares. Scale bar,
5 µm. Figures adapted with permission from ref. 2, © 2017 ACS.

Even for spraying perpendicular to the wrinkles, the templating effect dominates the spraying results
close to the impact point. Here, AgNWs are oriented parallel to the wrinkles (Figure 2.3a)—i.e.,
perpendicular to the spraying direction. To be more precise, there is a delicate balance between
topographical confinement and shear-driven alignment. With growing distance from the impact point,
shear forces progressively outweigh template contributions. This effect allowed the preparation of
complex monolayers with gradually changing predominant orientation—prepared within few minutes.
Analysis of an SEM panorama image measured over a distance of 13 mm along the spraying direction
7
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revealed details of the microscopic alignment. Two populations of AgNWs oriented either parallel to
the wrinkles (perpendicular to the spraying direction) or perpendicular to the wrinkles (parallel to the
spraying direction) were observed. At intermediate distance from the impact point, both populations
coexist in highly oriented micrometer-sized domains (Figure 2.3b). The relative area occupied by the
two distinct AgNW orientations varies over the substrate. This produces a gradient from particles
aligned exclusively parallel to the wrinkles—close to the impact point—to preferential alignment
parallel to the spraying direction in far distance (Figure 2.3c).
The anisotropic shape of AgNWs leads to optical anisotropy of the related plasmon resonances.
Therefore, their wrinkle-enhanced alignment on the nanoscale reflects in high-quality linear dichroism
on the macroscale, intriguing for thin-film polarizing optics. The cm²-dimensions of the oriented AgNW
monolayers allowed optical characterization using conventional ultraviolet–visible–near-infrared (UV–
vis–NIR) spectroscopy. Mapping across the AgNW gradient proved the continuous change of dichroic
ratio between the two extreme cases of high polarization efficiency along or perpendicular to the
wrinkles.
Large-scale and rapid coating via GIS benefits from a robust enhancement of unidirectional
nanoparticle alignment, when using wrinkle-structured substrates. Indeed, surface corrugations also
improved the challenging alignment of low AR gold nanorods. Apart from generating optically (and
electrically) anisotropic thin-films, surface structured substrates open an intriguing route for the
fabrication of complex optical gradients.

2.2 Mechano-Tunable Surface Lattice Resonance in 2D Lattices
Employing a 2D periodic, topographical template in Chapter 6, provides positional control over the
placement of single, spherical nanoparticles (Figure 2.4a). For particular periodicities of the square
lattice, the particles interact coherently to yield a sharp SLR. Applying strain in the lattice plane via the
elastic template tunes the lattice parameters and consequently the resonance position in real time (Figure
2.4b,c). Similar systems produced top down used this in-situ tuning mechanism to optimize lasing in a
gain medium.9 However, delamination and failure of the evaporated metal structures at strain can impose
a major challenge. This chapter explores a colloidal approach to circumvent this problem and to reduce
production costs. In the context of colloidal assembly, the size (and shape) distribution of nanoparticles
has a strong impact on the optical quality of collective plasmon modes. Therefore, two spherical particle

Figure 2.4 | Mechano-tunable SLR. a, SEM image of a 2D square lattice composed of single gold nanoparticles. Scale
bar, 200 nm. b, Schematic representation of the strain-induced transformation from square to rectangular lattice. c,
Measured spectra of the 2D lattice in relaxed state (black) and at 10% (green), 20% (blue), 30% (red) and 40% strain
(turquoise). The SLR mode splits into two, reflecting the two different lattice constants in x and y direction. Figures adapted
with permission from ref. 3, © 2019 ACS.
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systems—differently well defined in size—and their influence on the spectral width of SLR were
investigated. The focus, however, is the strain-induced tuning of SLR position.
Electromechanical simulations identified the optimal periodicity for the square lattice to yield strong
interference between the single-particle plasmon mode and the photonic grating mode. This ensured the
emergence of a sharp SLR mode (Figure 2.4c, black curve). Laser interference lithography (LIL) was
the method of choice for template fabrication. In contrast to wrinkling, it offers more flexibility in
selection of geometrical parameters and lattice symmetry of the template. Nevertheless, it allows fast
nanostructuring on cm²-areas. Negative replication of the LIL master with a curable elastomer generated
a square lattice of recessed, spherical holes. These features served as traps to deposit spherical
nanoparticles in a square array via capillarity-assisted particle-assembly. After applying an indexmatching layer on top, a distinct SLR mode was observed, as studied via conventional UV–vis–NIR
spectroscopy. The use of high-quality particles (standard deviation ~2% in size) significantly narrowed
the SLR to reach a full width at half maximum as small as 16 nm.
A central point of this chapter is the spectroscopic characterization of the strain-induced tuning
capabilities. Electromagnetic simulations provided detailed understanding of their origin. Applying
uniaxial strain in the lattice plane modifies the lattice parameters and transforms the square lattice into
a rectangular one (Figure 2.4b). The existence of two different lattice constants in orthogonal directions
produces two individual SLR modes that are reversibly and continuously tunable over a range of 70 nm
(Figure 2.4c). Moreover, these two modes can be selected individually using a linear polarizer. A
detailed SEM and atomic force microscopy (AFM) study of strained lattices further revealed that the
strain applied on the macroscale is transferred only partially to the nanoscale.
This work demonstrates that 2D lattices assembled from well-defined colloidal building blocks can
support high-quality SLR modes. Appling mechanical strain facilitates reversible spectral tuning at
normal incidence, without the need to vary the angle of incidence. This enables future integration in
compact devices such as tunable plasmonic lasers.

2.3 Dynamic Tuning of Circular Dichroism in 3D Chiral Assemblies
Chapter 7 introduces an innovative approach to build 3D chiral colloidal assemblies. Simple
macroscopic cross-stacking of two particle chain arrays at oblique angles yields a chiral
nanoarrangement (Figure 2.5a). This significantly simplifies layered nanofabrication as compared to
lithographic approaches where precise registry and deposition of an inter-layer planarization film are
essential.10 More importantly, the presented design allows geometrical reconfiguration of the chiral
assembly by restacking or compression of the elastic substrates. This provides full postfabrication
tunability (magnitude, sign and spectral position) of the exceptionally strong CD. Figure 2.5c compares
CD magnitude and tuning capabilities of the presented system (blue bubbles) with literature values. The
diameter of the bubbles gives the modulation depth in CD magnitude at a specific wavelength. The
crosses indicate spectral tuning. Changing the sign of CD response is particularly challenging (green),
as it requires inversion of structural handedness. In the vis–NIR region, this was only achieved via DNA
origami.11,12 These dilute systems, however, suffer from small optical effects. In contrast, Chapter 7
presents a unique system that combines strong response of dense arrays and full tunability of CD by
geometrical reconfiguration.
For scalable fabrication, wet-chemically produced gold nanospheres were assembled inside
nanochannels molded from LIL masters (Figure 2.5b). Cross-stacking two such chain arrays at oblique
9
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Figure 2.5 | Full postfabrication tunability of substantial CD in macroscopically cross-stacked particle chain
arrays. a, Schematic representation of macroscopically stacking two particle chain substrates to produce a chiral
nanoarrangement. b, SEM image of gold nanosphere dimer chains assembled inside nanochannels. Scale bar, 1 µm. c,
Literature comparison of active chiral plasmonic systems, as summarized in Table A3.1. The modulation depth of CD
magnitude is represented by the diameter of the bubbles (determined at the wavelength of the original CD peak). Examples
that show active spectral tuning are shown as crosses. The empty circle indicates a system switching between two discrete
enantiomorphs without intermediate configurations. The color code describes whether the system is able to switch the
sign of CD response at a specific wavelength (green) or not (black). The values found for the system presented in this
work are depicted in blue. Figures adapted with permission from ref. 1, © 2021 Springer Nature.

angles of opposite sign produces two enantiomorphs—non-superimposable mirror images—of inverse
handedness (Figure 2.6a, insets). Their perfectly inverted extinction characteristics for LCP and RCP
light measured by spectroscopic ellipsometry proved the intrinsic chirality of the nanostructure (Figure
2.6a). The colloidal approach benefits from strong plasmonic coupling due to small inter-particle
separations. This generated exceptionally large CD of up to 11 degrees. To deepen the understanding,
electromagnetic simulations provided insights into the origin and characteristics of the observed CD
modes.
In this study, the optical tuning capabilities of the introduced system were of special interest. The
macroscopic stacking of elastomeric substrates offered two handles for postfabrication spectral
modulation. Restacking at different angles allowed modulation of CD magnitude and sign (Figure 2.6a),
while compression of the stack produced a reversible spectral shift of CD modes (Figure 2.6b).
Mechanical and electromagnetic simulations identified out-of-plane bending of particle chains to cause

Figure 2.6 | Dynamic tuning of CD response. a, Experimental CD spectra at various stacking angles ranging from ±45°
over ±30°, ±20° and ±10° to 0° (achiral) demonstrate the postfabrication control over CD magnitude and sign. b,
Experimental CD spectra for compression normal to the interface. Modes CD1 and CD2 shift to the blue with increasing
compressive strain, as summarized in the inset graph. Figures adapted with permission from ref. 1, © 2021 Springer
Nature.

10

2.3 Dynamic Tuning of Circular Dichroism in 3D Chiral Assemblies

this spectral shift upon compression normal to the chiral bilayer. Taking further advantage of this
mechanism, spectral gradients were successfully created by applying a locally varying compressive
strain.
As a unique advantage, the restackable design makes strong superchiral fields in the inter-layer gap
accessible for ultrasensitive, enantioselective sensing. In conventional systems, this region is blocked
by spacing layers. A proof-of-concept experiment verified enhanced protein detection with an
enantioselective 28 nm shift per fmol protein in the gap region. The protein concentration was
determined via attenuated total reflection Fourier-transform infrared spectroscopy (ATR–FTIR).
Reversible cross-stacking of deformable particle chain arrays represents a new paradigm for the
challenging fabrication of 3D assemblies at high feature density. At the same time, it provides full
postfabrication CD control in chiral nanostructures with direct access to strong superchiral fields.
Geometrical reconfiguration of arrays adds flexibility in designing active devices. In particular, local
strain-induced spectral patterning holds great potential for future miniaturized devices such as on-chip
CD spectrometers.

2.4 Contribution to Joint Publications
The results and content presented in Chapters 5 through 7 are based on several peer-reviewed, joint
publications. In the following, the contributions of all involved authors and cooperation partners will be
detailed.

Chapter 5 Grazing Incidence Spraying of 1D Aligned Silver Nanowires
This chapter is adapted from the publication ACS Appl. Mater. Interfaces 10, 3046–3057 (2018).
By Patrick T. Probst,‡ Sribharani Sekar,‡ Tobias A. F. König, Petr Formanek, Gero Decher,* Andreas
Fery,* and Matthias Pauly*
I designed the wrinkle-structured substrates to drive high-quality alignment of AgNWs, prepared the
majority of these substrates, and instructed Sribharani Sekar in the preparation of surface wrinkles.
Furthermore, I prepared the gold nanorods featured in the outlook, under supervision of Moritz Tebbe.
I carried out the characterization (SEM, AFM, UV–vis–NIR spectroscopy) of the spray-coated samples.
For quantification of AgNW orientation, I proposed a modified definition of the nematic order parameter
𝑆𝑆2D to highlight the presence of two orthogonal AgNW orientations. In this respect, I developed a
procedure for SEM image analysis. For evaluating the extracted histograms of AgNW orientations, I
built on a macro originally written by Christian Kuttner, adjusted it to our system, and implemented the
extraction of additional parameters from the SEM images. I designed and prepared all figures and
supplementary, animated movies. Sribharani Sekar carried out all spray coating experiments and
contributed equally to writing results, discussion, and methods sections together with me. Petr Formanek
measured the raw data for SEM panorama images. The AgNWs were synthesized by Hebing Hu. Tobias
A. F. König performed electromagnetic simulations, proofread the manuscript, and supported the project
with discussions on theoretical aspects. Moreover, Jean Farago contributed with helpful discussions.
Gero Decher and Matthias Pauly (alphabetical order) wrote the first version of the introduction. Gero
Decher, Andreas Fery, and Matthias Pauly coordinated the joint project, contributed to designing the
experiments and writing the manuscript.
‡ contributed equally
* corresponding author

11

2 Synopsis

Chapter 6 Mechano-Tunable Surface Lattice Resonance in 2D Lattices
This chapter is adapted from the publication ACS Appl. Mater. Interfaces 11, 28189–28196 (2019).
By Vaibhav Gupta,‡ Patrick T. Probst,‡ Fabian R. Goßler, Anja Maria Steiner, Jonas Schubert, Yannic
Brasse, Tobias A. F. König,* and Andreas Fery*
I built the setup for colloidal assembly with in-situ observation capabilities and optimized the assembly
parameters for selective deposition of nanoparticles. Furthermore, I carried out optical microscopy of
the assembled samples. Vaibhav Gupta and I designed the 2D lattice templates, with respect to SLR
excitation and successful assembly, respectively. The assembly experiments were carried out by
Vaibhav Gupta and me. Moreover, Vaibhav Gupta and I contributed equally to writing the manuscript
and to the preparation of the figures. Vaibhav Gupta fabricated the LIL masters, characterized the
assembled samples (SEM, AFM, UV–vis–NIR spectroscopy), and conducted refractive index
measurements via spectroscopic ellipsometry. Furthermore, Vaibhav Gupta performed the
electromagnetic simulations. Fabian R. Goßler established the LIL setup used for template fabrication.
Anja Maria Steiner and Jonas Schubert synthesized the gold nanospheres. The TEM images were
acquired by Jonas Schubert and Uta Reuter. Yannic Brasse helped considerably in measuring brightfield spectroscopy of the strained samples. Tobias A. F. König carried out additional electromagnetic
simulations. Andreas Fery and Tobias König developed the concept and contributed to writing the
manuscript.

Chapter 7 Dynamic Tuning of Circular Dichroism in 3D Chiral Assemblies
This chapter is adapted from the publication Nat. Mater. 20, 1024–1028 (2021).
By Patrick T. Probst,‡ Martin Mayer,‡ Vaibhav Gupta, Anja Maria Steiner, Ziwei Zhou, Günter K.
Auernhammer, Tobias A. F. König,* and Andreas Fery*
I designed the nanochannel templates, carried out the colloidal assembly, and characterized the samples
(SEM, AFM, UV–vis–NIR spectroscopy, polarized photography, analysis of TEM images). Moreover,
I prepared the samples for stacking, compression, and chiral sensing experiments. Especially for chiral
sensing, I proposed the details of preparation, the measurement scheme, and the reference experiments
to ensure comparable and reliable results. Additionally, I carried out the mechanical simulations, with
helpful advice from Axel Spickenheuer. I wrote the manuscript, with valuable input from the co-authors,
designed and prepared the figures. Martin Mayer characterized the optical properties of the samples
using spectroscopic ellipsometry and performed electromagnetic simulations. Vaibhav Gupta and Anja
Maria Steiner prepared the LIL master templates and the gold nanoparticles, respectively. TEM images
were acquired by Uta Reuter. Ziwei helped in initial CD measurements using a conventional CD
spectrometer and contributed the rendered schemes. Martin Müller and Birgit Urban determined the
protein coverage by ATR–FTIR. The discussions with Günter K. Auernhammer helped optimizing the
assembly process and shaping the representation of experimental results in the manuscript. Andreas Fery,
Tobias A. F. König, Martin Mayer, and I (alphabetical order) developed the concept. Moreover, Mathias
Schubert, Charlene Ng, and Ye Yu contributed with helpful discussions. Benjamin Kohn proofread the
manuscript.
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3 Colloidal Assembly: Fundamentals and State of the Art
The basis for the deterministic arrangement of nanoparticles in colloidal assembly is controlling the
particle–particle and particle–substrate interactions. This chapter will start with a general overview over
assembly methods (Section 3.1), highlighting the importance of colloidal stability and controlled wetting
that are discussed in Sections 3.2 and 3.3 in more detail. Afterwards, the mechanism of the assembly
methods used within this thesis—namely spray-assisted (Section 3.4) and capillarity-assisted assembly
(Section 3.5) is elucidated. This chapter concludes with an overview over scalable template fabrication
via wrinkling and laser interference lithography (Section 3.6).

3.1 Colloidal Assembly Strategies
The strength of colloidal assembly is the arrangement of thousands of particles in parallel into welldefined structures—as opposed to sequential structuring in direct writing approached. These costeffective and scalable colloidal fabrication methods can be classified into self-assembly and directed
assembly.13 For both types, it is crucial that the particles stay mobile—i.e., colloidally stable (see Section
3.2 Colloidal Stability)—before controlled clustering/crystallization/deposition into superstructures and
arrays. The following sections detail the employed mechanisms and achievable structures.

3.1.1 Self-Assembly
Formation of clusters and supercrystals in colloidal self-assembly is often triggered by external stimuli
such as temperature and solution pH to reduce repulsive interactions and favor particle attraction.
Alternatively, a cluster-forming agent/particle type is added. This generates inter-particle attraction
based on molecular recognition,17–22 thiol–Au binding,24,25 electrostatics,26,27 or hydrophobic
interaction,32 depletion forces33–35 and magnetic dipole interaction.38 To ensure high yield of a specific
cluster size, self-limiting processes are favorable. For example, in core–satellite clusters,40–43
attraction/binding occurs only between core and satellite particles. After core–satellite assembly, the
outer shells of satellites repel each other and the clusters cannot grow further. Of course, satellites
bridging several cores are to be avoided by the right choice of core-to-satellite ratio.
If the cluster growth is not limited to one generation, particulate17,26,33 or extended layers of
supercrystals are obtained.32–35 It is interesting to mention that combining depletion forces with a
directional molecular interaction can favor arrangement into tetragonal nanorod supercrystals over
otherwise thermodynamically preferred hexagonal close packing.34 A comprehensive overview on
supercrystal and cluster formation is provided in literature.45–47 The use of patchy particles in cluster
formation makes chains, rings, and exotic colloidal crystals of spherical and rod-shaped particles
accessible.20,48–50

3.1.2 Directed Assembly
Employing external fields or templates in directed assembly broadens the scope of accessible structures.
Electric,51–53 magnetic,54,55 or hydrodynamic flow fields6,56,57 (see also Section 3.4 Spray-Assisted
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Assembly) direct the assembly into particle chains and orient shape-anisotropic particles parallel to the
field lines (field-assisted assembly). Instabilities that lead to the formation of chain bundles can even
generate hierarchical patterns.54 More complex, helical magnetic fields are able to direct chiral
arrangement (see Section 4.4 Chiral Plasmonics) of magneto-plasmonic hybrid nanoparticles.58 In
addition, optical trapping allows controlled placement of individual particles to form particle clusters.59
A simpler scenario is the close-packing of particles by gravitational forces60 or convective particle
flow combined with attractive capillary forces.61 In the latter case, enhanced evaporation of the
suspension medium at the liquid meniscus drags particles to the contact line where they crystallize into
close-packed mono- and multilayers mediated by immersion capillary attraction. Control over this socalled coffee stain effect62,63 (Section 3.3.2) requires manipulation of meniscus movement and
engineering of wetting as described in Section 3.5.10 Instead of producing simple hexagonally closepacked films of spherical particles, time-dependent manipulation of deposition opens the possibility of
hierarchical patterning. An intriguing example is the deposition of quantum dot lines by driving a stickslip motion of the liquid meniscus.64
Template-assisted assembly enables the fabrication of non-close-packed, single-particle and

hierarchical arrays.13,65,66 One distinguishes between soft and hard templates. Selective incorporation of
colloidal particles into soft block copolymer microdomains yields organization of particles in
periodically separated lamellae, cylinders, and helices, among others.67–69 Also liquid crystals70 and
surfactants71 template the arrangement of nanoparticles. A special case are rigid, dispersed scaffolds like
silica helices72,73 or the well-known DNA origami.74 The latter offers site-selective deposition of
plasmonic nanoparticles to produce well-defined linear75 and helical arrangements,76–78 nanorod
dimers79 and tetrahedras80 as well as heterostrucures.81 More recently, nanoscale patterning of gold
nanoparticles with the help of DNA-molecular printing frames was introduced for controlled cluster
formation82 in analogy to micron-sized patchy particle assemblies.50,83–85 In the following, we will focus
on hard, extended substrates featuring surface patterns. Ref. 86 reviews common template fabrication
techniques. The presence of a template demands controlling particle–template interaction in addition to
particle–particle interaction (see Section 3.2 Colloidal Stability).
Chemically patterned templates introduce contrast in electrostatic interaction,1,87–90 binding-

affinity,91,92 or wetting93,94 to guide selective particle deposition onto attractive regions rather than onto
repulsive/passive ones. If the patch dimensions are comparable to the particle size, single-particle
position87,91,95 and orientation of anisotropic particles1 can be well controlled. The patterns are commonly
created by masked modification of gold/metal oxide surfaces with appropriately end-functionalized
thiols87,92/silanes,91,93 or by masked grafting of polymer brushes.96–98 For creating masks with sub-micron
resolution, colloidal lithography,95 block copolymer morphologies,97,99 laser interference lithography100
(Section 3.6.2), and scanning probe lithography101,102 back up traditional electron beam
lithography.1,87,91,92,98 Direct writing of electrostatic charges was demonstrated using electron/ion beam89
and scanning probe lithography (nanoxerography).103 Scanning probe lithography also enables direct
writing of functional molecules, and even nanoparticles.104 Although there are attempts for
parallelization,105 the small throughput hampers fabrication schemes relying solely on direct writing
techniques.
As cost-efficient alternative that still allows flexible design of patterns, lithographic masters are
replicated serially into elastomeric106,107 (soft lithography), thermoplastic108 or UV-curable polymers109
(thermoplastic/photo nanoimprint lithography, T/P-NIL). This process can be implemented in
continuous roll-to-roll fabrication.110 For generating chemical patterns, micro-/nanocontact printing
(µ/nCP) uses accordingly produced, soft relief stamps to deposit functional molecules111,112 or
16
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charges.90,113 Alternatively, pinning of liquid bridges at the relief structure allows the direct assembly of
nanoparticles from solution into lines.114,115 As a completely lithography-free and mask-less alternative,
surface wrinkled templates can be used directly for µCP of line patterns.116 Wrinkling relies on straininduced buckling instabilities that occur in a stiff surface layer on a soft foundation (Section 3.6.1).
Therefore, the substrates can be scaled up easily to m²-dimensions.117–119 The use of more complex
strain-fields increases the versatility beyond parallel lines to access herringbone and checkerboard
structures, among others.120
include relief-patterns in resist,8,16,121–125 silicon,30,126 replicas
thereof,7,12,39,127,128 and wrinkle-structured surfaces.11,28,129–131 These were briefly introduced in the
previous paragraphs on chemically patterned templates. As great advantage, topographical templates
add assembly control to all field-assisted assembly techniques (see above). Colloidal crystal fabrication
benefits from enlarged domain size and controlled lattice type dictated by the template.100,132,133
Moreover, hexagonal monolayers of spheres produced via convective assembly can be converted into
hierarchically structured sub-monolayers when using topographical templates.10 In electrophoretic
deposition and capillary assembly (Section 3.5), they guide positional8,16,36,121,127,128,134,135 and/or
orientational order.7,10,30,39,123,135–137 Sufficiently small traps (and controlled wetting) push particle
assembly to single-nanoparticle resolution.8,30,36,134–137 Advanced examples are the single-particle
placement of sub-10 nm particles121 and vertically aligned nanorods.137 Moreover, sequential capillarityassisted particle-assembly allows build-up of hybrid structures.12,138
Topographical

templates

Harvesting of colloidal clusters and device integration. Particle (cluster) arrays assembled inside

topographical templates can be used directly for photonic128,136,139,140 and catalytic applications.127
However, establishing good electric contact to a substrate, integration into micro-/nanocircuits or use as
functional colloids can demand subsequent particle transfer/release (Figure 3.1a). Dispersible (hybrid)
clusters—e.g., employed as microswimmers141—have to be fused together by sintering of constituent
polystyrene beads2,141 or silica over-coating142 before sonication-142 or ice-mediated release.2

Figure 3.1 | Integration of assembled particles into electric circuits. a, Printing of gold nanorods assembled inside
PDMS nanochannels onto a PMMA adhesive layer on silicon. After removal of the PMMA, electrodes defined via electron
beam lithography were deposited to contact the nanorod chains (SEM image). b, Controlled capillary assembly of
nanospheres onto predefined electrodes using a sacrificial topographical mask (blue). Scale bar, 200 nm. Figures adapted
with permission from: a, ref. 7, © 2013 RSC; b, ref. 16, © 2004 ACS.
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Printing extended particle arrays requires high printing yield and accuracy. In this respect,
elastomeric stamps comprising assembled particles are advantageous to establish conformal contact to
the receiver substrate. The high surface energy of a poly(dimethylsiloxane) (PDMS) stamp additionally
facilities the transfer.127 Polystyrene beads easily transfer to a hot target substrate via sintering.143,144
Similarly, exploiting glass transition in poly(methyl methacrylate) (PMMA) target films proved a
universal way to transfer particles. Especially when printing single-nanoparticle arrays, the large contact
area forming between the softened film and the particles ensures high yield.39,127 Moreover, dry etching
conveniently removes PMMA after printing onto electronic circuits.7 Alternatively, particle transfer at
room temperature is accomplished by employing other adhesive polymer layers.11,145 Some applications
demand good charge carrier transfer between particles and substrate or small substrate–particle
separations for strong plasmonic coupling. In these cases, any adhesive layer is to be avoided.
Dissolution interfacial patterning that was demonstrated recently solves this issue.134
As an alternative to printing, sacrificial template films allow to transfer assembled particles to the
underlying substrate.8,123 For integration into electric circuits, particles can be directly assembled onto
predefined electrodes using a sacrificial, topographical template16,146 (Figure 3.1b). Similar as for
printing, the exact registry between the topographical traps and the underlying circuits remains
challenging. It is interesting to mention that electric circuits themselves can guide the site-selective
deposition of nanotubes and wires by dielectrophoresis.147,148

3.2 Colloidal Stability
In order to arrange colloidal particles into close-packed structures or selectively deposit them inside
topographical traps (see Section 3.5), the particles need to stay mobile. Only that way, they are able to
approach their minimum-energy position. In other words, net-repulsive particle–particle and particle–
substrate interactions have to be maintained before the particles are fixated in the desired location. In
this section, we introduce the DLVO theory—named after Derjaguin, Landau, Verwey, and Overbeek—
to understand colloidal stability and provide means of tuning interactions for the specific needs. This
theory considers only van der Waals attraction and electric double-layer repulsion as opposing forces.
These two represent the dominating interactions in the majority of colloidal systems and usually describe
colloidal stability with sufficient accuracy. (Bio)polymer-coated particles are additionally stabilized by
steric interactions. This non-DLVO interaction is discussed at the end of this section with focus on
polymer brush coated particles.

3.2.1 Van der Waals Interaction
Van der Waals (vdW) forces arise from interacting permanent or transient dipole moments in molecules
or atoms. Depending on their origin, they can be divided into Keesom (dipole–dipole), Debye (dipole–
induced dipole), and London interactions (induced dipole–induced dipole). They are additive and their
potential energies decrease with 1⁄𝐷𝐷6 dependency, where 𝐷𝐷 is the distance between the dipoles.149
When two solids approach each other, the molecules/atoms of solid 1 interact partially with all those of
solid 2.4 Integration over all atoms of two infinitely extended solids with planar surface at distance 𝐷𝐷
yields the van der Waals free energy per unit area:149
𝑤𝑤vdW (𝐷𝐷) = −
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with the Hamaker constant 𝐴𝐴H = 𝜋𝜋 2 𝐶𝐶AB 𝜌𝜌A 𝜌𝜌B , where 𝐶𝐶AB is the coefficient in the atom–atom pair
potential 𝑊𝑊vdW (𝑑𝑑) = −𝐶𝐶AB /𝑑𝑑6 , 𝜌𝜌A and 𝜌𝜌B are the number of atoms per unit volume.4 As Equation
(3.1) demonstrates, the vdW potential decreases less steeply and therefore becomes even more relevant
between extended bodies as compared to interaction between individual molecules.
The Derjaguin approximation allows us to derive the vdW interaction potential 𝑊𝑊vdW (𝐷𝐷) between
two spheres of radii 𝑅𝑅1 and 𝑅𝑅2 separated by a distance 𝐷𝐷, from the free energy per unit area (Equation
(3.1)):149
∞

𝑊𝑊(𝐷𝐷) = � 𝑤𝑤(𝑥𝑥)
𝐷𝐷

𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑

(3.2)

with the cross-sectional area 𝐴𝐴. This relation is valid if the characteristic decay length and separation 𝐷𝐷
are small as compared to the radii of the spheres.3
This results in a vdW interaction potential between spheres of:149
𝑊𝑊𝑣𝑣𝑣𝑣𝑣𝑣 (𝐷𝐷) = −

𝑅𝑅1 𝑅𝑅2 𝐴𝐴H
∙
𝑅𝑅1 + 𝑅𝑅2 6𝐷𝐷

(3.3)

Note that the special cases of identical spheres (𝑅𝑅1 = 𝑅𝑅2 ) and sphere–wall interaction (𝑅𝑅2 = ∞) are
easily derived from Equation (3.3).

3.2.2 Electric Double-Layer Interaction
According to the DLVO theory, attractive vdW forces have to be counterbalanced by electrostatic
repulsion in order to achieve colloidal stability. Since water is an excellent solvent for ions, most
surfaces are charged in aqueous medium.149 The surface charge arises from adsorption of ions, pHcontrolled (de-)protonation (e.g., carboxylate –COO-, ammonium –NH3+) or permanently charged
surface groups (e.g., quaternary ammonium groups –NR3+). The Stern model considers a layer of

Figure 3.2 | Stern model of electric double layer. Schematic representation of the ion distribution and electrostatic
potential 𝜓𝜓 (red curve) with increasing distance from a charged surface (left). IHP and OHP, inner and outer Helmholtz
plane, respectively. Figure reprinted with permission from ref. 4, © 2008 Wiley.
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counterions strongly adsorbed to this charged surface (Stern layer) that fades into a diffuse layer of ions
(Gouy–Chapman layer), as illustrated in Figure 3.2 for a charged, infinitely extended wall. The layer of
strongly adsorbed counterions was first introduced by Helmholtz. Therefore, the boundaries of this layer
are denoted by inner and outer Helmholtz plane (IHP, OHP) in the scheme. The Stern layer represents
a simple capacitor with a linear potential jump. In the diffuse double layer, however, the ions are mobile
and their local concentration 𝑐𝑐 follows Boltzmann statistics. Consequently, the local charge density 𝜌𝜌e
can be expressed as:149
𝜌𝜌e = e(𝑐𝑐 + − 𝑐𝑐 − ) = 𝑐𝑐0 e ∙ �exp �−

e𝜓𝜓(𝑥𝑥)
e𝜓𝜓(𝑥𝑥)
� − exp �
��
𝑘𝑘B 𝑇𝑇
𝑘𝑘B 𝑇𝑇

(3.4)

with 𝑊𝑊 +/− (𝑥𝑥) = ±e𝜓𝜓(𝑥𝑥) being the electric work required to bring a monovalent cation/anion charged
by one elementary charge e to a place of local electrostatic potential 𝜓𝜓. 𝑘𝑘B and 𝑇𝑇 are the Boltzmann
constant and temperature, respectively.
Poisson’s equation ∇2 𝜓𝜓 =

𝜕𝜕2 𝜓𝜓
𝜕𝜕𝑥𝑥 2

+

𝜕𝜕2 𝜓𝜓
𝜕𝜕𝑦𝑦 2

+

𝜕𝜕2 𝜓𝜓
𝜕𝜕𝑧𝑧 2

𝜌𝜌

= − 𝜖𝜖𝜖𝜖𝑒𝑒 correlates the charge density 𝜌𝜌e with the
0

electric potential 𝜓𝜓 to yield the Poisson–Boltzmann equation:

e𝜓𝜓(𝑥𝑥)
𝑐𝑐0 e
e𝜓𝜓(𝑥𝑥)
𝜕𝜕 2 𝜓𝜓
=
∙ �exp �−
� − exp �
��
2
𝑘𝑘B 𝑇𝑇
𝑘𝑘B 𝑇𝑇
𝜕𝜕𝑥𝑥
𝜖𝜖0 𝜖𝜖m

(3.5)

with the relative permittivity of the medium 𝜖𝜖m and vacuum permittivity 𝜖𝜖0 .

For potentials below 25 mV (in most cases valid up to 50–80 mV149), this equation can be
linearized.149 Solving this second order differential equation with the boundary conditions 𝜓𝜓(𝑥𝑥 = 0) =
𝜓𝜓𝑠𝑠 (electrostatic potential of Stern layer) and 𝜓𝜓(𝑥𝑥 → ∞) = 0 results in the Debye-Hückel equation:149
𝜓𝜓(𝑥𝑥) ≈ 𝜓𝜓𝑠𝑠 𝑒𝑒

−

𝑥𝑥
𝜆𝜆D

(3.6)

with the characteristic decay length 𝜆𝜆D known as Debye length.

For 1:1 electrolytes at a concentration of 𝑐𝑐0 in mol L-1, it is calculated as:3,149
𝜆𝜆D =

0.304 nm
�𝑐𝑐0 L
mol

(3.7)

When two charged-alike surfaces approach each other, their electrostatic double layer potentials
interact to produce a repulsive pressure of counterions. For two planar infinitely extended surfaces
separated by the distance 𝐷𝐷, the Gibbs free interaction energy per unit area 𝑤𝑤edl can be derived using
the Poisson-Boltzmann equation as:3
𝐷𝐷
e𝜓𝜓𝑠𝑠
−
𝑤𝑤edl (𝐷𝐷) = 64𝑘𝑘B 𝑇𝑇𝜌𝜌∞ 𝜆𝜆D tanh2 �
� ∙ 𝑒𝑒 𝜆𝜆𝐷𝐷
4𝑘𝑘B 𝑇𝑇

with the number density of ions in the bulk solution 𝜌𝜌∞ .

(3.8)

Applying the Derjaguin approximation (Equation (3.2)), the electric double layer interaction
potential for two spheres of radii 𝑅𝑅1 and 𝑅𝑅2 at a separation of 𝐷𝐷 is calculated similar to Equation (3.3).
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For low surface potentials below 25 mV, it simplifies to:3
𝑊𝑊edl (𝐷𝐷) ≈

𝐷𝐷
𝑅𝑅1 𝑅𝑅2
−
∙ 4𝜋𝜋𝜖𝜖m 𝜖𝜖0 ∙ 𝜓𝜓S 2 𝑒𝑒 𝜆𝜆D
𝑅𝑅1 + 𝑅𝑅2

(3.9)

Zeta potential. The Stern potential 𝜓𝜓𝑆𝑆 —determined by the surface chemistry of the colloidal

particle—and the Debye length 𝜆𝜆D—influenced by the electrolyte concentration (cf. Equation (3.7))—
define electrostatic repulsion. In practice, the Stern potential 𝜓𝜓𝑆𝑆 cannot be assessed directly. However,
electrophoretic measurements allow determining the electrokinetic potential or so-called zeta potential 𝜁𝜁
as important benchmark for colloidal stability. In a homogeneous electric field of strength 𝐸𝐸, a charged
colloid travels towards the oppositely charged electrode at constant equilibrium velocity 𝑣𝑣. This is a
result of the force balance between the electric force and the opposing viscous force exerted by the liquid
medium. Due to the viscous shear, the diffuse layer of ions (Gouy-Chapman layer) is partially sheared
off revealing a layer of potential 𝜁𝜁 that can be close to the Stern potential 𝜓𝜓𝑆𝑆 (cf. Figure 3.2). Henry’s
equation correlates the electrophoretic mobility 𝑢𝑢 = 𝑣𝑣/𝐸𝐸 to the 𝜁𝜁-potential: 3,150
𝑢𝑢 =

2𝜖𝜖m 𝜖𝜖0 𝜁𝜁
𝑓𝑓(𝛼𝛼)
3𝜂𝜂

(3.10)

with the dynamic viscosity of the medium 𝜂𝜂. The Henry function 𝑓𝑓(𝛼𝛼) reflects the size relationship
between Debye length 𝜆𝜆D and particle radius 𝑅𝑅 that determines the distortion of field lines by the
presence of the particle.3 For large particles at high electrolyte concentration (𝑅𝑅/𝜆𝜆D large) it becomes
1.5 to yield the Helmholtz–Smoluchowski equation.151 For small particles ≤ 100 nm at low salt
concentration (𝑅𝑅/𝜆𝜆D small) it equals unity and results in the Hückel equation.151 Experimentally, the
mobility is measured by evaluating the Doppler shift in electrophoretic light scattering152,153 or by
evaluating the particle oscillation in an alternating electric field (electroacoustic phenomenon).154 As a
rule of thumb, a zeta potential of magnitude 25 mV provides good colloidal stability.

3.2.3 Derjaguin–Landau–Verwey–Overbeek Theory
For a wide range of systems including Stöber silica and polystyrene latex particles, colloidal stability is
sufficiently described by the balance between repulsive electric double-layer and attractive vdW
interactions. The DLVO theory consequently sums up both interactions to yield the DLVO interaction
potential 𝑊𝑊DLVO . Based on Equations (3.3) and (3.9), the interaction potential for two identical spheres
(𝑅𝑅 = 𝑅𝑅1 = 𝑅𝑅2 ) separated by a distance 𝐷𝐷 is:
𝑊𝑊DLVO (𝐷𝐷) = 𝑊𝑊edl (𝐷𝐷) + 𝑊𝑊vdW (𝐷𝐷) ≈ 2𝜋𝜋𝑅𝑅𝑅𝑅m 𝜖𝜖0 ∙ 𝜓𝜓S 2 𝑒𝑒

−

𝐷𝐷
𝜆𝜆D

−

𝐴𝐴H 𝑅𝑅
12𝐷𝐷

(3.11)

The DLVO interaction potential between two surfaces is plotted in Figure 3.3 for various conditions.
For highly charged particles (high surface charge density 𝜎𝜎) at low salt concentrations, there is a longrange repulsion with pronounced energy barrier of several 𝑘𝑘B 𝑇𝑇 that keeps the solution stable. When this
barrier is reduced to below 𝑘𝑘𝐵𝐵 𝑇𝑇 —e.g., by pH-driven decrease in surface charge or salt-induced
screening of charges—the vdW attraction surpasses the thermal (Brownian) motion of the particles,
which leads to coagulation and finally precipitation of the agglomerates. In this case, the primary
minimum with particles at contact is reached, driven by van der Waals attraction. For moderate salt
concentrations the interacting particles can reside reversibly in a secondary, shallower minimum, while
the energy barrier is still large enough to prevent aggregation.3
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Figure 3.3 | DLVO interaction energy. Schematic energy versus distance curves of the DLVO interaction potential. The
actual interaction energy is proportional to the particle size or interaction area between two planar surfaces. Figure
reprinted with permission from ref. 3, © 2011 Elsevier.

3.2.4 Practical Relevance
As shown above, both surface charge and Debye length decide over the effective range of DLVO
repulsion. Controlling these via surface chemistry and electrolyte concentration does not only ensure
colloidal stability to drive selective deposition of colloids upon drying on flat or topographically
structures surfaces (see Section 3.5). It further provides two handles to control inter-particle spacing in
electrostatic deposition of charged colloids onto oppositely charged surfaces.1 Figure 3.4 impressively
illustrates the effect of particle coating and addition of salt on the inter-particle separation. Using less
charged particles (lower magnitude of 𝜁𝜁-potential, a) or increasing the ionic strength (stronger screening
of charges by added salt, c) reduces the screening length 𝜆𝜆D between the particles. This causes smaller
inter-particle spacing in the deposited films as compared to Figure 3.4b.
In order to adjust particle–particle and particle–substrate interaction a plethora of surface
modification techniques is available.155 In the simplest case, (bio)polymers156 or surfactants157 are
adsorbed onto the particle/substrate surface. However, covalent attachment of surface groups is more
frequently used, because it circumvents potential bleeding of adsorbed molecules. The simplest method
hereof represents the formation of covalently bound, self-assembled monolayers. Silanes comprising

Figure 3.4 | Tuning of Debye length to control inter-particle spacing. SEM images of 50 nm × 20 nm sized gold
nanorods deposited on positively charged poly(2-vinylpyridine) substrates. Coating the particles with (a) a mixture of
mercaptopropane sulfonate and poly(ethylene glycol), or (b,c) with pure mercaptopropane sulfonate tunes the 𝜁𝜁-potential
to be −12 mV and −23 mV, respectively. The NaCl salt concentration is (a,b) 0.2 mM and (c) 2 mM. Scale bar, 250 nm.
Figures adapted with permission from ref. 1, © 2012 ACS.
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moieties of desired (pH-tunable) charge density readily bind to silicon oxide/glass91,158 as well as to
silica-like surface layers on PDMS.159,160 Similarly, thiols are frequently used to modify gold
surfaces.27,87
Using pH-responsive surface groups or polymers is an elegant way to fine-tune repulsion1,27 or even
reversibly switch between repulsion and attraction via charge modulation.161,162 However, one should
keep in mind that any added NaOH or HCl to tune the pH value of the solution increases ionic strength.
The screening of surface charge149 and Debye length (Equation (3.7)) can compromise colloidal
stability. More crucially, the added salts can crystallize during evaporation of solution and disturb
colloidal self-assembly. To circumvent this, permanently charged or strongly acidic/basic surface groups
can be used that are sufficiently charged at neutral pH.

3.2.5 Steric Stabilization
(Bio)polymer coatings can provide colloidal stability (additionally) by steric repulsion. The repulsion
arises from two effects. When two polymer-coated surfaces approach each other, (I) the number of
possible polymer chain conformations reduces, which is entropically unfavorable. (II) The concentration
of polymer molecules in the gap increases. This creates an osmotic pressure that drives the two surfaces
apart.149 Since steric repulsion does not rely on electrostatic charges, it ensures stable colloidal
dispersion at a wide pH range and at high ionic strength. This facilitates application of nanoparticles in
biological media, living cells, and organisms.163–165 As crucial benefit in this area, the (bio)polymer
coating can replace cytotoxic ligands needed for shape control in nanoparticle synthesis.156,166 The fact
that polymer-coated particles stay well-dispersed at negligible zeta-potential in water167 furthermore
mediates compatibility with non-aqueous solvents.168 This broadens the range of processing schemes
usable in nanofabrication while avoiding undesired nanoparticle agglomeration. Colloidal assembly of
purely sterically stabilized particles benefits from the omission of pH-regulating salt additives that could
crystallize during the drying process. Moreover, the polymer coating can improve chemical stability of
the final assembly169,170 and provide in-situ tunability—e.g., of optical properties.171–173
The theory of steric interactions is complex and depends on microscopic details like the conformation
of the polymer. Nevertheless, as a rule of thumb, one can summarize that steric repulsion increases with
polymer coverage, molecular weight and solvent quality.3,149 The effect of molecular weight becomes
clear, when comparing the small protein insulin (molecular weight MW 5.8 kDa174) and β-lactoglobulin
(MW ~18.4 kDa175). The more pronounced steric stabilization for the larger protein β-lactoglobulin
ensures colloidal stability at pH values close to its isoelectric point while insulin-coated particles start
agglomerating at similar conditions despite having a similar zeta potential.164
To look more in detail, physisorbed (bio)polymers like the proteins mentioned above only achieve
limited coverage in the order of 1 molecule per area equal to 𝑅𝑅F 2 .149 The Flory radius 𝑅𝑅F = 𝛼𝛼𝑅𝑅g

represents the effective radius of the polymer coil depending on the solvent quality (reflected in 𝛼𝛼) as
opposed to the radius of gyration 𝑅𝑅g in an ideal system (𝛼𝛼 = 1).3 In a good solvent, 𝛼𝛼 exceeds unity and
the Flory radius becomes:3
𝑅𝑅F ≈ 𝑙𝑙𝑛𝑛3/5

(3.12)

with the segment or monomer length 𝑙𝑙 and the number of segments 𝑛𝑛. Physisorbed (bio)polymers are
mobile on the particle surface and can desorb and be replaced by molecules of higher affinity.176,177
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Covalent end-grafting of polymer chains provides a more robust coating that can significantly
enhance grafting density Γ = 1⁄𝑠𝑠 2 , where 𝑠𝑠 is the average distance between binding sites. For low
coverage (𝑠𝑠 > 𝑅𝑅F ) and good solvent, the polymer chains arrange in mushroom shapes. At high coverage
(𝑠𝑠 ≪ 𝑅𝑅F ) the chains stretch out to brushes.3,149
Poly(ethylene glycol) brushes. As an exemplary model system, we will discuss thiol-mediated end-

grafting of poly(ethylene glycol) (PEG) onto gold nanoparticles. This system is also used in Chapters 6
and 7. Labeling178 and NMR techniques179 allow systematic studies of the coating process and the final
grafting density. As expected, the stronger the binding affinity of the original ligand
(cetyltrimethylammonium bromide (CtaB) > poly(vinylpyrrolidone) > citrate), the slower the coating
process.178,179 Moreover, grafting density reduces with increasing polymer chain length (MW 2–
50 kg mol-1) and growing nanoparticle size (8–60 nm).167,179 This is due to the steric hindrance that
increases with polymer molecular weight and for packing on a less curved surface—i.e., on larger
spheres.

As for all polymers, the solubility of PEG varies with temperature.180,181 This effect has to be
considered in assembly experiments, since the particle–particle and particle–substrate interactions are
affected. Already in the particle coating process, temperature plays a crucial role. Xia and co-workers
found strong particle agglomeration for PEGylation of gold nanoparticles at 22 °C.178 In contrast, at 4 °C,
the particle coating did not lead to aggregation up to a molecular weight of 20 kg mol-1.
Apart from spherical nanoparticles, cubes and nanorods were successfully coated with PEG.178 For
gold nanorods, it is challenging to avoid aggregation while achieving complete exchange of the growth
directing ligand CtaB. Since this ligand binds less strongly to the tips as compared to the lateral faces of
nanorods, the ligand exchange preferentially takes place at the nanorod ends. This is beneficial in tipto-tip self-assembly.20,22,24,48 For complete coating with PEG, however, optimized protocols are
needed.166,182

3.3 Solid–Liquid Interfaces
Controlling particle–particle and particle–substrate interactions, as discussed above, is crucial for all
colloidal assembly methods. In capillarity-assisted assembly (Section 3.5)—employed in Chapters 6
and 7—the deterministic placement of particles relies additionally on long-range particle transport inside
a suspension droplet towards the liquid meniscus (Section 3.3.2) and short-range capillary forces
(Section 3.3.3), which drive close packing of particles and selective particle deposition inside
topographical traps upon drying. The details of this controlled dewetting process determine structure,
selectivity, and yield of assembly. Therefore, this section first introduces the basics of wetting
phenomena on flat surfaces with a more detailed insight to dewetting on topographically structured
substrates (Section 3.3.1).

3.3.1 Wetting
A liquid drop in contact with a solid and surrounded by a vapor forms a finite equilibrium contact angle
ΘE (Figure 3.5a,b) or wets the solid completely (ΘE = 0°, Figure 3.5c). The contact angle formed at
the three-phase contact line is characteristic for a given combination of liquid (L), solid (S) and gaseous
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materials (G). It reflects the interplay of the material specific interfacial tensions 𝛾𝛾 in thermodynamic
equilibrium, as described by Young’s equation:149,183
𝛾𝛾SL + 𝛾𝛾L ∙ cos ΘE = 𝛾𝛾S

(3.13)

∆𝑊𝑊 = 𝛾𝛾 ∙ ∆𝐴𝐴

(3.14)

The interfacial tension 𝛾𝛾 is a measure for how much work 𝑊𝑊 has to be spent to create new interfacial
area 𝐴𝐴:
For instance, if 𝛾𝛾SL > 𝛾𝛾S (Figure 3.5a), it is more favorable for the solid to reduce its interface with
the liquid phase and form a large contact area with the gas phase. Consequently, a contact angle ΘE >
90° is formed. This qualitative reasoning is quantified in Young’s equation (Equation (3.13)). Since
𝛾𝛾S − 𝛾𝛾SL < 0 in the mentioned example, the contact angle ΘE has to exceed 90° to yield a negative
cos ΘE and satisfy the Young’s equation.

Figure 3.5 | Equilibrium contact angle on ideal surfaces with different wettability (schematic representation). a,b,
The balance of solid–liquid (𝛾𝛾SL ), liquid–gas (𝛾𝛾L ) and solid–gas (𝛾𝛾S ) interfacial tensions defines the equilibrium contact
angle ΘE on partially wetted surfaces. c, Complete wetting.

The contact angle on a flat and chemically homogeneous surface reflects its surface chemistry. Solids
bearing polar groups like (de-/protonated) –OH, –COOH or –NH2 groups are well wetted by a droplet
of water (𝛾𝛾SL < 𝛾𝛾S , ΘE < 90°) and therefore termed hydrophilic. In contrast, non-polar groups like alkyl
moieties on a hydrophobic surface produce large contact angles ΘE > 90° of a water droplet (𝛾𝛾SL > 𝛾𝛾S ).
A similar terminology of oleophobic/oleophilic is used to describe (non-)wetting by a drop of oil.
Tuning of contact angle. In order to control the wettability in colloidal self-assembly,30,93,94

microfluidics,159,184 self-cleaning surfaces,185 and others, the surface chemistry of a substrate can be
adapted to the specific needs. To this end, the solid or the liquid are modified. The following example
impressively demonstrates the power of designed surface wettability. A gradient in solid surface tension
is able to make droplets move against gravity.186 The most commonly used method for surface
modification is the preparation of self-assembled monolayers. Silanes comprising moieties of desired
polarity readily bind to silicon dioxide91,158 and silica-like surface layers on PDMS.159,160 Similarly, thiols
are frequently used to modify gold surfaces.87
As an alternative, surface active agents—or surfactants in short—dissolved in the liquid conveniently
tune wettability. By adsorbing to the solid, they modify the solid–liquid interfacial tension 𝛾𝛾SL . In
capillary force assembly (Section 3.5), this is a common method to adjust the contact angle of particle
dispersion on a PDMS substrate for successful assembly.66 A droplet of pure water (𝛾𝛾L = 73 mN m-1)
forms a contact angle of ΘE = 105° on PDMS187 (𝛾𝛾S = 24.9 mN m-1,187 𝛾𝛾SL calculated to be 44 mN/m
according to Equation (3.13)), as depicted in Figure 3.5a. Adding surfactants (0.001 wt% Triton X-45,
0.01 mM sodium dodecyl sulfate) reduces the surface tension of the liquid to 𝛾𝛾L = 36 mN/m188 and 𝛾𝛾SL
to 16 mN m-1 (calculated). Consequently, the contact angle is lowered to 75°,188 as displayed in Figure
3.5b. Note that the surface tension vectors were multiplied by a factor of two relative to Figure 3.5a to
ensure good readability.
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Nonideal surfaces. Young’s equation considers thermodynamic equilibrium and assumes ideal, i.e.,

perfectly flat and homogeneous surfaces. Real solid substrates, however, are usually rough and
chemically heterogeneous. Moreover, soft materials might be deformed by the surface tension at the
three-phase contact line. Additionally, substances dissolved in the liquid might adsorb to the contact line
and lead to pinning effects. This causes a contact angle hysteresis, as detailed below. In the following,
the main consequences of this hysteresis are briefly summarized: The measured, apparent contact angle
Θapp on heterogeneous surfaces differs from the contact angle ΘE described by Young’s equation.
(I) Wenzel’s equation accounts for surface roughness:149,189
cos Θapp = 𝑅𝑅rough ∙ cos ΘE

(3.15)

where 𝑅𝑅𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟ℎ is the ratio between actual and projected surface area. By this definition 𝑅𝑅𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟ℎ is always
equal or larger than unity. Therefore, rough surfaces show an enhanced hydrophilicity (hydrophobicity)
as compared to smooth hydrophilic (hydrophobic) substrates.
(II) The influence of chemical heterogeneity can be describes by the Cassie–Baxter equation:149,190
cos Θapp = 𝑓𝑓1 ∙ cos ΘE,1 + 𝑓𝑓2 ∙ cos ΘE,2

(3.16)

The considered chemically patchy surface exposes two differently wetting surfaces (ΘE,1 , ΘE,2 ) of
relative surface areas 𝑓𝑓1 and 𝑓𝑓2.

An interesting case represents the situation where the surface roughness is that large that a
hydrophobic surface is not completely wetted underneath the drop and air pockets are formed. This
condition can be explained by the Cassie-Baxter model to describe the superhydrophobicity and selfcleaning effect of lotus leaves.191 In this case, the trapped air represents one of the two phases 𝑓𝑓𝑖𝑖 and is
the reason for easy roll-off of water droplets. To achieve superamphiphobic surfaces, overhanging
structures are needed to retain air traps in contact with both water and oil.192,193 Moreover, by introducing
hierarchical structures, large water contact angles of 145° can be produced, while pinning the droplet
effectively, which mimics the surface properties of a rose petal.194
Contact angle hysteresis. As mentioned above, real surfaces are usually rough and can be chemically
heterogeneous. When a liquid meniscus moves across such a surface, the three-phase contact line pins
to these inhomogeneities. This results in a contact angle hysteresis,195 where advancing and receding
contact angles macroscopically observed—ΘA and ΘR , respectively—differ from the static equilibrium
contact angle ΘE . It applies: ΘR < ΘE < ΘA .

A look on the microscale explains this observation. The microscopic contact angle ΘE is constant on
a given surface, as defined by the balance of surface tensions (Equation (3.13)). On a rough edge
connecting two surface sections of different slope (Figure 3.6a), the contact line remains pinned (blue
area) until the meniscus (blue line with droplet extending to the hatched side) matches the contact angle
of the second section.196,197 Macroscopically, this results in an increased advancing and reduced receding
contact angle, since these are defined relative to the horizontal plane. Similarly, the contact line stays
pinned at the border between surfaces of different wettability (Figure 3.6b). Once the microscopic
contact angle adapted to the second surface, the contact line starts moving again. For certain
combinations of slopes and/or surface chemistry, the contact line becomes unstable and moves rapidly
to adapt to the new surface section. In those cases, the contact line “jumps” (Figure 3.6c,d).
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Figure 3.6 | Microscopic origin of contact angle hysteresis (schematic side view). a,b, Contact line pinning at a
topographical edge (a) and at the border of differently wetting surface sections 1 and 2 (b). c,d, Jumping of contact line at
a slope (c) and on a chemically patchy surface (d). The liquid meniscus is drawn as blue line and the droplet extends to
the hatched side. The arrows indicate the moving direction of the meniscus, defining the macroscopically advancing and
receding contact angles ΘA and ΘR . These differ from the equilibrium contact angle ΘE .

In colloidal assembly like capillary force assembly (see Section 3.5),66 we often encounter a receding
meniscus moving over recessed topographical features. Surface features commonly molded into
elastomers can be considered smooth. Assuming topographical traps that essentially follow a cosine
function, one can distinguish between two scenarios of receding contact line.198 (I) The macroscopic
receding contact angle ΘR reduces until the point of inflection of the cosine-shaped feature (Figure 3.7a).
Upon further forced dewetting—dragging or evaporation of liquid—the contact line remains pinned,
while the elastic liquid surface deforms,199 the film becomes thinner and eventually breaks up. After
capillary breakup, a liquid droplet can remain in the topographical feature to dry separately. (II) The
liquid surface touches the rear end of the topographical feature before the contact line reaches the
inflection point (Figure 3.7b). Note that the meniscus coincides with the tangent to the cosine
topography at the point of contact (tangent point). Eventually, the liquid film breaks off at this point and
leaves a liquid reservoir inside the trap. Debuisson et al. showed that the tangent solution based on this
microscopic picture reflects the receding contact angle observed experimentally before capillary
breakup.198 They studied pinning to 3 µm wide and 1.5 µm deep features. On sub-micron scale, the
meniscus is additionally shaped by surface forces.3 However, the fundamental relations derived from
the microscopic picture seem sufficient to describe nanoparticle assembly in sub-micron features.12

Figure 3.7 | Scenarios for the dewetting of topographical, cosine-shaped features (schematic side view). a, The
receding contact angle ΘR decreases until the contact line reaches the inflection point of the cosine shape. b, The
meniscus touches the rear end of the topographical feature before the contact line reached the point of inflection. The
liquid meniscus is drawn as blue line and the droplet extends to the hatched side. The red circles highlight the contact
points of the liquid meniscus with the solid surface and the arrows indicate the moving direction of the receding meniscus.
ΘE , equilibrium contact angle.

Similar to the liquid surface under forced dewetting, the contact line itself can be strongly deformed
by pinning to defects. Figure 3.8 depicts a top view of a contact line (blue line with droplet extending
to the hatched side) moving over two Gaussian, topographical features (red). The liquid meniscus is
pinned to the defects of diameter 𝑑𝑑, separated by a distance 𝐷𝐷. This deforms the contact line to differ
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Figure 3.8 | Deformation of contact line by pinning (schematic top view). The contact line (blue line with droplet
extending to the hatched side) is moved downwards (see arrows) over two Gaussian, topographical defects (red circles)
of diameter 𝑑𝑑, separated by a distance 𝐷𝐷.

from a straight line expected in equilibrium for an ideal surface. The deformability of the contact line
can be expressed as spring constant:199
𝑘𝑘 =

𝜋𝜋𝜋𝜋Θ2
𝐷𝐷
ln � �
𝑑𝑑

(3.17)

For liquids of low surface tension 𝛾𝛾, the meniscus is strongly deformed (small spring constant 𝑘𝑘) and
the liquid film close to the meniscus thins significantly. As we will discuss in Section 3.5, this is
important to increase the downward capillary force to push colloidal particle into topographical features
in capillary force assembly.188 When the elastic restoring force overcomes the pinning force, the contact
line depins and approaches its equilibrium shape. Alternatively, for very low surface tensions, the liquid
film can break up to leave a separate droplet around the defects.

3.3.2 Evaporating Suspension Droplets
There are two limiting cases for a drying water droplet that partially wets a surface as spherical cap
(Figure 3.9a,b).200 (I) Throughout the drying process, the contact angle Θ1 is maintained (“constant
contact angle”) and the droplet shrinks without changing the general shape (a). (II) The contact line does
not move during drying (“constant contact radius”) and the droplet gradually thins—i.e., the contact
angle reduces to Θ2 (b). A situation close to the “constant contact angle” mode is experimentally
observable in special cases.200 However, in practice, a mixture of both modes is most common.
Especially in the initial stage of drying, the contact line remains pinned at surface inhomogeneities
on most common surfaces. To ensure that the region around the contact line stays wetted despite the
evaporation of liquid, water has to be transported from the bulk liquid to the meniscus (Figure 3.9c).62,63
This capillary flow is additionally fueled by the local evaporation rate 𝐽𝐽 being higher at the wedgeshaped meniscus.62 The observed flow field is laminar since the Reynolds number Re = 𝑣𝑣𝑣𝑣𝑣𝑣⁄𝜂𝜂 is small
in water.5 Here, 𝑣𝑣 is the flow speed, 𝐿𝐿 represents a characteristic linear dimension, 𝜌𝜌 is the density of

Figure 3.9 | Scenarios of droplets drying on a flat surface (schematic side view). a, The contact line moves and the
contact angle Θ1 remains constant (“constant contact angle”). b, The contact line remains pinned (“constant contact
radius”) and the contact angle is reduced to Θ2 . c, Capillary flow of liquid towards the pinned contact line. This transport
ensures that the pinned meniscus remains wetted and is additionally fueled by evaporation rate 𝐽𝐽 (vertical arrows) being
higher at the wedge-shaped meniscus.
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Figure 3.10 | Flow profiles and particle deposition in evaporating suspension droplets. a, Simulated flow fields in
an evaporating water droplet with pinned contact line (negligible Marangoni stresses). b, Ring deposit of 0.75 µm sized,
fluorescent polystyrene particles dried from a 0.5 µL aqueous solution droplet (250 µg/mL). c, Simulated flow fields in an
evaporating water droplet with pinned contact line (dominant Marangoni stresses drive a recirculation flow). d, Dome-like
deposit of 4.7 µm sized poly(methyl methacrylate) particles dried from 10 µL colloidal solution in octane (1 g/mL). Figures
adapted with permission from: a, ref. 5, © 2005 ACS; b,d, ref. 15, © 2006 ACS; c, ref. 29, © 2005 ACS.

the liquid, and 𝜂𝜂 its dynamic viscosity. Figure 3.10a depicts a typical simulated flow field inside an
evaporating water droplet.5

The capillary flow acts on colloidal particles suspended in a water droplet to transport them towards
the meniscus. Here, they are deposited in a ring shape (Figure 3.10b), which enhances the pinning of
the meniscus.63 Upon further evaporation, surface tension eventually overcomes the pinning force. The
contact line “jumps” (locally) and repins to produce various patterns including concentric rings and saw
tooth patterns.63 This mechanism is referred to as coffee-ring effect in analogy to the ring-like coffee
stains observed for spilled coffee drops after drying.

For colloidal nanoparticles, Brownian motion is more pronounced as compared to micron-sized
particles. Nevertheless, the influence of hydrodynamic drag dominates particle transport. This can be
demonstrated by calculating the Péclet number Pe for a gold nanoparticle of radius 𝑅𝑅 = 37.5 nm in a
water droplet 𝜂𝜂 = 1 mPa s, as used in Chapters 6 and 7. With 𝑣𝑣 = 1 µm s-1 as typical velocity of liquid
flow in a water droplet of contact angle Θ = 40°,5 it calculates to:
𝑃𝑃𝑃𝑃 =

𝐿𝐿𝐿𝐿
6𝜋𝜋𝜋𝜋𝜋𝜋𝜋𝜋𝜋𝜋
=
= 175
𝐷𝐷diff
𝑘𝑘𝐵𝐵 𝑇𝑇

(3.18)

For a characteristic length scale 𝐿𝐿 of 1 mm, the advective flux of the capillary flow dominates over the
Brownian motion of the particle (Pe exceeding unity).
Although usually neglected/neglectable,10,62,188 surface tension gradients can influence the flow
profile. Hu and Larson reported an inversion of capillary flow because of dominant thermal Marangoni
flow in octane droplets.15 Evaporation of the liquid yields a nonuniform temperature distribution across
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the droplet. Due to the longer thermal conduction path, the center of the liquid surface cools fastest. This
causes a locally higher surface tension as compared to the remaining droplet and an increase in density.
To reduce surface tension, there is a flow from the meniscus towards the top (Figure 3.10c). This
recirculation flow drags particles back to the center. Consequently, particles are predominantly
deposited in the center instead of at the rim of the droplet (Figure 3.10d).15 This effect can be exploited
to achieve uniform coatings in inkjet printing of nanoparticles.201 The fact that uniform deposition is
usually not observed in aqueous suspension droplets, Hu and Larson attribute to the contamination of
water with surfactants. A similar recirculation flow as depicted in Figure 3.10c arises at the receding
meniscus of droplets quickly dragged across a substrate.10 The water molecules in close proximity to the
solid surface follow the substrate movement, which induces this flow. As we will see in Section 3.4,
this effect is undesirable in capillary force assembly. Any pronounced recirculation flow would prevent
dense particle accumulation at the meniscus that is needed for high yield in selective particle deposition
inside topographical traps.

3.3.3 Capillary Forces
For a wetting droplet of colloidal suspension, slow evaporation of the liquid gradually reduces its height
due to pinning of the contact line (see above). Once the liquid film height becomes comparable to the
diameter of the colloidal particles, attractive capillary forces arise (Figure 3.11). Their origin is the
surface tension of the liquid. Reducing particle–substrate and inter-particle separation reduces the free
interfacial energy by minimizing the area of liquid surface.4 This yields closely packed colloidal crystals
and clusters in capillarity-assisted particle assembly (see Section 3.5).
Calculating the Laplace pressure ∆𝑝𝑝 = 𝛾𝛾L (𝑟𝑟1−1 + 𝑟𝑟2−1 ) exerted by the liquid meniscus per area
allows to calculate the capillary force for different scenarios.3 𝑟𝑟1 and 𝑟𝑟2 are the radii of curvature of the
liquid meniscus. On the one hand, there is a capillary force pushing the particles to the substrate (Figure
3.11a). The liquid bridge between a spherical particle and a flat surface at small separation exerts a
maximum capillary force of:202
𝐹𝐹bridge = −2𝜋𝜋𝛾𝛾L 𝑅𝑅�cos Θp + cos Θs �

(3.19)

with the radius of the spherical particle 𝑅𝑅 and the contact angles Θp and Θs established at the particle

and the substrate, respectively. This attractive force becomes repulsive if Θp + Θs > 180°.202

Moreover, a lateral immersion capillary force exists that drags adjacent particles of similar
wettability together (Figure 3.11b):203
𝐹𝐹immersion = −2𝜋𝜋𝛾𝛾𝐿𝐿

𝑟𝑟𝑐𝑐,1 sin Θ1∗ 𝑟𝑟𝑐𝑐,2 sin Θ∗2
𝐷𝐷

(3.20)

with the contact line radii of the interacting spheres 𝑟𝑟c,1 and 𝑟𝑟c,2 , the meniscus slope angles at the particle
surface Θ1∗ and Θ∗2 , and the center-to-center distance between the particle 𝐷𝐷.

After complete drying, van der Waals forces keep the particles fixed. However, capillary forces can
be strong enough to overcome this adhesive force. Indeed, induced capillary condensation on the dried
sample and subsequent drying is able to separate particle dimers inside a square shaped trap.145 A
simplified comparison of forces illustrates this.
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Figure 3.11 | Attractive capillary forces (schematic side view). a, Capillary force (white arrow) exerted by a drying
liquid bridge (blue) between a particle of radius 𝑅𝑅 (red) and a solid surface (hatched). Θp , Θs , contact angles of particle
and solid, respectively. b, Immersion capillary forces (white arrows) acting between two spheres (red) separated by a
distance 𝐷𝐷 in a thin liquid film (blue) on a substrate (hatched). 𝑟𝑟c,1 , 𝑟𝑟c,2, contact line radii. 𝛩𝛩1∗ , 𝛩𝛩2∗ , meniscus slope angles.

The van der Waals attraction between a SiO2 sphere of radius 𝑅𝑅 = 250 nm and a flat PDMS substrate
separated by a distance 𝐷𝐷 = 0.2 nm is:188,204
𝐴𝐴 𝑅𝑅

𝐻𝐻
𝐹𝐹𝑣𝑣𝑣𝑣𝑣𝑣 = − 6𝐷𝐷
2 ≈ 3 nN

(3.21)

with the Hamaker constant for interaction between SiO2 and PDMS 𝐴𝐴𝐻𝐻 = 0.27 × 10−20 J, as determined
from optical measurements.205

In contrast, a liquid meniscus bridging this particle and an adjacent wall of a topographical trap exerts
a force that is up to one order of magnitude larger:
𝐹𝐹𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 = −2𝜋𝜋𝜋𝜋𝛾𝛾𝐿𝐿 �cos Θp + cos Θs � ≈ −72 nN

(3.22)

with the contact angle Θp = 15° at the SiO2 particle and Θs = 110° on PDMS. Note that on a better
wetting surface the bridging force would become even larger.

3.4 Spray-Assisted Assembly
1D, wire-like nanoparticles are an important pillar to realize flexible (transparent) electrodes used for
novel display technologies, solar cells, and wearable electronics.206 However, orientational control is
crucial to translate the single-particle anisotropy in electrical, optical, and magnetic properties to the
macroscale, or enhance device performance.206,207 Spray-assisted assembly of colloidal, elongated
nanoparticles represents a powerful tool to produce oriented thin films. It can be easily implemented in
production lines to coat large areas with high speed. Furthermore, masked coating allows defining
contacts in integrated circuits.208 Spray alignment is a universal technique that accepts metal,6
semiconductor,208 organic,14 and hybrid nanoparticles.73
Figure 3.12 depicts a typical GIS experiment. A suspension of elongated nanoobjects is sprayed onto
a receiver substrate at small out-of-plane angles (5–20°).6,208 Shear forces that arise due to the impact
and movement of the liquid droplet/film orient the particles along the spraying direction. Fast
immobilization of the particles on the substrate is crucial to freeze the high degree of order. Fast
evaporation of the continuous phase on a heated receiver substrate is one option.208 Pauly, Decher, and
co-workers employed electrostatic attraction between particles and substrate that were coated with
oppositely charged polyelectrolytes.6 In both cases, the coverage is conveniently adjustable by
controlling the spraying duration.208,209 Using polyelectrolytes allows layer-by-layer buildup of oriented
multilayers with controlled inter-layer spacing.14,209 Consequently, thick layers are feasible that exceed
the limits of monolayer coverage. This is crucial to enhance optical anisotropy of oriented AgNWs
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Figure 3.12 | Grazing incidence spraying. a, Schematic side view of the suspension spray jet hitting the substrate at a
small angle (< 20°). The movement of the liquid (arrows) creates shear forces that orient elongated nanoobjects. b, Spatial
variation of nanoparticle orientation. Left, schematic top view indicating the region of high orientation quality (blue oval).
Right, orientation evaluation of negatively charged cellulose nanofibrils (AR > 100) sprayed onto positively charged,
poly(ethylene imine)-coated silicon wafers. The images represent slightly smoothed Fourier transforms of AFM images
measured at the spots indicated in the scheme. Figures adapted with permission from ref. 14, © 2016 ACS.

films.209 Controlling the spacing layer thickness proved essential to avoid inter-layer coupling of chiral
plasmonic nanoobjects.73
In thin films prepared via GIS, the orientation of elongated particles can vary spatially, as studied by
Blell et al. (Figure 3.12b). In the central region, cellulose nanofibrils were deposited with high quality,
while there might be a small difference in predominant orientation due to the opening angle of the
spraying cone (points 2 and 3).14 In contrast, close to the rim of the spraying cone, the quality of
alignment strongly degrades (points 1 and 4).14 Chapter 5 investigates the potential of 1D periodic
surface corrugations to enhance uniformity of alignment via GIS. There is a second limitation. Since
GIS relies on shear alignment, the quality of unidirectional orientation—characterized by the 2D nematic
order parameter 𝑆𝑆2D—strongly depends on the AR of the nanoparticles. As Figure 3.13 displays , large
AR AgNWs (AR ~110) easily reach an 2D nematic order parameter 𝑆𝑆2D of 0.83 (unity for perfect
alignment).6 In contrast, short gold nanorods (AR ~7) are challenging to orient via GIS (𝑆𝑆2D = 0.15).6

Figure 3.13 | Dependence of alignment quality on the nanoparticle aspect ratio. a, SEM images of negatively charged
gold nanorods (AR ~7 and ~16) and AgNWs (AR~110) sprayed onto positively charged, PEI-coated glass. b, Angle
distribution of nanoparticle orientations relative to the spraying direction evaluated from SEM. Dashed line, Gaussian fit to
the distribution. 𝑆𝑆SEM, 2D nematic order parameter termed 𝑆𝑆2D in this thesis. Figures adapted with permission from ref. 6,
© 2016 RSC.
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3.5 Capillarity-Assisted Assembly
Controlled dewetting of colloidal particle suspensions on flat or topographically patterned substrates
drives their assembly into hexagonally close-packed or templated, non-close packed structures,
respectively.10 Capillary interactions as driving force for this process act on any mobile, colloidally
stable particle (see Section 3.2 Colloidal Stability) that deforms a liquid interface (see Section 3.3.3
Capillary Forces).66 Consequently, capillarity-assisted assembly10,66 is a universal assembly strategy to
deterministically arrange polymer,2 metal,11,12,16,121,127 metal oxide,2,139,141 semiconductor11,16,99,138,210 and
hybrid colloidal particles141,211 as well as living cells.212 Apart from spherical particles, successful
deposition of rod-like,7,30,39,138 cubic,30,128,136,210 triangular,136 and other nanoparticle shapes was
reported.138,140,210 As an even more exotic example, nanotetrapods were assembled inside traps.16 Design
and arrangement of the topographical traps guide their assembly into single-particle8,30,36,134,136 (down to
10 nm size121), cluster8,16,99,140 and line arrays7,11,121,140 (Figure 3.14). Excellent positional and
morphological control allows systematic studies on plasmonic near-8,30,213,214 and far-field coupling128
(see Sections 4.2 and 4.3, respectively). Concurrent orientational control encodes polarizationdependent optical properties8,11,214 interesting, e.g., for anti-counterfeiting protection39 (Figure 3.14d).
Moreover, capillarity-assisted assembly holds great promise for integration of nanoparticles in
electronic circuitry.7,16
In recent years, the group around Heiko Wolf intensely explored the unique capability of capillary
assembly to build up 1D, 2D and 3D hybrid clusters and chains by sequential deposition (Figure
3.15).2,12,188 Such hybrid structures are adjuvant to introduce plasmon enhancement—e.g., in
upconversion luminescence138 or second harmonic generation.139 Furthermore, they are promising for

Figure 3.14 | Nanoparticle assemblies created via capillary assembly in topographical templates. a, Single-particle
and cluster assembly of ~55 nm sized gold nanospheres. In the schematic representation of the trap geometry (top),
identical colors highlight particles equidistant from the central particle. The bottom panels depict SEM images after removal
of the sacrificial template. b, c, SEM micrographs of 500 nm polystyrene nanospheres and 64 nm × 24 nm sized gold
nanorods assembled into lines. d, Polarized dark field micrographs of oriented nanorods (25 nm × 80 nm) with polarization
parallel (top) and perpendicular to their main axis (bottom). Scale bar, 10 µm. Figures adapted with permission from: a,
ref. 8, © 2017 ACS; b, ref. 10, © 2007 ACS; c, ref. 7, © 2013 RSC; d, ref. 39, © 2012 Wiley.
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Figure 3.15 | Hybrid chains and clusters fabricated via sequential capillarity-assisted particle assembly. a,
Schematic side view of the fabrication strategy. The particle suspension confined between a glass slide and a
topographical template is moved across topographical traps. With every run, one particle is deposited. Using different
particle solutions enables sequential buildup of tailored particle clusters. b,d,e,f, Merged fluorescence microscopy images
of hybrid chains and clusters built up from fluorescent 1 µm PS particles. The respective schemes illustrate the assembly
sequence and direction. In f, the non-fluorescent PS particle assembled on top is 0.78 µm in diameter and visualized in
the bright-field microscopy channel. c, Energy-dispersive X-ray spectroscopy map of assembled Au–Ag–Au hybrid chain.
Scale bars: b,f, 5 µm; c, 100 nm; d,e, 10 µm. Figures adapted with permission from: a,b,d,e,f, ref. 2, © 2016 CC BY-NC
4.0; c, ref. 12, © 2018 ACS.

waveguiding215 and can be designed as active microswimmers to deliver micro-cargo.141 To increase
throughput and versatility of capillarity-assisted assembly, a continuous microfluidic feed with assembly
solution can be implemented. Providing different colloidal solutions in several independent capillary
bridges enables sequential assembly of hybrid structures in one pass.145 Moreover, 1D and 2D crossgradients of assembled particles are feasible by supplying a two-component assembly mixture through
a single outlet.216
From a mechanistic point of view, capillarity-assisted assembly relies on long-range transport of
dispersed particles towards a receding liquid meniscus and subsequent particle deposition guided by
short-range capillary interactions.10,66 The first process is well-know from the coffee-ring effect.62,63 In
evaporating droplets containing non-volatile solutes, the enhanced evaporation of liquid near the
meniscus drives a convective particle flux towards the three-phase contact line (see also Section 3.3.2).
The competition between contact line pinning at deposited particles or surface inhomogeneities and
dewetting produces ring-like residues of particles and various other ill-defined patterns.63 Capillarityassisted assembly borrows this mechanism, but introduces stringent control over particle flux, dewetting
and pinning events to fabricate regular patterns of colloidal particles.
In practice, the controlled movement of the receding meniscus across the substrate—essential to
capillarity-assisted assembly—can be realized in an upright setup.11,16,36 However, driving the dewetting
process in a microfluidic cell214 or in a blade-coating setup has the benefit of convenient in-situ
observation and study of the assembly mechanism.10,12,30,188 In the latter case, a drop of particle
suspension is confined between the substrate and a stationary slide (Figure 3.16). Motorized movement
of the substrate drags the meniscus across at constant velocity ranging from 0.2 to 5 µm s-1.66 On wellwetting, flat substrates (contact angle Θ < ~20°) (Figure 3.16a)—employed in so-called convective
assembly—an extended thin liquid film forms.10 The liquid film vertically confines the particles that
travel to the meniscus. Once the particles protrude from the liquid layer, attractive immersion capillary
forces (see Section 3.3.3) arise to induce close packing. Mono- and multilayers with hexagonal or square
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Figure 3.16 | Capillarity-assisted assembly controlled by substrate wettability and topography (schematic side
views and tilted SEM images of 500 nm PS particle assemblies). Evaporation at the meniscus drives a convective flow
of particles towards the contact line. The direction of capillary forces (𝐹𝐹m and 𝐹𝐹c ) decides on the assembly mechanism.
a,b, For contact angles Θ < ~20°, attractive immersion capillary forces exerted by the extended thin film produce monoand multilayers on flat substrates (a). Using topographical features like cross-shaped posts on well wetting substrates
enables fabrication of discontinuous monolayers (b). c, d, Large contact angles cause a strong component of capillary
forces 𝐹𝐹c acting parallel to the substrate. Consequently, on flat substrates, no particles are deposited (c), whereas particles
are deposited at topographical obstacles (d). The assemblies shown in a and b were transferred to gold-coated glass.
Figures adapted with permission from ref. 10, © 2007 ACS.

packing are accessible.10,61 To control their selective formation, the rate of particles travelling to the
meniscus—controlled by heating the substrate or adjusting the particle concentration—needs to be
balanced against meniscus withdrawal speed. The use of topographical templates enables fabrication of
discontinuous, hierarchical monolayers with hexagonal order10 (Figure 3.16b) or guides unusual square
packing in particle monolayers.133
Employing larger contact angles in capillary force assembly broadens versatility of accessible
structures since arbitrarily shaped, recessed traps can be filled with clusters8,16,99,140 or individual
particles.8,30,134,136 Moreover, at the wall of recessed traps2,12,188 or posts,10 individual particles can be
selectively deposited (Figure 3.16d). The crux is that at contact angles around 30–75° commonly used,66
there is a significant component of the capillary force pointing parallel to the substrate (Figure 3.16c,d).
Consequently, particles are only deposited when they experience a counteracting force from
topographical obstacles (Figure 3.16d). Moreover, pinning at surface features deforms the meniscus to
exert an increased downward capillary force.188 This pushes the particle into the topographical trap. In
contrast, on flat surfaces, no particles are deposited (Figure 3.16c).
Flauraud et al. described three essential steps to be optimized for high yield and accuracy in
capillarity force assembly:30 particle insertion into the traps, resilience against the receding meniscus,
and drying of the residual solvent inside the traps (Figure 3.17b). To increase the probability of particle
insertion into the traps, a dense accumulation zone of particles at the meniscus has to be created. This
increases both the sheer number of particles present and reduces the diffusive particle motion. For
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Figure 3.17 | Detailed mechanism of capillary force assembly. a, The formation of a dense accumulation zone is
crucial for high yield of particles inserted into topographical traps. The schematic side view depicts the necessary balance
of particle flows. An additional, evaporation-driven particle flux towards the meniscus 𝐽𝐽i induced by substrate heating is
important to back up the particle transport based on the coffee-ring effect (𝐽𝐽t , see also Section 3.3.2) and counterbalance
particle recirculation 𝐽𝐽r . b, 3D scheme summarizing the essential steps to be optimized: insertion, resilience, and drying.
The inset shows an SEM image of the dried accumulation zone (top) and assembled region of gold nanorods (bottom). c,
Particles dragged to feature corners during drying. SEM image of 100 nm gold particles deposited into a 230 nm wide
square-shaped trap. The template was removed. Schematic side view of the repositioning process induced by capillary
forces during drying. Figures adapted with permission from: a, ref. 10, © 2007 ACS; b, ref. 30, © 2016 Springer Nature; c,
ref. 36, © 2006 AIP.

anisotropic particles, a dense accumulation zone moreover provides a huge variety of different
orientations to boost the chances for finding a trap of matching orientation.30 The inset in Figure 3.17b
shows an SEM image of the dried accumulation zone (top) and assembled region of gold nanorods
(bottom). To grow/maintain the accumulation zone, heating the substrate 10–50 K above the dew point
proved useful. Figure 3.17a demonstrates that the formation of the accumulation zone relies on an
appropriate balance of particle flows. The particle flux 𝐽𝐽i induced by substrate heating backs up the
particle transport 𝐽𝐽t based on the coffee-ring effect (see also Section 3.3.2) and helps to
overcome/balance diffusive particle motion, recirculation flow 𝐽𝐽r as well as consumption of particles by
deposition (Figure 3.17a).10 The recirculation is caused by the movement of the substrate underneath
the droplet to shear the liquid. Reduced withdrawal speed and increased heating moves the zone of
recirculation away from the meniscus.127 This facilitates particle accumulation. For steady state
conditions in the assembly area, the accumulation zone can be grown during a conditioning step on a
flat area before entering the region of interest.30
Particles residing in a trap have to prove resilience against shear forces exerted by the dragged
accumulation zone and capillary forces acting during transient pinning of the meniscus.30 Low surface
tension improves the assembly yield. The increased deformability of the meniscus creates a strong
component of capillary force pointing downwards right before capillary breakup. This prevents removal
of the particle from the trap.188 In practice, surfactant (mixtures)12,30,127 or low-surface tension
solvents121,140 are used. Especially for sequential deposition of nanoparticles, the surface tension has to
be as low as 22 mN m-1, whereas 36 mN m-1 are sufficient in the case of microparticles.12 Despite the
use of higher temperatures to establish a dense accumulation zone of nanoparticles and deeper traps, the
yield in sequential nanoparticle assembly currently is limited to ~60% (close to 100% for
microparticles).12,188
After capillary breakup, drying of the liquid remaining inside the trap takes place. Capillary
immersion forces push particles together to form close-packed structures (Figure 3.14a–c). Capillary
attraction towards trap walls/corners36,121 or elevated features30 allows positioning below feature
resolution (Figure 3.17c). This mechanism also induces reorientation of nanorods to align perfectly in
funneled traps30 and can be used to reposition already assembled particles by post-treatment
condensation and drying.145
Flauraud et al. studied the stages of capillarity-assisted assembly in detail and introduced trap designs
for better yield of individual nanorods.30 They found that wider traps improve insertion while deeper
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ones foster resilience. Especially, funneled traps enlarge the acceptance area and improve the orientation
of nanorods. Moreover, the orientation of the linelet features relative to the meniscus plays a crucial role.
Auxiliary sidewalls, however, improve the yield even when the traps are oriented perpendicular to the
meniscus. On the one hand, they serve as a topographical obstacle when they are positioned at the rear
end of the feature (away from meniscus). On the other hand, placed to the front end, they reach their full
potential and improve resilience of inserted particles because they shift the depinning event to an
elevated position.

3.6 Template Fabrication
As discussed in the previous section, topographical templates can significantly increase the structural
complexity of colloidal nanoparticle assemblies. In order to affect the assembly process, however, the
templates need to comprise nano-sized topographical features. To this end, conventionally, electron
beam lithography is used. In the following, however, we will focus on nanofabrication approaches that
are better scalable than direct writing methods: Wrinkling and laser interference lithography—as
employed in Chapters 5 through 7. This section provides a brief insight to the mechanism of structure
formation and an overview over feasible morphologies, in respect to structural complexity and symmetry.

3.6.1 Wrinkling
Post-buckling instabilities represent a source for failure—e.g., in aircraft panels—and therefore are to
be prevented.217,218 In 1982 Martin et al. observed similar buckles in metal films evaporated onto liquid
nitrogen cooled PDMS after reaching room temperature.219 However, another 16 years passed before
dedicated research efforts were initiated to tailor buckling instabilities that form in stiff, thin films on
compliant substrates under mechanical stress.220 Rational choice of materials and design of stress-fields
allows fabrication of surface wrinkles with periodicities ranging from ~90 µm221 down to ~200 nm11
that can be disordered, organized in parallel stripes, zig-zag herringbone, or checkerboard patterns
(Figure 3.18a–d).120 Wrinkles can also be hierarchical in periodicity, amplitude, and spatial distribution
(Figure 3.18e–g).31,37,44,222 Since wrinkle formation is caused by mechanical instabilities, the size of
patterned area is not limited and can be easily scaled up to m²-areas.117–119,223
Tunable wrinkle-structured interfaces find diverse applications. Their diffractive and scattering
properties generate artificial structural colors31 and can enhance light harvesting efficiencies.224 The
rough topography modifies wetting and adhesion behavior—e.g., to prevent biofouling.225,226 Uniaxial
wrinkle topography produces tunable anisotropic wetting227 as well as friction228 and modifies cell
polarization and migration for accelerated wound healing.229 Since the wrinkling process is strongly
related to the mechanical properties of soft substrate and stiff thin film (see below), it facilitates the
characterization of Young’s moduli of novel 2D materials that are difficult to access by conventional
methods.230,231 Moreover, the reversibility of the wrinkling process enables stretchable electronics232 and
allows real-time tuning, reorientation and/or erasure of the topography by applying strain,233 light234,235
or temperature.44,236 For patterned surface stiffness, hierarchical wrinkles arise.44,233,237 As for templateassisted assembly, surface wrinkles are used for µCP of chemical patterns116 and alignment of
nanoparticles ranging from tobacco mosaic viruses,238 bacterial cellulose fibers223 and plasmonic
nanoparticles of various types.11,28,129,130
Wrinkling is caused by the mismatch in thermal/solvoscopic expansion coefficients or Young’s
moduli between thin films and the compliant substrate they are adhered/bound to. After reaching a
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Figure 3.18 | Wrinkling morphologies. a–d, Optical micrographs of (a) disordered, maze-like, (b) parallel, (c) zig-zag
herringbone, and (d) checkerboard wrinkles. The wrinkles formed in pre-strained, plasma oxidized PDMS upon (a)
simultaneous or (c) sequential release along two orthogonal axis. In b, the PDMS was released along one axis. In d,
mechanical and swelling stresses acted in orthogonal directions in UV-ozone-treated wrapped around a cylinder and dipcoated in acetonitrile solution of PMMA. e, Scheme of wrinkles hierarchical in periodicity prepared by uniaxial compression
of PDMS coated with a multi-layer film. f, Hierarchical wrinkling amplitude (period-doubling bifurcation) in UV-ozonetreated PDMS. g, Optical micrographs showing a leaf pattern of wrinkles created by photo-controlled Diels-Alder reaction
in a polymer film on PDMS. Scale bars: a–c, 5 µm; f, 100 µm. Figures adapted with permission from: a,b,c, ref. 9, © 2007
AIP; d, ref. 23, © 2012 RSC; e, ref. 31, © 2020 Wiley; f, ref. 37, © 2011 Springer Nature; g, ref. 44, © 2020 Wiley.

certain threshold upon temperature change,220 swelling239 or mechanical loading,240 the in-plane
compressive stress is relieved by periodic out-of-plane deformation, i.e., wrinkling. In practice, stiff
metal,220,236,240 oxide,222,241,242 and polymer44,233–235,243,244 thin-films are attached mainly to PDMS
elastomer substrates. The inorganic backbone of PDMS offers a special advantage. Oxygen plasma,242
UV/ozone222 or chemical treatment241 convert its surface into a stiff, silica-like layer. This covalently
bound layer does not delaminate during wrinkling, whereas metal films need additional adhesion layers
to prevent delamination.220
Tailored wrinkling. The exact arrangement of periodic wrinkles is defined by the stress fields.

Isotropic thermal shrinkage yields disordered, maze-like corrugations (cf. Figure 3.18a).220 Employing
substrates comprising bas-relief structures220,242 or locally stiffened surface patterns237 allows to direct
the wrinkle orientation. However, sinusoidal surface wrinkles defined by directional, mechanical prestrain are of bigger practical relevance. To this end, the elastic substrates are stretched before applying
the stiff surface layer and wrinkles form during subsequent relaxation. Sequential, biaxial release of the
pre-strain produces zigzag herringbone structures (Figure 3.18c).9 Most commonly, uniaxially prestrained substrates are used that form parallel surface wrinkles (Figure 3.18b).240 Above a critical strain
𝜀𝜀c , wrinkles oriented perpendicular to the strain direction form with a critical—i.e., initial—periodicity
𝛬𝛬c :240
𝜀𝜀𝑐𝑐 = �
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with the Young's moduli of substrate 𝐸𝐸s and film 𝐸𝐸f , and film thickness ℎf .
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Figure 3.19 | Assembly of nanoparticles inside parallel surface wrinkles. a, Decreasing the wrinkling amplitude by
postfabrication oxygen plasma treatment facilitates assembly of 3D, 2D and 1D particle lines at constant periodicity (left
to right). Schematic side view and SEM images of nanorods assembled inside PDMS wrinkles. b, Using as-prepared,
wrinkled surfaces to achieve these particle line morphologies comes at the expense of strongly varying periodicities. SEM
image depicting spherical nanoparticles assembled into lines and transferred to PEI-coated glass substrates. Figures
adapted with permission from: a, ref. 11, © 2015 CC BY 3.0; b, ref. 28, © 2014 ACS.

Whereas the wrinkling periodicity does not change significantly with strain for small pre-strains, the
wrinkling amplitude 𝐴𝐴 increases with strain:245
1

with the applied strain 𝜀𝜀appl .

𝜀𝜀appl
2
𝐴𝐴 = ℎ𝑓𝑓 �
− 1�
𝜀𝜀c

(3.25)

Focusing on plasma-oxidized PDMS wrinkles, as used in this thesis (Chapter 5), the mechanical
contrast (𝐸𝐸s /𝐸𝐸f ,) and/or film thickness ℎf can be adjusted by changing the cross-linking degree of the
PDMS substrate246 or by adjusting the plasma dose.242 By controlling these two, and the applied prestrain, periodicities of ~200–1200 nm and amplitudes ranging from 25 nm to 200 nm can be
produced.11,116,246 Moreover, wrinkling gradients can be designed.246,247 As a comparison of Equations
(3.24) and (3.25) shows, periodicity 𝛬𝛬c and amplitude 𝐴𝐴 are correlated through ℎf . That means,
increasing the periodicity usually results in larger amplitude. To gain more flexibility in design of the
wrinkling topography, the amplitude can be selectively reduced by postfabrication oxygen plasma
etching.11 This strategy facilitates controlled assembly of nanoparticles into 3D, 2D and 1D lines for
decreasing wrinkle channel depth while keeping the periodicity constant (Figure 3.19a).11 In contrast,
using as-prepared wrinkles is compromised by a significant ~70% relative decrease in periodicity
required to go from 3D to 1D lines (Figure 3.19b).28
For large pre-strains, Equations (3.24) and (3.25) are not accurate and need refined models.240,248 In
particular, the wrinkling periodicity 𝛬𝛬 can deviate from the critical periodicity 𝛬𝛬c significantly to
decrease with increasing pre-strain—similar to an accordion bellow.248 Moreover, above a certain
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threshold of pre-strain, higher modes of wrinkling can occur. In so-called bi-sinusoidal wrinkles, a
period-doubling instability at large deformations leads to an alternation of deep and less deep wrinkles.37
This is potentially interesting for the hierarchical assembly of two differently sized, functional colloids.
Defects. On the one hand, the self-organized wrinkling process benefits from high scalability. On the
other hand, this comes at the expense of defect structures that form—namely y-branches and cracks. Ybranches evolve in the initial stages of surface buckling. Wrinkling starts at surface inhomogeneities
and the corrugated areas expand upon further uniaxial compression. When two regions of sinusoidal
wrinkles offset by a phase shift of 𝛿𝛿 ≠ 𝑛𝑛 ∙ 𝛬𝛬 merge, y-branches form.244 This adds a certain degree of
randomness to the surface topography and limits the maximum length of assembled particle lines.
Nevertheless, controlling the formation of y-branches opens an intriguing route towards hierarchical
surface patterning. By tailoring the mismatch in periodicities between adjacent regions, regular ybranches can be designed.249

Cracks parallel to the strain direction can form at a later stage. The stiff surface layer ruptures due to
lateral expansion of the substrate upon compression.240 Fast relaxation favors formation of y-branches,
whereas slow relaxation produces more cracks.222 Especially cracks that constitute up to ~10% of area
in plasma-oxidized wrinkled surfaces are unfavorable.250 Firstly, they introduce scattering and distort
the wavefront of light. This, for example, reduces the optical quality in photonic applications such as
guided-mode resonance.251 Secondly, in template-assisted assembly, they act as randomly arranged
pinning sites and can lead to huge jumps of the contact line, which reduces assembly yield. Therefore,
several strategies were developed to prevent crack formation. Circumventing the lateral
compression/expansion244,252 during the wrinkling process and/or introducing a gentle stiffness gradient
at the inter-layer transition—by optimized plasma parameters250,252 or interpenetrating polymer
networks253—proved useful.

3.6.2 Laser Interference Lithography
Although surface wrinkling offers a technologically simple way to create micro-/nanostructures on
macroscopic areas, it has certain limitation. Since wrinkling wavelength and amplitude are coupled (see
previous Section 3.6.1), creating features of ~200 nm lateral size with significant depth remains
challenging. Moreover, the ratio of feature dimension (wrinkle width) to period (wrinkling
wavelength)—i.e., the duty cycle—is usually fixed around 0.5. While surface patterns beyond parallel
lines and herringbone structures are feasible, their parameter window is small.239,254 Defect-free laser
interference lithography255–257—also known as holographic/interferometric lithography—adds
flexibility in design of pattern type, aspect ratio, and duty cycle. Well-controlled (multiple) interference
of two to six258 coherent laser beams produces 1D line gratings, 2D pillar/hole arrays and 3D lattices in
photoresist.255–257 As a special advantage, laser interference lithography allows fast patterning of cm²areas. Expansion of the beam cross-section further increases sample size up to m²-dimensions.259
Periodic LIL structures have manifold applications in photonics, plasmonics and micro-/nanofabrication. In 3D photonic crystals, the periodic variation in refractive index creates an optical
bandgap.260 Moreover, 1D and 2D periodic arrays serve as masks to define etching/evaporation100,261–263
or guide colloidal assembly as topographical templates.124–126 The created arrays are characterized by a
negative index of refraction,262 uniform SERS enhancement263 or allow refractive index sensing,261,264 to
name but a few. By multi-exposure with different interference periodicity, hierarchically patterned,
superhydrophobic surfaces are feasible.265
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Figure 3.20 | Fabrication of periodic patterns using Lloyd’s mirror setup. a, Schematic representation of Lloyd’s
mirror setup (top). A laser beam hits partially a mirror and a photoresist-coated sample mounted at 90° to each other.
Direct and reflected beam interfere at an half-angle 𝜃𝜃 to produce a line pattern of varying laser intensity (bottom). b–d,
SEM images of (b) line, (c) square, and (d) hexagonal patterns created via single, double and triple exposure, and
development of photoresist. Two orthogonal exposures with different interference angles yield ellipsoidal features (e).
Scale bars: b,c,e, 1 µm; d, 10 µm. SEM images adapted with permission from Vaibhav Gupta.

Multi-beam interference (𝑁𝑁beam ≥ 3) allows convenient adjustment of light amplitude, polarization
and intersecting angle of each beam separately to design complex lattices like honeycomb and heterobinary structures by a single exposure.258 However, this requires sophisticated, bulky setups that are
prone to polarization and phase errors.257 Multi-exposure of two-beam interference is a more robust
alternative that can produce several different lattice types. Especially, Lloyd’s mirror setup is popular,
since it is compact and the interference periodicity is tunable by simple rotation of the setup relative to
the laser beam (Figure 3.20a). Therefore, it is also used in this thesis (Chapters 6 and 7). A single laser
beam of wavelength 𝜆𝜆 and intensity 𝐴𝐴 hits both a mirror and a sample coated with photoresist (Figure
3.20a, top). The direct and reflected beam interfere at a half-angle 𝜃𝜃 to produce a 1D variation of laser
intensity 𝐼𝐼 along a distance 𝑥𝑥 (Figure 3.20a, bottom):266
4𝜋𝜋𝜋𝜋
𝐼𝐼(𝑥𝑥) = 2𝐴𝐴 �cos �
∙ sin(𝜃𝜃) ∙ 𝑥𝑥� + 1�
𝜆𝜆

(3.26)

with the index of refraction 𝑛𝑛.

A single exposure and development of the photoresist results in a corresponding line pattern—i.e.,
nanochannels—of the same periodicity 𝛬𝛬LIL :257
𝛬𝛬LIL =

𝜆𝜆
2𝑛𝑛 ∙ sin 𝜃𝜃

(3.27)

Due to nonlinear response of the photoresist, the channels show a rectangular profile instead of a
cosine one.256 By rotating the Lloyd’s mirror setup, the angle between the interfering beams 𝜃𝜃 can be
adjusted to tune the periodicity of the structure. As Equation (3.27) reveals, the minimum achievable
periodicity can be reduced by using short-wavelength lasers (𝜆𝜆)—e.g., deep UV.267 For other setup
geometries, immersion interference lithography in liquids of high refractive index 𝑛𝑛 is another powerful
strategy to reduce periodicity.268 Combining these strategies with anisotropic etching allows for
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periodicities as low as 45 nm (single-exposure self-aligned spatial-frequency doubling).269 In LIL, the
feature width is tuned by exposure dose and development time.255,257
Apart from line patterns of 2-fold rotation symmetry (𝗇𝗇 = 2), any even-numbered 𝗇𝗇-fold symmetry
like square (𝗇𝗇 = 4) and hexagonal (𝗇𝗇 = 6) arrangement of circular features is accessible (Figure 3.20b–
d). To this end, the sample is exposed 𝗇𝗇/2-times and rotated in plane by 360°/𝗇𝗇 each time. Higher
symmetries are feasible. In general, the patterns fabricated by single-exposure multi-beam interference,
are accessible by multi-exposure two-beam interference.270 (Rotated) multi-exposure with different
interference periodicities 𝛬𝛬LIL and/or lateral phase shift broadens the diversity of structure to yield
ellipsoidal features (Figure 3.20e), Moiré patterns and various combinations of lines and dots.271
Moreover, off-normal multi-exposure with two beams is able to generate 3D periodic structures.272
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4 Plasmonics: Fundamentals and State of the Art
Metal nanostructures are able to confine strong electromagnetic fields to sub-diffraction volumes. This
is a consequence of light-driven, collective electron oscillations excited in the metal, so-called localized
surface plasmon resonance (LSPR). In this chapter, we will learn the fundamentals of LSPR and how it
is controlled by the dielectric environment, particle shape (Section 4.1), and geometrical arrangement
(Sections 4.2 through 4.4). For example, closely spaced particles couple to produce hot spots in the gap
region that are important for plasmon-enhanced sensing, catalysis and emission. The discussion in
Section 4.2 will focus on near-field coupling in particle chains. Plasmonic particles can also couple via
the light scattered to the far field. When arranged into 2D lattices of matching periodicity, the particles
interact coherently to produce a sharp, so-called SLR (Section 4.3). In Section 4.4, we will dive into the
emerging field of chiral plasmonics that holds great potential for enantioselective molecular detection
and enantio-pure catalysis. Starting from geometrical considerations of chirality, the resulting
chiroptical effects are discussed. Based on the acquired basic knowledge on static plasmonic system,
this chapter concludes with dynamically tunable plasmonic effects (Section 4.5). Here, the focus will be
on mechano-tunable systems and modulation of chiroptical effects, as studied in this thesis (Chapters 6
and 7).

4.1 Localized Surface Plasmon Resonance
Light is able to interact with the electron cloud of (noble) metal nanoparticles.10,11 Figure 4.1a illustrates
a plane wave impinging on a spherical metal nanoparticle of diameter 𝑑𝑑. The incident electric field
displaces the electron cloud of the metal (arrow in nanoparticle). This charge separation creates a
restoring force and induces an oscillation. Light of matching wavelength 𝜆𝜆LSPR interacts coherently with
the electrons and excites a so-called localized surface plasmon resonance (LSPR). Theoretically, the
LSPR is described by the Mie theory as analytical solution of Maxwell’s equations.11,15 For small
particles (𝑑𝑑⁄𝜆𝜆 < 0.1), the incident electric field appears static to the particle and the Mie theory can be
simplified. In this quasi-static regime the particle behaves like an ideal dipole.11 The incident light is

Figure 4.1 | Localized surface plasmon resonances in spherical nanoparticles. a, Scheme depicting the displacement
of the electron cloud (blue) in a spherical nanoparticle (golden brown) caused by the electric field of incident light. Light of
matching wavelength 𝜆𝜆LSPR excites an LSPR. b, Extinction cross-section 𝜎𝜎Ext of a 10 nm sized, spherical gold nanoparticle
in several liquid media, calculated using Equation (4.1). The dielectric function of gold was taken from ref. 4. Refractive
indices: water (H2O), 1.33; ethanol (EtOH), 1.36; tetrahydrofuran (THF), 1.4; polymer, 1.45. c, Effective extinction crosssection 𝑄𝑄 (normalized to cross-sectional area) of 20–80 nm sized gold nanospheres in water calculated according to Mie
theory. Figure in c adapted with permission from ref. 18, © 2018 CC BY-NC-ND 4.0.
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partially absorbed and scattered by the particle. The extinction cross-section of a spherical metal
nanoparticle 𝜎𝜎Ext,sphere —considering absorption and scattering—is calculated as:15,26
𝜎𝜎Ext,sphere (𝜆𝜆) =

𝜖𝜖2 (𝜆𝜆)
3𝜋𝜋 2 𝑑𝑑3 𝜖𝜖m 3⁄2
[𝜖𝜖1 (𝜆𝜆) + 2𝜖𝜖m ]2 + 𝜖𝜖2 (𝜆𝜆)2
𝜆𝜆

(4.1)

where 𝜖𝜖m is the dielectric constant of the surrounding medium that is assumed independent of
wavelength. 𝜖𝜖1 and 𝜖𝜖2 represent the real and imaginary part of the complex dielectric function of the
metal 𝜖𝜖̃ = 𝜖𝜖1 + 𝑖𝑖𝜖𝜖2 . At resonance, the extinction cross-section is maximized. As Equation (4.1)
indicates, this is the case for 𝜖𝜖1 = −2𝜖𝜖m (Fröhlich condition). Inserting this resonance condition into
the frequency-dependent form of 𝜖𝜖1 based on the Drude model yields:26
(4.2)

𝜆𝜆LSPR = 𝜆𝜆P �2𝜖𝜖m + 1

where 𝜆𝜆P is the wavelength corresponding to the plasma frequency of the bulk metal.

As Equation (4.2) indicates, the LSPR red-shifts with increasing dielectric constant 𝜖𝜖m . This effect
2
). Figure 4.1b plots the calculated extinction
is used in refractive indexed-based sensing (𝜖𝜖m = 𝑛𝑛𝑚𝑚
cross-sections for a spherical particle in media of different refractive indices. Although Equation (4.2)
only strictly applies for very small particles within the quasi-static approximation, it also reflects the
tendencies observed for larger particles. In large particles, retardation effects lead to a red-shift of LSPR
for increasing particle size (Figure 4.1c), as observed experimentally.28 This size quantization can be
understood in analogy to the particle in a box model in quantum mechanics. Less confined oscillations
need less energy to be excited. In silver spheres18 or large gold spheres (> ~100 nm),29–31 additionally,
higher-order modes like quadrupolar ones can be excited, which is covered by the Mie theory.
Quadrupolar modes benefit from narrower line shapes and provide an out-of-plane component for highquality surface lattice resonance32 (see Section 4.3).
For rod-shaped particles,33 electron oscillations can be excited perpendicular (transverse plasmon
mode) and parallel (longitudinal plasmon mode) to the long axis (Figure 4.2a). Considering the particle
in a box analogy, as above, explains illustratively that the less confined longitudinal mode appears at
longer wavelength as compared to the transverse one. For quantitative understanding, Gans extended
the Mie theory to spheroidal particles,34 which proved to be a significantly good approximation for
nanorods.35 The extinction cross-section of a randomly oriented spheroid equals:34,35
𝜎𝜎Ext,spheroid (𝜆𝜆) =

2𝜋𝜋𝜋𝜋𝜖𝜖m 3⁄2
�
3𝜆𝜆
𝑗𝑗

𝜖𝜖2 (𝜆𝜆)

2

𝑃𝑃𝑗𝑗 2 �𝜖𝜖1 (𝜆𝜆) + ��1 − 𝑃𝑃𝑗𝑗 �/𝑃𝑃𝑗𝑗 � 𝜖𝜖m � + 𝜖𝜖2 (𝜆𝜆)2

(4.3)

where 𝑉𝑉 represents the volume of the nanoparticle and 𝑃𝑃𝑗𝑗 are the shape-dependent depolarization factors

for the three axis, as described in ref 35. Applying the Drude model for the resonance condition 𝜖𝜖1 =

− ��1 − 𝑃𝑃𝑗𝑗 �/𝑃𝑃𝑗𝑗 � 𝜖𝜖m yields the following equation for the longitudinal plasmon mode:11
𝜆𝜆long = 𝜆𝜆P ��

1

𝑃𝑃long

− 1� 𝜖𝜖m + 𝜖𝜖∞

(4.4)

with the high-frequency dielectric constant of the metal 𝜖𝜖∞ and the depolarization factor along the long
axis 𝑃𝑃long . As Equation (4.4) describes, the longitudinal mode red-shifts with (I) increasing dielectric
58
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Figure 4.2 | Localized surface plasmon resonances in nanorods. a, Scheme depicting the displacement of the electron
cloud (blue) in a nanorod (golden brown) caused by the electric field of incident light. The electrons can be displaced
perpendicular (top) or parallel to the long axis of the nanorod (bottom). This results in two energetically different modes
(transverse and longitudinal plasmon mode, respectively) that are excited by light of matching wavelength 𝜆𝜆LSPR . b,c,
Normalized extinction coefficients for (b) gold nanorods in media of different dielectric constant 𝜖𝜖m and (c) gold nanorods
of different aspect ratio 𝑅𝑅 (called 𝐴𝐴𝐴𝐴 throughout this thesis). The spectra were calculated similar to Equation (4.3) with (b)
the aspect ratio fixed to 3.3 and (c) the dielectric constant fixed to 2.05. Graphs in b and c reprinted with permission from
ref. 12, © 2005 ACS.

constant of the surrounding medium 𝜖𝜖m (Figure 4.2b) or (II) increasing aspect ratio (length-to-width)
of the spheroid (smaller 𝑃𝑃long , Figure 4.2c). We limit our discussion to the longitudinal mode, since its

higher sensitivity35 is of main practical relevance in sensor applications.11,33 For medical applications, it
is beneficial that the longitudinal mode can be tuned to NIR excitation by increasing the aspect ratio.
NIR light displays good tissue penetration depth and therefore can excite the nanorods in molecular
imaging and photothermal cancer therapy.36 Since Equation (4.4) is valid for spheroids in general, it
also covers spheres as special case. Here, the depolarization factor 𝑃𝑃 equals 1/3 along all three axes,37
which results in Equation (4.2) (𝜖𝜖∞ = 1).
In high AR nanorods or nanowires, higher-order longitudinal modes can be excited.13,38,39 This can
be understood in analogy to dipole antennae. Figure 4.3a schematically depicts AgNWs. The blue
arrows indicate the local dipole moments that reflect the light-induced displacement of conduction
electrons (cf. Figure 4.2a, bottom). The collective oscillation of electrons—i.e., LSPR—can be
described as standing surface charge waves (black curves in Figure 4.3a).13,38,39 Surface charge waves
reflect the electron oscillation amplitude. All possible modes are integer multiples of half-waves that

Figure 4.3 | Higher-order modes observed for silver nanowires. a, Schematic representation of several modes excited in
AgNWs. The blue arrows indicate the local dipole moments as a consequence of light-induced displacement of conduction
electrons. The oscillation of electrons can be described as standing surface charge waves (black curves) excited along the wire
length 𝑙𝑙. The surface charge waves are integer multiples of half-waves (𝑙𝑙 = 𝑚𝑚 𝜆𝜆2). b, Experimental vis–NIR spectra of AgNWs
epitaxially grown from gold nanorod seeds. With growing AR, the fundamental mode 𝑚𝑚 = 1 red-shifts and an increasing number
of higher-order modes are excited (indicated by the mode numbers for the pink curve). Figure in b adapted with permission from
ref. 13, © 2015 ACS.
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oscillate along the wire length 𝑙𝑙, following 𝑙𝑙 = 𝑚𝑚 𝜆𝜆2. Mode number 𝑚𝑚 = 1 represents the fundamental
mode and corresponds to the longitunal mode in nanorods discussed above. In AgNWs epitaxially grown
from gold nanorod seeds, several higher-order modes can be excited with higher-energy light (lower
wavelength, Figure 4.3b).

4.2 Plasmonic Near-Field Coupling
Small particle–substrate40,41 or inter-particle separations42,43 between plasmonic entities, create
plasmonic hot spots with strong electromagnetic fields focused to sub-diffraction volumes.44 In this
section, we will focus on inter-particle plasmonic near-field coupling. Sensing applications,
photocatalysis and energy conversion benefit from the strong, localized fields and the environmental
sensitivity of the so-called gap plasmon resonance.45 Plasmonic supercrystals46–48 or particle clusters49,50
are of particular interest as they provide a huge number of hot spots—e.g., for molecular detection in
surface-enhanced Raman scattering. Additionally, the strong distance dependence is used to detect
conformational changes at the single-molecule level (plasmon ruler).51 As a unique feature, near-field
coupling enables excitation of highly sensitive Fano resonances.52

4.2.1 Particle Dimers
In dimers of spherical particles—or nanodisks investigated initially—the electric dipoles of the
individual particles (see Section 4.1) couple for separations smaller than ~2.5 times the diameter.53 This
coupling can be described theoretically by a hybridization model in analogy to molecular orbitals.54,55
As Figure 4.4 depicts, the particles are considered meta-atoms whose electric dipole moments hybridize
into new energy levels characteristic for the dimer as meta-molecule. For excitation along the dimer axis,
the individual dipoles (light blue arrows) can be oriented parallel (anti-symmetric “bonding” mode) or
anti-parallel (symmetric “anti-bonding” mode). Since the higher-energy anti-bonding mode has a zero
net dipole moment (indicated by a dark blue dot), it cannot couple to the incident electromagnetic wave
and therefore is termed “dark” (non-radiative). In contrast, the bonding mode with finite net dipole
moment (dark blue arrow) is “bright”. Similar to nanorods (Figure 4.2), the dimer of spheres sustains a
low-energy “bright” LSPR for excitation along the dimer axis and a high-energy mode for perpendicular

Figure 4.4 | Hybridization of plasmon modes in nanosphere homodimers (schematic energy diagram). The dipole
moments of two individual nanospheres (light blue arrows) hybridize into low-energy bonding (parallel orientation of dipole
moments) and high-energy anti-bonding modes (anti-parallel orientation of dipole moments). The bonding mode displays
a finite net dipole moment (dark blue arrow), whereas the anti-bonding mode has a net-zero dipole moment (dark blue
dot).
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excitation. For decreasing gap size, the “transverse” mode blue-shifts, while the “longitudinal” mode
red-shifts exponentially,56 following the empirical plasmon ruler equation:57
𝑠𝑠/𝑑𝑑

∆𝜆𝜆long ≈ 0.18𝜆𝜆single 𝑒𝑒 −0.23

(4.5)

where ∆𝜆𝜆 is the spectral shift in LSPR relative to the initial value for an isolated particle 𝜆𝜆single . 𝑠𝑠

represents the inter-particle separation and 𝑑𝑑 is the particle diameter. The empirical constants are
determined for a dimer of 88 nm sized gold nanodisks in contact with protein solution.

The “dark” mode can be rendered excitable by light. To this end, the symmetry has to be broken by
forming heterodimers of different size,58 composition,59 or orientation60—in the case of anisotropic
particles. In the simplest case, off-normal incidence of light can break the symmetry. This explains why
all higher-order modes can be excited for AgNWs in solution (Figure 4.3). Although the net dipole
moment is non-zero for broken symmetry, it remains rather small. Consequently, the formerly dark
mode cannot couple efficiently to the far field and its radiative decay has a long lifetime. This makes
the mode spectrally narrow. When this narrow “dark” mode interferes with the broad “bright” mode,
sharp, so-called plasmonic Fano resonances arise44 that are appealing for sensing applications.61

4.2.2 Particle Chains
Extending near-field coupled plasmonic systems by increasing the number of particles broadens spectral
tunability (and can lead to sharp Fano-like plasmonic modes62,63). In the simplest case, chain-like
plasmonic oligomers are created with a single particle as repeating unit (Figure 4.5). With increasing
number of repeating units 𝗇𝗇, the red-shift of the longitudinal plasmon mode ∆𝜆𝜆long asymptotically
approaches a finite value 𝜆𝜆∞ (Figure 4.5).2,64 This is reflected by the empirical formula:2
𝜏𝜏

∆𝜆𝜆𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙 = �𝜆𝜆∞ − 𝜆𝜆single �𝑒𝑒 −𝗇𝗇

(4.6)

with 𝜏𝜏 as fitting parameter. Mulvaney and co-workers determined 𝜏𝜏 to be 2.89 for closely spaced gold
nanoparticles 64 nm in diameter.2

In other words, there is a critical number of repeating units 𝗇𝗇 beyond which removing or adding
single repeating units does not change the optical characteristics. In analogy to molecular systems, above
this so-called infinite chain limit, these particle ensembles are termed plasmonic polymers.65

Figure 4.5 | Plasmonic polymers. a, SEM images of nanoparticle chains with increasing number of gold nanospheres (𝑑𝑑
= 64 nm). Scale bar, 250 nm. b, Normalized dark-field spectra of respective chains. The displayed numbers indicate the
number of particles within the respective chain 𝗇𝗇. Figures adapted with permission from ref. 2, © 2011 ACS.
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Figure 4.6 | Longitudinal modes in nanoparticle chains. a, Schematic representation of several modes excited in
nanoparticle chains. The dipole moments of individual, spherical nanoparticles (light blue arrows) couple to form standing
surface charge waves (black curves). The surface charge waves excited along the chain length 𝑙𝑙 are integer multiples of
half-waves (𝑙𝑙 = 𝑚𝑚 𝜆𝜆2). Modes with odd mode number 𝑚𝑚 have a finite net dipole moment (dark blue arrow) and interact with
light (“bright”). Strongest light–matter interaction is observed when all particle dipole moments are oriented in parallel (𝑚𝑚
= 1; ‘super-radiant’). Higher-order, odd-numbered modes have a smaller net dipole moment and are termed ‘sub-radiant’.
In contrast, even-numbered modes have a net-zero dipole moment (indicated by a dark blue dot) and are “dark”. b,
Simulated, normalized extinction spectra of single-particle chains for up to 60 repeating units 𝗇𝗇. The super-radiant
longitudinal mode (‘super’) red-shifts with growing chain length and approaches the infinite chain limit around 𝗇𝗇 = 10. For
growing chain length sub-radiant modes arise (‘sub’) that red-shift and merge with the super-radiant mode. Figures
adapted with permission from: a, ref. 16, © 2019 ACS; b, ref. 22, © 2014 ACS.

Optical2,64,66 and electron energy-loss spectroscopy16 of single-particle chains determined the infinite
chain limit to be ~10 repeating units. This is in good agreement with electromagnetic simulations.2,22,65,66
The critical number of repeating units was simulated to be similar in dimer and tetramer chains.22,65 For
increasing number of particles per repeating unit, the longitudinal mode shifts towards lower
energies.22,65 Positional disorder in the particle chains has a minor influence on the resonance position,
whereas particle size variation can lead to a pronounced ~100 nm shift as compared to monodisperse
particles.65 Similar to Equation (4.5), the red-shift in a particle chain ∆𝜆𝜆𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙 becomes more pronounced
for smaller inter-particle distances.2,22,66 This corresponds to larger 𝜆𝜆∞ in the empirical Equation (4.6).

So far, we focused on the lowest-energy longitudinal resonance, since it represents the most
pronounced one and therefore is well observable in experimental spectra. A closer look to the electric
field distribution explains why this mode strongly interacts with electromagnetic waves (Figure 4.6a).
In a particle chain, the electric dipole moments of individual particles (light blue arrows) interact with
each other for sufficiently small inter-particle separation. When all particle dipoles are aligned in parallel
along the chain, a large net dipole moment arises (dark blue arrow). This facilitates efficient far-field
scattering.67 Consequently, it is termed super-radiant mode. Similar to dipole antennae or nanorods/wires13,38 (Figure 4.3), plasmonic chains form standing surface charge waves and the super-radiant
mode represents the fundamental mode (𝜆𝜆2 –dipole, Figure 4.6a).67 Depending on the chain length 𝑙𝑙,
higher-order modes can be excited at higher energy. Their mode number 𝑚𝑚 reflects the standing wave
characteristics, where the chain hosts integer multiples of half-waves (𝑙𝑙 = 𝑚𝑚 𝜆𝜆2). Due to the smaller net

dipole moment, these modes do not couple as pronouncedly—or not at all—to electromagnetic waves
as the super radiant mode does. Consequently, they are called sub-radiant modes.

For even numbers of 𝑚𝑚, the dipole moments cancel out each other completely (indicated by the dark
blue dot in Figure 4.6a). This renders the mode “dark” (see also Section 4.2.1). Although these modes
are not observable in optical spectra at normal incidence, they can be studied via electron energy loss
spectroscopy.16,68 In contrast, modes of odd number 𝑚𝑚 are bright and able to couple weakly to light due
to their reduced but finite dipole moment (Figure 4.6a). In principle, a particle chain of 𝗇𝗇 repeating units
supports 𝗇𝗇 longitudinal modes.68 However, in optical spectra—simulated and experimental—they are
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overlaid by the broad super-radiant longitudinal mode (𝑚𝑚 = 1) and become discernable only for larger
chain lengths.22 With increasing number of repeating units, additional “bright” sub-radiant modes
become observable that finally merge with the resonance of the super-radiant mode (Figure 4.6b).22
Above the infinite chain limit, all longitudinal modes become delocalized along the chain and form an
energy band.16,68 This is in strong contrast to nanowires where all longitudinal plasmonic modes continue
red-shifting linearly with aspect ratio, without asymptotically approaching a finite value.13 As an
advantage of particle chains over wires, they offer high volumes of hot spots, interesting for sensing and
photocatalysis.
The type of repeating unit—i.e., single-particle, dimer, etc.—does not only influence the position of
the super-radiant longitudinal plasmon mode (see above). It also affects the transversal plasmon band.
With increasing number of particles that are coupling in direction perpendicular to the chain, the
transverse mode shifts to lower energies.22 Moreover, higher-order modes like quadrupolar transversal
modes are excitable starting from strongly coupled dimer chains.22 The above considerations are
analogously valid for non-spherical particles such as nanorods.69,70

4.3 Plasmonic Far-Field Coupling
Apart from coupling of plasmons in closely spaced particle clusters (near-field coupling)—as elucidated
in Section 4.2—plasmonic particles can couple through their scattered light fields, known as far-field
coupling. The excitation of a dipolar plasmon mode in an individual particle along the 𝑦𝑦 axis leads to
scattering of light perpendicular to the dipole axis, i.e., in 𝑥𝑥 direction (Figure 4.7a). When particles are
arranged in 1D or 2D arrays of matching periodicity, the scattered light from a given particle impinges
on an adjacent particle in phase with the LSPR of the second particle (Figure 4.7). Figure 4.7b
illustrates the electric field distribution for a square lattice illuminated with 𝑦𝑦-polarized light at normal
incidence, as employed in Chapter 6. The particle dipoles excited in 𝑦𝑦 direction scatter light along the
𝑥𝑥 axis. The electric field distribution in 𝑥𝑥 direction describes a standing wave. This coherent interaction
of particle dipoles produces a sharp so-called surface lattice resonance,9,71–73 because the scattered light
partially counteracts the damping of the single-particle LSPR.71 Indeed, line widths as small as 1–2 nm
are feasible as opposed to >80 nm for LSPR.71 This facilitates sensitive readout in chemical74 and
biological sensing.75 Combining SLR with gap plasmon modes and Fabry–Pérot cavities can increase
refractive index sensitivity further.76 Moreover, the standing wave-like character of the SLR efficiently
confines light to be delocalized across the array plane, with strong, local field enhancement at the

Figure 4.7 | Surface lattice resonance. a, Schematic representation of the coherent interaction between two particles. The
incident electric field 𝑬𝑬 polarized in 𝑦𝑦 direction induces collective electron oscillations (LSPR) in the same direction. The

particles behave like electric dipoles (electric field lines depicted as arrows) and radiate light perpendicular to the dipole
axis (red wave), i.e. in 𝑥𝑥 direction. The scatted light hits the adjacent particle in phase with its LSPR. b, Simulated electric
field distribution for a square lattice of nanospheres. Analogous to a, the particles, excited in 𝑦𝑦 direction, scatter light along
the 𝑥𝑥 axis to produce a standing wave-like electric field distribution. Figures adapted with permission from: a, ref. 9, © 2019
ACS; b, ref. 20, © 2019 ACS.
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plasmonic particles (Figure 4.7b). Consequently, SLRs are able to significantly amplify directional
photoluminescence,77,78 photocatalysis,79 second harmonic generation,80 and enable nanolasing.81,82
Furthermore, SLR coupled to quantum emitters holds great potential in waveguiding.83 To gain
sensitivity for circularly polarized light—e.g., in photoluminescence84—in recent years, the use of
intrinsically chiral unit cells was explored.84,85 Chiroptical response in special, achiral arrays or by chiral
illumination was also reported.86,87 Section 4.4 provides more details on chiral plasmonic nanostructures.
Following the same rationale as illustrated in Figure 4.7 and briefly explained above, the coupled
dipole approximation provides a simple model for basic understanding of SLRs.88 In an infinite array,
the induced polarization 𝑃𝑃 of each particle, considered as a point dipole, is given as:88
𝑃𝑃 =

𝐸𝐸0
−1
𝛼𝛼single

− 𝑆𝑆

(4.7)

where 𝐸𝐸0 and 𝛼𝛼single are the amplitude of the incident plane wave and the polarizability of an individual

particle. 𝑆𝑆 represents the summation of the retarded dipoles from the other particles in the lattice.
Accordingly, it characterizes the geometrical arrangement of particles inside the 1D or 2D lattice, the
angle of incidence, and light polarization.89
−1
− 𝑆𝑆 vanishes, the polarization becomes large and an SLR is excited.89
When the real part of 𝛼𝛼single

This happens where the single particle LSPR and a diffraction mode of the array overlap. Grating
periodicity89 and surrounding refractive index74 conveniently tune the diffracted wavelength. The exact
position of the grating mode relative to the LSPR decides on the sharpness of the SLR peak. At the highenergy side of the LSPR, radiative coupling is hampered.89 Therefore, sharp and intense SLR peaks are
only found at the low-energy side of the LSPR. With increasing distance of the grating mode from the
LSPR, the lattice resonance width and intensity decrease.89 Although the coupled dipole approximation
proved instrumental to explore the underlying physics of SLR, it assumes point dipoles and consequently
neglects radiation damping and retardation inside a single particle of finite size.71 In order to address
these issues, refined versions of the coupled dipole approximation are available.71
Experimentally, plasmonic 2D lattices are most frequently produced via electron beam lithography.
More cost-efficient alternatives are available in nanoimprint,90,91 interference92,93 and nanosphere
lithography.94–96 Recently, colloidal assembly at the water-air interface97 and capillary assembly98 were
employed to prepare periodic arrays that support SLR. Although a variety of lattice structures like square,
rectangular, hexagonal, and honeycomb arrays were studied, their SLR quality at normal incidence
seems comparable.99 In contrast, their angular dispersion and polarization dependence are determined
by the type of lattice.100 As plasmonic repeating unit, most commonly nanodisks,99,100 -bars101,102 and squares101 are used. However, examples of more complex entities like split rings,87 nanocrescents,81,85
and plasmonic dimers of disks103 or bow-ties76 exist.
Since SLR is based on the interference between LSPR and diffraction modes, it strongly relies on
the quality of the array. Positional disorder of particles has the strongest impact and can completely
suppress SLR, while a variation in particle size leads to a significant broadening of SLR.104 It was shown
experimentally for a square array of nanodisks that a 5x5 array of nanodisks is sufficient to produce an
SLR of similar line width as the LSPR.105 However, the mode quality only increases with area size to
approach saturation starting from 20x20 particles. More recent reports, find saturation only at much
larger number of particles for SLR at telecommunication wavelengths.106
For the sake of small device footprint and easy integration into microscopy setups, it is desirable to
generate SLRs at normal incidence. Since the induced particle dipoles are oriented in the array plane in
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this case, the scattered light can experience a difference in refractive index between the substrate and
the superstrate.71,107 This asymmetric refractive index environment, combined with interference of light
reflected by the substrate, can suppress coherent interaction of particles and therefore SLR at normal
incidence.71,107 Consequently, index adjustment using matching oil,89 water,108 as well as partial93,98,109,110
or complete embedding97 is crucial for the observation of narrow SLR peaks for small particles. In
contrast, large (hybrid) particles support out-of-plane dipole components even at normal incidence.74,111
In this case, SLR is not suppressed by the asymmetric refractive index environment.74,111 The absence
of an index-matching layer facilitates the interaction of analytes with the high local fields in sensing
applications. Moreover, out-of-plane dipoles are able to couple in all directions—instead of only
perpendicular to the incident light polarization for in-plane dipoles—which can significantly lower
spectral width.112

4.4 Chiral Plasmonics
The previous sections demonstrated the power of plasmonics based on versatile tailoring of resonances
by material, size, shape, environment, and arrangement. Moreover, we saw that an anisotropic, linear
particle (assembly) shows linear polarization-dependent response. Additional control over/sensitivity
for circular polarizations in chiral plasmonic nanostructures enjoys growing research interest,113–117 as it
holds great potential for polarized emission,118–120 enhanced enantioselective molecular detection,121,122
and catalysis.1,123 Furthermore, circular polarizations can be employed for data encryption, intriguing
for security, data storage, and display applications.124,125 In contrast to their natural chiral counterparts
like sugars and proteins, chiral metal structures benefit from superior polarizability and large interaction
cross-section with circularly polarized light.114 Consequently, they produce strong chiroptical effects
that additionally are fully tailorable by design.
In general, chirality describes the absence of mirror symmetry in a system. Chiral plasmonics is a
broad field that includes several mechanisms for the generation of chiroptical effects. For example, a
chiral illumination geometry at an oblique angle yields extrinsic chirality in achiral nanostructures.86,126–
128
Moreover, the dipole moment of a chiral molecule can strongly interact with the plasmon resonance,
when adsorbed on a plasmonic particle or especially when located inside inter-particle hotspots. This
produces plasmon-induced circular dichroism (CD) at the plasmon resonance frequency—usually in the
visible—that is significantly stronger than the original molecular CD in the UV.129,130 In the following,
however, we will focus on intrinsic chirality originating from the chiral geometry of plasmonic particles
and assemblies. Furthermore, only linear chiroptical effects will be discussed. The interested reader can
find an introduction to nonlinear chiroptical effects in second harmonic generation in ref. 114. The
following sections will discuss (I) geometrical aspects—i.e., chirality of natural compounds and its
translation to plasmonic nanostructures—as well as (II) the electromagnetic origin of chiroptical
effects—namely CD and optical rotation (OR).

4.4.1 Natural Chirality
The first experimental observation of chiroptical effects in nature dates back to the first half of the 19th
century. François Jean Dominique Arago and Jean-Baptiste Biot reported that quartz crystals and
solutions of organic compounds rotate the plane of transmitted linearly polarized light in a characteristic
direction (clockwise or counter-clockwise, Figure 4.8b).131–133 Later on, it was found that compounds
whose crystal structure are mirror images to each other produce opposite sign of this optical rotation for
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Figure 4.8 | Natural chirality. a, Non-superimposable mirror images (enantiomers) of an asymmetrically substituted, sp3hybridized carbon atom (schematic representation). b, Schematic representation of optical rotation. Linearly polarized light
passing through solutions of two enantiomers (levorotary or dextrorotary) is rotated counter-clockwise or clockwise,
respectively. c, Circular dichroism in the cuticle of Scarabaeidae beetles. Polarized photographs (top) and schemes
(bottom) displaying the selective absorption of right circularly polarized (RCP) light and reflection of left circularly polarized
(LCP) light. This effect is caused by the helicoidal arrangement of fibrils. Helical stacks with left-handed (LH) or righthanded (RH) twist represent two non-superimposable mirror images, i.e., enantiomorphs. Schematic representations in b
created using the program from ref. 5, © 2008, CC BY-NC-SA 3.0.

monochromatic light.134 Consequently, the existence of non-superimposable mirror images—also
known as enantiomorphs in general or enantiomers in the case of molecules—is the prerequisite for
chiroptical effects. This dissymmetry as geometrical origin was termed chirality by Lord Kelvin (from
the Greek word for “hand”, since left and right hand are non-superimposable).135 A common source for
molecular constitutional chirality—e.g., in sugars and amino acids—is the asymmetric substitution of
an sp3-hybridized carbon atom (Figure 4.8a) as proposed by Le Bel and van't Hoff.136,137
The OR or the wavelength-dependent optical rotatory dispersion (ORD) is usually accompanied by
circular dichroism—i.e., differential extinction for left and right circularly polarized light. This effect
was reported by Cotton for tartrates in 1895.138,139 Nowadays, lineshape and sign of this chiroptical
response are frequently used for the characterization of protein secondary structure (Cotton effect). This
structural or configurational chirality is also found in the cuticle of Scarabaeidae beetles (Figure 4.8c).
Here, the helicoidal arrangement of fibrils—which resembles cholesteric liquid crystal phases—
represents a chiral arrangement. The two theoretically possible, chiral multilayers of opposite
handedness (left-handed or right-handed twist, LH or RH) are non-superimposable mirror images to
each other. The specific handedness of the cuticle of the beetle leads to selective reflection of LCP light,
whereas RCP light is absorbed.140

4.4.2 Top-Down Strategies
Like their natural counterpart, chiral plasmonic structures are characterized by the absence of mirror
symmetry. Figure 4.9 summarizes the fundamental designs employed in chiral nanoplasmonics.
Because of the challenging and elaborate fabrication of 3D or layered structures using lithographic
approaches, this research field started with 2D chiral particles. In the early 2000s, chiroptical response
was demonstrated for gammadion structures.141,142 Later on, 2D assemblies were introduced that imitate
the gammadion structure143 or display a twisted arrangement of anisotropic particles.144 These
geometries show only in-plane chirality. That is, the two mirror images shown in Figure 4.9a cannot be
superimposed when translated in 𝑥𝑥 and 𝑦𝑦 direction, and rotated around the 𝑧𝑧 axis. Yet, as soon as they
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Figure 4.9 | Chiral top-down designs (schemes of non-superimposable mirror images). a, 2D chiral, gammadionlike nanostructure. b–d, 3D chiral (b) helix, (c) helicoidal arrangement of nanobars, (d) asymmetric bilayer of nanodisks.
The dashed lines in c indicate the twist of a helix.

are flipped (rotation around 𝑥𝑥 and 𝑦𝑦 axis) it becomes evident that they are congruent. Consequently,
they should not show any chiroptical response despite the scientific reports thereof.

The solution to this contradiction is the inhomogeneous refractive index environment present in the
experiments. The usually high-index substrate (as opposed to the low index superstrate) breaks the
symmetry of the nanostructure and thereby introduces the missing dissymmetry in 𝑧𝑧 direction to obtain
chirality. However, the effect of dissymmetry induced by the refractive index environment is small as
compared to the structural dissymmetry of the well-polarizable metal in 3D chiral helices (Figure
4.9b).145 To enhance the CD of gammadion-like structures, Dietrich et al. successfully introduced
structural asymmetry in 𝑧𝑧 direction by depositing them onto nanocone templates.146 Alternatively,
adding helicity by stacking two gammadion-like geometries with rotational offset can improve
chiroptical effects.147

Recently, the kirigami fabrication scheme received growing attention for creating 3D chiral metal
structures from 2D cut patterns based on mechanical stress relief. To this end, the eponymous Japanese
art of paper cutting (切り紙) was adapted to micro fabrication. Free-standing or supported gold films
are cut by masked etching148 or focused ion beam milling.149 Tensile strain applied macroscopically148
or ion-induced residual stress149 induces out-of-plane bending to produce a variety of 3D helix-, flowerlike or pinwheel structures.149 These chiral entities benefit from structural dissymmetry along all three
spatial axes and the good polarizability inside the continuous metal film. Their resulting giant chiroptical
response148,149 can be further enhanced by inducing Fano resonances.150
To avoid confusion, it is important to distinguish strictly between the geometrical properties of the
array unit cell and those of the material as a whole. Whereas the unit cell of a kirigami array shows 3D
chirality, it would be wrong to term the sample as 3D. Since the material displays a periodic structure
only in the 𝑥𝑥𝑥𝑥 plane, it is a meta-surface, i.e., 2D. To account for the distinct arrangement in 𝑧𝑧 direction,
these designs are referred to as 2.5D materials. This is also true for layered chiral assemblies of achiral
building blocks (Figure 4.9d) discussed below.
2D or 3D chirality of individual entities (see above) is not strictly necessary for chiroptical response.
Analogous to Scarabaeidae beetles (Figure 4.8c), helicoidal arrangement of stacked, achiral building
blocks like split-ring resonators,151 crosses,147 or simply nanobars152 (Figure 4.9c) is sufficient to create
chirality. Furthermore, the asymmetric placement of achiral building blocks in bilayer films is able to
create 3D chiral assemblies (Figure 4.9d).3,153–155 Combining several of such basic chiral assemblies
(stereocenters) creates so-called chiral plasmonic molecules.156 Similar to sugar molecules,
diastereomorphs can be created by changing the configuration only on selected stereocenters.156 This
results in a series of plasmonic molecules that are not mirror images to each other, but may be chiral.
For chiral plasmonic assemblies (Figure 4.9d) to demonstrate strong chiroptical effects, their
individual entities have to couple resonantly with each other.155 Therefore, the resonance frequencies of
the building blocks have to overlap significantly and the inter-particle separation has to be sufficiently
small. In the case of off-resonant coupling, the chiroptical response remains weak.154 From a technical
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point of view, especially the small inter-layer separation that is desired represents a challenge in
lithographic fabrication. The thickness of the spacing material applied after producing the first layer has
to be high enough to provide good planarization,152 while it has to remain small enough to allow for
strong plasmonic coupling. Chapter 7 introduces an alternative fabrication route to solve this limitation.

4.4.3 Bottom-Up Strategies
Although chiral plasmonics initially was dominated by top-down fabrication, a large variety of bottomup strategies was demonstrated by now. There are some approaches available to produce intrinsically
chiral nanoparticles (Figure 4.10a) whose dissymmetry in shape is guided by chiral ligands,8 siteselective redox reaction in chiral plasmonic near fields,157 or asymmetric dewetting of polymers.158
However, most bottom-up techniques focus on the chiral arrangement of plasmonic building blocks.
Following the example of the asymmetric carbon atom (Figure 4.8a), chiral tetrahedra of spheres
heterogeneous in size19 (Figure 4.10b) and/or composition159 were realized by DNA hybridization.
Using DNA scaffolds with well-defined binding sites in so-called DNA origami increases control in
assembly design (see also below).160 That way, asymmetric tetrahedra of homogeneous spheres161 and
gold nanorods were achieved.162
Translating the concept of tetrahedral placement into 2D planar structures, hetero-assemblies of
nanodisks show optical activity. Formerly reserved to electron beam lithography,155 the production of
such assemblies in 2D23 (Figure 4.10c)as well as 3D (layered)163 became scalable and cost-efficient with
the invention of hole-mask colloidal lithography. To construct planar assemblies of colloidal particles,
optical164 or capillary forces165 (see Section 3.3.3) were successfully employed.
Mimicking chiral helices (Figure 4.8c) was achieved by helicoidal arrangement of gold
nanospheres166 and nanorods24,167 using DNA origami (Figure 4.10d). These helices can even be closed
to form toroids.168 As an alternative to guide helicoidal assembly, chiral magnetic fields,169 selforganized soft templates,170–172 rigid ones,173,174 and cholesteric liquid crystalline phases175,176 were
employed. In the case of colloidal helices, it is important to mention that their chiral properties vanish
if two helices get too close to each other.177 Under this condition, nanoparticles do not only couple inside
one helix with their asymmetrically arranged neighbors, but also with particles from plasmonic helices
randomly arranged in their proximity. For some of the aforementioned examples for helicoidal
assemblies, the particle filling is too low to attribute the CD signal to the asymmetric arrangement of
gold nanoparticles. In these cases, the presence of the chiral molecule might rather cause plasmoninduced chirality. Moreover, the strongly absorbing nature of plasmonic nanoparticles can lead to an
apparent CD mode in conventional CD spectroscopic measurements.176
Employing glancing angle deposition178,179 or focused ion/electron beam-induced deposition,180
continuous metal helices are now feasible using bottom-up techniques. However, these methods demand
more sophisticated and therefore more expensive equipment as compared to colloidal assembly
approaches. Following similar lines as kirigami, beams of closely packed nanoparticles can be converted
into twisted continuous structures (Figure 4.10e).25 Here, the stresses guiding the morphological change
arise from ligand exchange against shorter molecules or heat treatment.
As an alternative to the complex arrangement of nanoparticles into tetrahedra and helices, twisted
nanorod dimers represent the simplest chiral structure. Indeed, DNA templates21,181 are not strictly
needed. Controlled aggregation in the presence of chiral182,183 or achiral ligands183 produces distinct CD
signals of consistent sign (handedness). Nevertheless, the twisting angle should be less well defined,
which can reduce the total chiroptical response.
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Figure 4.10 | Bottom-up strategies for chiral plasmonics. a, SEM image depicting chiral helicoids grown using amino
acid ligands. Scale bar, 200 nm. b, TEM of DNA-assembled, asymmetric tetrahedra. c, SEM showing planar heterotetramers fabricated via colloidal lithography. Scale bar, 10 nm. d, Cryo-TEM image and reconstructed model of nanorod
helices produced via DNA origami. Scale bar, 50 nm. e, Tilted-view SEM image of colloidal nanoparticle beams that bend
to form kirigami structures. f, Tilted-view SEM image of stacked nanohole arrays produced via colloidal lithography. Scale
bar, 500 nm. Figures adapted with permission from: a, ref. 8, © 2018 Springer Nature; b, ref. 19, © 2009 ACS; c, ref. 23,
© 2014 ACS; d, ref. 24, © 2015 ACS; e, ref. 25, © 2019 ACS; f, ref. 27, © 2017 Wiley.

For boosting chiroptical effects, it is advantageous to increase the amount of absorbing metal.
Consequently, inverting the stacked-nanorod structure to build a multilayer of elliptical nanoholes yields
CD exceeding 1 degree184 as compared to 0.4 degrees for nanorod dimers in solution.21 Of course, also
the higher density of chiral features in a solid array contributes to the increased chiroptical effects as
opposed to diluted solutions. These nanohole arrays can be prepared via colloidal lithography—i.e.,
deposition of gold, masked by an assembled hexagonal monolayer of colloids. In the case of sequential
oblique angle deposition at varying azimuthal angles through the colloidal mask, elliptical holes with
rotational offset remain after removal of the mask.184 Alternatively, the angled deposition can be carried
out directly on the colloidal monolayer using the shadowing effect of adjacent particles to produce
continuous hierarchical metal structures.185 Similar to twisted elliptical holes, arrays of circular holes
stacked at on oblique angle show strong chiroptical response (Figure 4.10f).27 Here, sacrificial layers
enable the transfer of the second nanohole array to the first layer.27,186 As a variation, colloidal
lithography allows the fabrication of chiral crescents.85,187

4.4.4 Electromagnetic Origin
As we saw in Sections 4.4.2 and 4.4.3, chiral plasmonic structures follow the same principles as their
natural counterparts. Indeed, we can learn much from the enantioselective properties that are well
reported and theoretically understood for natural chiral molecules and crystal structures. Two molecular
enantiomers resemble each other to a large degree. Since the connectivity of their atoms is identical,
physical properties like melting point, boiling point, vapor pressure, and surface tension are the same
for both mirror images. On the molecular level, they only differ in the spatial arrangement of the atom.
This leads to the situation that two enantiomers cannot be superimposed by rotation (also of single
bonds) and translation (cf. Figure 4.8a). To distinguish between two molecules of opposite chirality, a
second chiral object is strictly needed to interact with and thereby reveal their enantioselective properties.
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Figure 4.11 | Enantioselective interaction of LCP light. Collective electron oscillations (blue arrow) are successfully
excited in a RH helix (a), while the LCP light (red arrow) cannot interact efficiently with a LH helix. This is the origin of CD.
c, An achiral sphere can accommodate electron oscillations for LCP and RCP light (latter not shown). Figures adapted
with permission from ref. 6, © 2017 Ventsislav K. Valev.

Accordingly, chiral substrates in chromatography are able to separate a racemic mixture (1:1 mixture of
both enantiomers).188 Furthermore, living organisms represent a chiral environment where the two
enantiomers of a chiral drug can show significantly different effect and toxicity.
Similarly, chiral polarization states of electromagnetic waves—i.e., LCP and RCP radiation—can
act as chiral probe. Therefore, the enantiomers of molecular and plasmonic chiral objects are
distinguishable by their enantioselective chiroptical response. Figure 4.11 illustrates this phenomenon
qualitatively for plasmonic helices as exemplary chiral structure. The helical electric field of LCP light
induces a counter-propagation of surface electrons in the metal.6 For the RH helix (Figure 4.11a), the
electrons follow the metal structure efficiently, which leads to a strong light–matter interaction. In
contrast, the shape of the LH helix cannot accommodate the movement of electrons, resulting in less
absorption of light (Figure 4.11b). This differential absorption is knows as CD (see below) and one way
to probe chirality. In contrast, an achiral, isotropic sphere does not show selective interaction with
circular light polarizations (Figure 4.11c).
A quantitative understanding of chiroptical response in chiral media can be derived from the
macroscopic Maxwell equations. The constitutive equations for an isotropic chiral medium read as:189
𝑫𝑫 = 𝜖𝜖𝑬𝑬 − 𝑖𝑖𝑖𝑖𝑯𝑯

(4.8)

𝑩𝑩 = 𝜇𝜇𝑯𝑯 + 𝑖𝑖𝑖𝑖𝑬𝑬

(4.9)

𝑛𝑛�LCP/RCP = 𝑛𝑛� ± 𝜅𝜅̃

(4.10)

In contrast to achiral media (chirality parameter 𝜅𝜅 = 0), the electric displacement field 𝑫𝑫 is not solely
induced by the incident electric field strength 𝑬𝑬, but additionally by the magnetic field strength 𝑯𝑯.190
Likewise, the magnetic flux density 𝑩𝑩 depends on both electric and magnetic field strength. The
dimensionless chirality parameter 𝜅𝜅 describes the cross-coupling between these two fields inside the
chiral medium.190 𝜖𝜖 and 𝜇𝜇 represent the permittivity and permeability, respectively. LCP and RCP light
experience two different complex refractive indices 𝑛𝑛�LCP and 𝑛𝑛�RCP , respectively:
where 𝑛𝑛� is the complex refractive index experienced by unpolarized light. The real part of the refractive
index 𝔑𝔑(𝑛𝑛�) gives the phase velocity, while the imaginary part 𝔍𝔍(𝑛𝑛�) characterizes the absorption of light
by the medium. The difference in propagation speed and absorption cause the optical rotation dispersion
(ORD) and circular dichroism (CD), respectively:189
ORD =
70

2𝜋𝜋𝜋𝜋
2𝜋𝜋𝜋𝜋
𝔑𝔑(𝑛𝑛�LCP − 𝑛𝑛�RCP ) =
𝔑𝔑(𝜅𝜅̃ )
𝜆𝜆
𝜆𝜆

(4.11)
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CD =

2𝜋𝜋𝜋𝜋
2𝜋𝜋𝜋𝜋
𝔍𝔍(𝑛𝑛�LCP − 𝑛𝑛�RCP ) =
𝔍𝔍(𝜅𝜅̃ )
𝜆𝜆
𝜆𝜆

(4.12)

where 𝑙𝑙 is the length of the light path inside the chiral medium. In coupled chiral plasmonic systems, the
ORD of a single plasmon mode shows one pronounced peak, while the CD spectrum displays a bisignate
lineshape with two peaks (Figure 4.12).3 The single peak of ORD is located at the zero-crossing of CD.
This relationship between the two chiroptical responses is because of the real and imaginary part of 𝜅𝜅̃
being Kramers–Kronig related.3

Figure 4.12 | Lineshapes of chiroptical effects. The optical rotation dispersion (ORD) displays one pronounced peak
centered around the zero-crossing of the bisignate double peak of circular dichroism (CD). This is a consequence of the
both optical effects being Kramers–Kronig related via the real and imaginary part of the complex chirality parameter 𝜅𝜅̃ .
Graph reprinted with permission from ref. 3, © 2013 ACS.

Figure 4.13 provides a more illustrative understanding of chiroptical effects. Usually ORD and CD
occur simultaneously in chiral media. For easier discussion, we will elucidate them separately. Linearly
polarized light can be understood as the superposition of LCP and RCP light waves that travel at the
same speed, 𝔑𝔑(𝑛𝑛�LCP ) = 𝔑𝔑(𝑛𝑛�RCP ), and the same magnitude of the electric field vector, ‖𝑬𝑬LCP ‖ =
‖𝑬𝑬RCP ‖ (Figure 4.13a). The vectors 𝑬𝑬LCP (red) and 𝑬𝑬RCP (blue) rotate in phase, but with opposite sense
of rotation. Effectively, the electric field vector sum 𝑬𝑬sum = 𝑬𝑬LCP + 𝑬𝑬RCP (pink) oscillates along one
axis (dashed pink double arrow), which corresponds to linear polarization.

Figure 4.13 | Origin of optical rotation and circular dichroism (schematic representation). a, Linear polarization as
superposition of electric field vectors of LCP and RCP light, 𝑬𝑬LCP (red) and 𝑬𝑬RCP (blue), with same magnitude rotating
counter-clockwise and clockwise, respectively. The vector sum 𝑬𝑬sum = 𝑬𝑬LCP + 𝑬𝑬RCP (pink solid arrow) oscillates along a
linear axis (dashed pink double arrow). b, Optical rotation of the oscillation axis (dashed pink double arrow) is caused by
𝑬𝑬LCP and 𝑬𝑬RCP rotating at different velocity inside the chiral medium. c, Circular dichroism is caused by different absorption
of LCP and RCP light inside the chiral media. The different magnitudes of 𝑬𝑬LCP and 𝑬𝑬RCP rotating at the same speed make
the vector sum 𝑬𝑬sum rotate along the pink ellipse. This ellipse is characterized by the ellipticity angle 𝜒𝜒, as indicated in the
black triangle.
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The ORD is caused by a difference in phase velocity for the two circular polarization states inside
the chiral medium: 𝔑𝔑(𝑛𝑛�𝐿𝐿 − 𝑛𝑛�𝑅𝑅 ) ≠ 0 (see also Equation (4.11)). Consequently, the vectors 𝑬𝑬LCP and
𝑬𝑬RCP are out of phase after passing the chiral medium. This causes a rotation in the oscillation axis of
𝑬𝑬sum (Figure 4.13b).

Furthermore, chiral media are characterized by a difference in extinction, i.e., absorption and
scattering for LCP and RCP light: 𝔍𝔍(𝑛𝑛�𝐿𝐿 − 𝑛𝑛�𝑅𝑅 ) ≠ 0 (see also Equation (4.12)). Because of this CD,
𝑬𝑬LCP and 𝑬𝑬RCP differ in magnitude when leaving the chiral medium (Figure 4.13c). Consequently, the
vector 𝑬𝑬sum follows an elliptical path, as highlighted in pink color. The shape of this polarization ellipse
is a measure for CD. Its semi-minor axis equals ‖𝑬𝑬RCP ‖ − ‖𝑬𝑬LCP ‖ and its semi-major axis corresponds
to ‖𝑬𝑬RCP ‖ + ‖𝑬𝑬LCP ‖. The ellipticity angle 𝜒𝜒 is given by:
tan 𝜒𝜒 =

‖𝑬𝑬RCP ‖ − ‖𝑬𝑬LCP ‖
‖𝑬𝑬RCP ‖ + ‖𝑬𝑬LCP ‖

(4.13)

As evident from Equation (4.13), complete extinction of LCP light (‖𝑬𝑬LCP ‖ = 0) yields an ellipticity
angle of 45 degrees, which corresponds to 𝑬𝑬sum rotating clockwise on a circular path (RCP). Similarly,
an ellipticity angle of −45 degrees specifies selective transmission of solely LCP light (‖𝑬𝑬RCP ‖ = 0).

In practice, commonly the differential extinction/transmittance/reflectance for incident LCP and
RCP light are measured directly, instead of characterizing the polarization ellipse for incoming linear
polarization.148 For historical reasons, however, the measured difference—e.g., in extinction
∆𝐸𝐸𝐸𝐸𝐸𝐸LCP/RCP = 𝐸𝐸𝐸𝐸𝐸𝐸LCP − 𝐸𝐸𝐸𝐸𝐸𝐸RCP —can be converted to yield CD in degrees:
ln 10 180
CD = �
��
� Δ𝐸𝐸𝐸𝐸𝐸𝐸LCP/RCP ≈ 32.982 ∙ Δ𝐸𝐸𝐸𝐸𝐸𝐸LCP/RCP
4
𝜋𝜋

(4.14)

As an alternative measure for CD, the so-called g-factor is employed that normalizes the measured CD,
𝐸𝐸𝐸𝐸𝐸𝐸LCP − 𝐸𝐸𝐸𝐸𝐸𝐸RCP , to the total (unpolarized) extinction:
𝑔𝑔 =

2(𝐸𝐸𝐸𝐸𝐸𝐸𝐿𝐿 − 𝐸𝐸𝐸𝐸𝐸𝐸𝑅𝑅 )
𝐸𝐸𝐸𝐸𝐸𝐸𝐿𝐿 + 𝐸𝐸𝐸𝐸𝐸𝐸𝑅𝑅

(4.15)

So far, we mainly focused on macroscopic effective media considerations. We saw that electric and
magnetic fields are cross-coupled as described by the chirality parameter 𝜅𝜅. The microscopic origin of
optical chirality in molecules is based on the fact that electric and magnetic dipole moments of chiral
objects share parallel components, as described by the Rosenfeld equation for chiral molecules:129,191
CD ∝ 𝔍𝔍(𝒑𝒑12 ∙ 𝒎𝒎21 )

where 𝒑𝒑12 and 𝒎𝒎21 are the electric and magnetic dipole moment, respectively.

(4.16)

This also holds true for chiral plasmonic structures. In the case of a split-ring resonator, the electric
dipole moment (red arrow) is located between the two ends (Figure 4.14a). The displacement of
electrons along the metal structure induces a magnetic dipole moment in perpendicular direction (blue
arrow). Following geometrical considerations (see above), the split-ring resonator is not chiral, because
it possesses an internal mirror plane. As electric and magnetic dipole moments are perpendicular to each
other, no optical chirality is observed either. However, if one end of the split-ring resonator is bent
upwards to form a helicoidal shape, geometrical chirality arises. This translates to optical chirality since
electric and magnetic dipoles are not perpendicular to each other anymore.1
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Figure 4.14 | Chiroptical effects arising from the correlation of electric and magnetic dipole moments (schematic
representations). a, b, In the achiral split-ring resonator, electric (red arrow) and magnetic dipole moment (blue arrow)
are perpendicular to each other (a). Out-of-plane bending of the split ring produces a chiral helix. Because of electric and
magnetic dipole moments sharing parallel components, chiroptical effects arise. Figures adapted with permission from
ref. 1, © 2017 Springer.

The chiral response in helices can be modelled analogous to the Condon model for electrons
oscillating along a helical path.192 In contrast, chiral assemblies represent a system of coupled oscillators
that can be described by the Born-Kuhn model.3 An intuitive understanding is provided by a plasmonic
hybridization model.193 Figure 4.15 describes the situation for a chiral pair of corner-stacked nanobars.
The two nanobars are separated in such a way that circularly polarized light hits them with a phase shift
of 𝜋𝜋⁄2 relative to each other. Consequently, RCP and LCP light induce two different polarization
scenarios in the nanobar pair (Figure 4.15a). In analogy to Figure 4.4, a hybridization diagram can be
drawn (Figure 4.15b). RCP light induces charges of same sign to accumulate at the stacking corner,
which is energetically unfavorable (high-energy antibonding mode). In contrast, LCP light does not
produce electrostatic repulsion and leads to a low-energy bonding mode. In conclusion, RCP light
weakly interacts with the chiral nanostructure, whereas LCP light is strongly absorbed. This results in
CD response.

Figure 4.15 | Hybridization model for circular dichroism in corner-stacked nanobar pairs (schematic
representation). a, RCP and LCP light waves that hit the two nanobars with a phase shift of 𝜋𝜋⁄2 relative to each other
induce two different polarization scenarios. b, Hybridization model showing antibonding and bonding mode based on a.
Figures adapted with permission from ref. 3, © 2013 ACS.

In the proximity of chiral plasmonic nanostructures, the chirality of circularly polarized light can be
enhanced to allow a stronger light-matter interaction with chiral molecules.121,122 The local density of
electromagnetic chirality in these superchiral fields is characterized by an time-even pseudoscalar called
optical chirality density 𝐶𝐶:194
𝐶𝐶 =

𝜖𝜖0
1
𝑬𝑬 ∙ ∇ × 𝑬𝑬 +
𝑩𝑩 ∙ ∇ × 𝑩𝑩
2
2𝜇𝜇0

where 𝜖𝜖0 and 𝜇𝜇0 are the permittivity and permeability in vacuum.

(4.17)
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4.5 Active Plasmonics
As presented above, there are manifold ways to tailor optical properties by design of plasmonic
nanostructures. For device miniaturization, however, it is desirable to change the optical response in a
postfabrication manner. Dynamically tunable color and polarization filters, or light modulators in
general, facilitate optical modulation without the need for motorized movement of optical units inside
bulky setups.195 In this pursuit, meta-surfaces have to change their optical properties in a well-defined
manner upon exposure to a suitable trigger.11 This optical tunability is especially intriguing for future
display technologies,196 dynamic holography,124 complex structuring of light,197 and broad-band optical
computing.198 Vice versa, their change in color is able to visualize the impact of external stimuli in
diverse sensor applications.11,199

4.5.1 General Strategies
Tuning the dielectric environment of plasmonic nanoparticles represents a versatile strategy to gain
dynamic control over LSPR (Equations (4.2) and (4.4)).11 In the simplest case, the solution in contact
is simply replaced or modified by additives.200 A broader playground unfolds through the use of stimuliresponsive coatings.11 The huge variety of active materials—mostly stimuli-responsive polymers—to
be coated onto the nanostructure facilitates adjustment of the dielectric environment by very diverse
stimuli. Indeed, optical,201 thermal,97,202 electrical,203–205 electrochemical,206–208 and chemical control
(pH/ionic strength)209,210 was demonstrated in the past. A comprehensive overview of tuning
mechanisms can be found in ref. 11.
Self-tuning. Instead of varying the dielectric environment, the dielectric properties of the plasmonic

material itself can be tuned. A change in charge carrier density ∆𝑁𝑁 results in a shift of resonance position
∆𝜆𝜆LSPR for linear polarization along a specific axis:211
∆𝜆𝜆LSPR = −

∆𝑁𝑁
1
∆𝑁𝑁
𝜆𝜆P �𝜖𝜖∞ + � − 1� 𝜖𝜖m = −
𝜆𝜆
2𝑁𝑁
𝑃𝑃j
2𝑁𝑁 0

(4.18)

with the original number of charges per unit volume 𝑁𝑁, the bulk gold plasma wavelength 𝜆𝜆p , the high-

frequency dielectric constant of the metal 𝜖𝜖∞ , the dielectric constant of the surrounding medium 𝜖𝜖m , the
shape-dependent depolarization factor for the three axis 𝑃𝑃j (see ref. 35 for definition, equals 1/3 in all

directions for sphere), and the initial LSPR wavelength 𝜆𝜆0 .

In practice, the resonance of gold and silver particles is tuned by applying an electric potential. As
Equation (4.18) suggests, this effect is more pronounced for elongated particles—e.g., gold
nanorods211,212—that display a smaller depolarization factor 𝑃𝑃j as compared to spherical ones.213 The
applied potential can also modify the electron tunneling barrier in plasmonic assemblies to change the
LSPR wavelength.214 Nevertheless, the resulting peak shift in noble metals like gold or silver is limited
to few tens of nanometers.211 This is because of the large intrinsic charge carrier density of ~1023 cm1 215
. In contrast, the charge carrier density of nano-sized semiconductors like quantum dots216 or
graphene217—that are able to support plasmonic modes—can be tuned in the range from 1016 – 1021 cm3 215
. This allows large tunability of plasmon resonance in the mid- and near-infrared range—however
not in the visible—by thermal218 and electrical modulation219 as well as electrochemical doping.220
Another popular class of self-tunable materials are phase-change materials like VOx221 or hydrogenstorage metals. The transition from plasmonic Mg to dielectric MgH2 allows continuous and reversible
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change of plasmon resonance intensity.222 Although, plasmonic properties of Mg surpasses those of
YH2223 and Pd,224 the reduction/oxidation process remains slow (in the order of minutes).124,222,225
Tuning the gap. In the case of plasmonic assemblies, such as particle clusters and arrays, controlled

modification of inter-particle or particle–substrate spacing represents an additional means for significant
spectral tuning (see Equation (4.5)). In solution, the inter-particle attractive and repulsive forces can be
controlled by pH,226,227 temperature228 or dynamic adsorption of charged surfactants229 to facilitate
reversible (dis)assembly of particle clusters (see also Section 3.1.1). Moreover, tuning inter-particle
gaps in the assembled state was achieved with the help of thermo-/pH-responsive polymers230 or
hydrogels,93,231,232 and DNA.233 Amongst these gap size tuning schemes, hydrogels produce the most
pronounced displacements. However, the collapse/swelling of the hydrogel is diffusion-limited and
therefore rather slow.

4.5.2 Mechano-Tunability
A unique strategy to gain real-time control over inter-particle separation is the combination of plasmonic
assemblies with elastomeric substrates.234 This approach facilitates considerable gap modification that
can be as large as 1 µm.235 Mechanical strain applied to the macroscopic substrate results in a controlled
change in nanogap dimensions/lattice constant,7,110,236,237 or cluster size17 to modulate the optical
properties. Figure 4.16 displays two illustrative examples, where (a) the plasmonic coupling between
a split ring and a nanobar, and (b) the chain length of particle lines are reversibly modulated. Large
strains are able to change even the lattice type of an array.238 Plasmonic molecules and arrays fabricated
by well-established top-down and bottom-up approaches can be readily introduced to compliant
substrates to gain mechano-tunability. Embedding or transfer of lithographically produced7,110,237 or
colloidally pre-assembled metal structures17,236 in/onto PDMS are commonly used. For the transfer
printing, adhesion promoters like mercaptosilanes7,237 and polyethylenimine17 are needed to facilitate
the transfer, ensure sufficient conversion of macroscopic strain to nanogap tuning and prevent
delamination. For example, Atwater and co-workers reported that their coupled split-ring resonators and
dolmen structures withstand 50% of tensile strain without delamination and failure of the metal
features.7 Nevertheless, plastic deformation of PDMS cannot be completely avoided.7

Figure 4.16 | Plasmonic coupling modulated by mechanical strain. a, Schematic representation (top) and SEM images
(bottom) of unstretched (left) and stretched lattices of nanobar-coupled split rings (right). b, Schematic representation (top)
and AFM height images (bottom) of long particle chains (left) separated into smaller oligomers by applying mechanical
strain. Figures adapted with permission from: a, ref. 7, © 2010 ACS; b, ref. 17, © 2017 ACS.
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The strain-induced, continuous modulation of inter-particle spacing facilitates interrogating the
physics of collective properties like SLR110 and other Fano resonances237 within a single sample.
Similarly, SERS enhancement235 and nanolasing32 were successfully optimized in situ. In contrast to
other gap tuning schemes, mechanical modulation provides simple directionality control of gap size
modification. Indeed, the direction of strain—that is well-controllable macroscopically—shows a
significant impact on the SLR tuning in hexagonal lattices.110 Apart from mechano-tunable inter-particle
spacing, plasmonic entities can be designed to be deformable themselves. Metal deposition onto
structured elastomers allows the fabrication of stretchable plasmonic nanovoids.239 Mechanoplasmonics does not only allow real-time control over optical properties by applying macroscopic strain
to the elastomer matrix. Vice versa, the optical changes can be used as read-out in strain-sensors240 that
on top are well-compatible with wearable flexible electronics.

4.5.3 Active Chiral Plasmonics
Most of the active plasmonic systems mentioned above detect external stimuli by the change in
transmitted/reflected/scattered light intensity or, vice versa, induce the optical change by a trigger.
Active control over/detection of polarization states of light were investigated to a minor degree, although
anisotropic, linear plasmonic building blocks241 or assemblies17 certainly show dependence on the
orientation of linearly polarized light. During the past decades, selectivity for circular polarizations in
active chiral plasmonics moved into the focus of research.117 Apart from realizing tunable thin-film
circular polarization filters,148 chiral plasmonic structures (see Section 4.4) offer the unique ability to
distinguish between molecular enantiomers for selective detection.121,122 Furthermore, dynamic
modulation of spin angular momentum, i.e. circular polarization states, represents a powerful means for
encoding information in photonic circuits and data storage applications.197
Active chiral plasmonic structures are characterized by dynamically tunable CD and OR (see Section
4.4.4). In contrast to LSPR and SLR, CD—differential extinction of LCP and RCP light—can be tuned
additionally in sign instead of only in magnitude and spectral position. Spectral tuning is readily
achievable using schemes well-known from conventional active plasmonics like refractive index tuning
(Figure 4.17a),14 metal overgrowth242 or swelling to modify spacing.243 The degree of geometrical and
environmental dissymmetry controls CD magnitude, as realized via DNA hybridization (Figure
4.17c),21,167,244 magnetic control,169,245 and mechanical deformation.148,246,247 Moreover, hydrogenmediated phase change is employed.143,248 Alternatively, the magnitude of extrinsic chirality is
modulated by change in illumination geometry.249
As opposed to these two CD characteristics, the inversion of CD sign—i.e. inversion of handedness—
is most challenging, because it usually demands a drastic geometric reconfiguration of the plasmonic
structure or assembly. This is only possible in solution using DNA origami21,167 (Figure 4.17d) that
suffers from weak CD response in dilute systems, or by complex microelectromechanical systems
(MEMS).247,249 However, there are alternative strategies that provide inversion of CD without any
geometrical rearrangement. The combination of an active and an inactive plasmonic unit of opposite
handedness but similar resonance position is a common design (Figure 4.17b). When the resonance of
the active unit is shifted out—e.g., by photo-induced change in charge carrier density250 or tuning of
surrounding refractive index14—the handedness of the inactive one becomes prominent and the
chiroptical response is inverted. Moreover, flipping the refractive index symmetry by varying the
dielectric function of one achiral component of a chiral assembly was proposed.251
Despite the convincing functionality and “wear and tear”-free tuning mechanism that omits
geometrical rearrangement, the fabrication of such multi-layered lithographical samples remains tedious.
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Figure 4.17 | Active tuning of circular dichroism. a,b, Schematic representation of corner-stacked, chiral nanobar pairs.
For better visibility the layers surrounding the nanobars are partially cut away. The heat-induced change in crystallinity of
a phase change material (red layer) alters the dielectric environment to induce a spectral shift of CD mode (a). Combining
the active unit from a with a static one of opposite handedness produces a system that is able to switch CD sign (b).
Initially, the CD modes of the two units overlap to yield a CD mode of positive sign (plots on left side). In the graph on the
right, this mode is represented as dashed blue line. Inducing a phase change in the active unit shifts its resonance peak
out to reveal a negative CD mode (red). c,d, Schematic representation (top) and experimental CD monitored at 725 nm
(bottom) of a nanorod dimer produced via DNA origami. DNA hybridization tunes (c) asymmetry and (d) handedness of
the chiral arrangement to modulate CD magnitude and sign. Figures adapted with permission from: a,b, ref. 14, © 2015
ACS; c,d, ref. 21, © 2014 Springer Nature.

Apart from the difficulty of dynamic handedness control, in general, there is only a very limited number
of examples that show significant CD (above 1 degree) in the visible range. One reason for this is that
the nanometer size of plasmonic particles needed to move the resonance to visible wavelengths causes
small extinction cross-sections. Therefore, dense, strongly coupled arrays are required that are able to
keep up good tunability, as investigated in Chapter 7.
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Abstract. The functional properties of nanoparticle thin films depend strongly on the arrangement of the
nanoparticles within the material. In particular, anisotropic optoelectronic properties can be achieved
through the aligned assembly of 1D nanomaterials such as AgNWs. However, the control of the
hierarchical organization of these nanoscale building blocks across multiple length scales and over large
areas is still a challenge. Here, we show that the oriented deposition of AgNWs using grazing incidence
spraying of the nanoobject suspensions on a substrate comprising parallel surface wrinkles readily
produces highly oriented monolayer thin films on macroscopic areas (>5 × 5 mm2). The use of textured
substrates enhances the degree of ordering as compared to flat ones and increases the area over which
AgNWs are oriented. The resulting microscopic linear arrangement of AgNWs evaluated by SEM
reflects in a pronounced macroscopic optical anisotropy measured by conventional polarized UV–vis–
NIR spectroscopy. The enhanced ordering obtained when spraying is done in the same direction as the
wrinkles makes this approach more robust against small rotational offsets during preparation. On the
contrary, the templating effect of the wrinkle topography can even dominate the shear-driven alignment
when spraying is performed perpendicular to the wrinkles: the concomitant but opposing influence of
topographic confinement (alignment along the wrinkles) and of spray-induced shear forces (orientation
along the spraying direction) lead to films in which the predominant orientation of AgNWs gradually
changes from one direction to its perpendicular one over the same substrate in a single processing step.
This demonstrates that exploiting the subtle balance between shear forces and substrate–nanowire
interactions mediated by wrinkles offers a new way to control the self-assembly of nanoparticles into
more complex patterns.
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Introduction
Oriented nanomaterials and thin films with anisotropic optoelectronic properties are currently widely
investigated because of their numerous potential applications in fields as diverse as flexible
electronics,1,2 photovoltaics,3,4 polarization optics,5,6 sensing,7,8 and meta-materials.9,10 The
optoelectronic properties in such assemblies strongly depend on the arrangement of the nanoobjects
within the material.11,12 This is particularly true for optical meta-materials, whose properties arise from
the subwavelength nanostructure (unit cell) rather than from its constituent materials. 9,10,13 The
controlled positioning of these repeating unit cells allows engineering the far-field optical properties and
the meta-material transmittance, absorbance, and reflectance. The collective response does not derive
only from the bulk properties of the base materials, but rather from the shape, size, orientation, and
arrangement of the individual building blocks.14–16 In particular, plasmonic meta-surfaces17,18 consist of
an array of subwavelength anisotropic light scatterers (e.g., plasmonic resonators such as metallic
nanoantennae).10,19,20
Most of these meta-surfaces are fabricated by top-down methods like direct laser writing21,22 or ebeam lithography.23,24 However, these techniques have the disadvantage of being quite expensive and
slow, and the required subwavelength dimensions (i.e., in the range of tens of nanometers for optical
applications) push these conventional techniques to their limit. Moreover, lithographically produced
plasmonic arrays usually suffer from polycrystallinity and rough surfaces of the metallic features, which
introduces unfavorable plasmonic damping. Self-assembly of wet chemically synthesized, well-defined
plasmonic building blocks appears to be a promising alternative that is capable of large-scale
production.12,15,25–32 As meta-surfaces are composed of buildings blocks that must contain a certain
anisotropy, plasmonic nanowires and nanorods have become a starting material of choice for many selfassembled plasmonic meta-materials.10,33–35 However, the hierarchical organization of these nanoscale
building blocks into 2D or 3D nanostructures with well-controlled location, orientation, and spacing
across multiple length scales is still a challenge. Several approaches for the assembly of (plasmonic)
nanowires and nanorods in thin films with in-plane anisotropy have been developed,36–38 including
Langmuir–Blodgett39,40 or the use of external electrical or magnetic fields.41–43 Other techniques use
flow-induced shear in fluidic cells,44 in a capillary,7,45 or by evaporating spray droplets onto hot
surfaces.46 However, these methods are limited in their ability to yield uniformly aligned films over
large areas, and they are restricted to small groups of components.
Most of these approaches rely on the control of capillary forces and interfacial flows upon
evaporation of the nanoobject suspension. Chemically or topographically structured substrates can be
used to introduce an additional level of hierarchy. Surface corrugations lead to a local modification of
the capillary forces and thus control the pattern of nanoparticles formed during the solvent evaporation.
Such wrinkled substrates have been successfully used over the past years,47 in particular by Fery and coworkers,48–51 to form highly oriented assemblies of gold nanoparticles and gold nanorods over
macroscopic areas. Wrinkle formation in stiff thin films on compliant substrates results from mechanical
instabilities upon compression,52–55 and the templates can thus be of macroscopic dimensions.
Nevertheless, they comprise (sub)micrometer features of tunable size. This makes them attractive as
templates for scalable bottom-up colloidal self-assembly to create functional materials.
Recently, Pauly, Decher, and co-workers have introduced grazing incidence spraying (GIS)56–58 as a
novel assembly method that relies on the low-angle spraying of a suspension of nanorod/nanowire on a
substrate. Using this approach, monolayer thin films of gold nanorods,56 AgNWs,56,57 or cellulose
microfibrils58 in which all the nanoobjects are pointing in the same in-plane direction over >cm2 areas
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can be obtained. They have also shown57 that it is possible to build oriented multilayer thin films of
controlled thickness by combining GIS with Layer-by-Layer (LbL) assembly.59–62
In this paper, we apply the GIS oriented assembly approach on wrinkle-structured receiver substrates
to further improve the uniaxial alignment of AgNWs and investigate the effect of the surface topography
on the robustness of shear-driven orientation. The corrugations seem to direct the flow of the nanowire
suspension such that the area over which AgNWs are highly aligned can be significantly increased when
spraying is applied along the wrinkle direction. Surprisingly, when the macroscopic flow is directed
perpendicular to the wrinkles, under certain conditions, the orientation direction is governed by the
corrugations rather than by the spraying direction. This alignment of nanoobjects on large areas results
in a macroscopic anisotropy in the optical properties as probed by polarized UV–vis–NIR spectroscopy.
GIS is a technique that works for a broad range of 1D nanomaterials (metals, semiconductors, carbonbased material, etc.) and can be implemented on a continuous production line. As wrinkled substrates
are compatible with roll-to-roll manufacturing,63 the proposed approach is a step toward the large-scale
production of versatile anisotropic thin films that can be used for instance as plasmonic meta-surfaces,
dichroic optical coatings, or transparent conducting layers or can be integrated in more complex devices
such as solar cells3,38 or polarization-dependent photodetectors.64,65

Results and Discussion
In order to investigate the effect of parallel wrinkles on the quality of linear ordering, AgNWs (diameter:
47 ± 6 nm; length: 4.2 ± 1.5 μm) have been deposited on a wrinkled polydimethylsiloxane (PDMS)
substrate using GIS with spraying applied along the wrinkle direction (𝜑𝜑 = 0°) and compared to a flat
receiver substrate (Figure 5.1). The only difference between those two substrates is that a given uniaxial
strain (∆𝑙𝑙⁄𝑙𝑙0 = 30–40%) has been applied to one substrate during the plasma-induced oxidation of
PDMS, leading to a surface that is homogeneously wrinkled over large areas after relaxation. These two
samples are thus chemically equivalent, as they both consist of surface-oxidized PDMS coated by
poly(ethylene imine) (PEI), and they only differ in terms of their surface topography: as shown by AFM
(Figure A1.1), the so-called “flat” substrate has a low surface roughness (rms = 0.6 nm after PEI
coating), whereas the wrinkled substrates have a corrugated surface that shows a sinusoidal profile with
an average wavelength of 950 ± 20 nm and amplitude of 130 ± 10 nm. The lateral extension of the
PDMS substrate upon relaxation (Poisson’s effect) causes cracks in the brittle oxide layer that are
oriented perpendicular to the wrinkles.

Figure 5.1 | Schematic representation of the grazing incidence spraying experiments. a, Comparison between
spraying a AgNW suspension onto a flat receiver substrate (left) and a corrugated (“wrinkled”) one (right). b, The wrinkleassisted linear alignment was evaluated by a controlled variation of the in-plane (𝑥𝑥𝑥𝑥-plane) spraying angle 𝜑𝜑 defined as
the angle between the wrinkle direction (red dashed line) and the projection of the spraying direction on the substrate
plane (blue dashed line). The spraying nozzle is kept at a constant distance of 1 cm above the substrate and the spray
axis forms an angle of 15° with the substrate plane.
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Figure 5.2 | Overview of silver nanowire films coated on flat and wrinkled substrates at various spraying angles.
a, Photographs of samples obtained with various spraying angles 𝜑𝜑 starting from 0° (spraying parallel to the wrinkles) and
ending at 90° (perpendicular to the wrinkles). The AgNW coating appears as a homogeneous grayish film, whereas the
reflected colors arise from the periodic structure of the corrugated surface. Scale bar, 1 cm. b, Schematic top-view
representation of flat and wrinkled substrates highlighting the position of the impact of the spray jet on the surface, the
spraying direction (with respect to the wrinkle direction when applicable), and the shape of the coated area.

The spraying of AgNWs on both the flat and the wrinkled PEI-coated PDMS substrate results in a
∼1 cm2 large grayish film. The macroscopic parabolic shape of the film results from the intersection of
the spray cone and the substrate planar interface (Figure 5.2).

Wrinkle-enhanced linear alignment. Figure 5.3a clearly shows that GIS assembly of AgNWs leads

to a thin film consisting of a monolayer of oriented AgNWs on both the flat and corrugated PDMS
substrates. Repulsive particle–particle interaction of the charged alike poly(vinylpyrrolidone)-coated
AgNWs (𝜁𝜁-potential ≈ −30 mV) prevents the formation of multilayers and the particles oriented by shear
forces are immobilized on the positively charged PEI-functionalized surface due to electrostatic
interactions. The SEM images of the thin films reveal that AgNWs are deposited as a side-by-side
oriented monolayer with a predominant orientation but no positional order. Consequently, the structure
can be described as 2D nematic. It appears also that the quality of ordering is higher on the corrugated
PDMS substrate compared to the flat substrate, which can be explained by the combined effect of the
confinement of the flow at the solid–liquid interface offered by the 1D topography and the intrinsic
tendency of nanowires and nanorods to orient along the wrinkles to maximize their interaction with the
substrate. Whereas on the flat substrate side-by-side alignment of AgNWs occurs only in domains,
which are a few tens of μm2 in size, parallel corrugations facilitate linear alignment over large areas.
The consequently more effective packing of particles allows for larger coverage on the wrinkled sample
(88% on wrinkles vs 79% on the flat substrate). In order to quantify the degree of ordering, the SEM
images have been analyzed using OrientationJ,66 a plugin for ImageJ,67,68 which is based on the analysis
of the gray level in a local neighborhood. The full image treatment procedure is detailed in Figure A1.2.
The local orientation angle 𝜃𝜃 is determined for each pixel of the SEM image and color-coded according
to the depicted color legend (inset of Figure 5.3a). In the resulting false-color images, nanowires
oriented along the vertical direction (𝜃𝜃 = 0°) appear in red whereas the nanowires aligned along the
horizontal direction (𝜃𝜃 = ±90°) are in light blue (see also Figure A1.3).
The distribution of orientation angle 𝜃𝜃 can thus be measured over the entire SEM image. This
distribution has a Gaussian shape with its maximum defining the angle of predominant orientation 𝜃𝜃max,
which coincides with the spraying direction for the flat substrate and to the wrinkle direction for the
corrugated one. The deviation from this predominant direction, defined as 𝜃𝜃 − 𝜃𝜃max , is relevant for
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Figure 5.3 | Comparison between the flat and wrinkled substrates after GIS of AgNWs. a, SEM images are analyzed
in order to determine the AgNW orientation for the flat (left) and wrinkled substrates (right). The SEM images are split into
the original image (bottom right part of each image) and an orientation-highlighted image in which the wires are colorcoded according to their orientation (the color scale is shown as an inset). The position at which the images have been
taken is highlighted with a red square on the schematic of the samples (inset). Scale bar, 5 μm. b, Distribution of angle
deviation from the reference direction is extracted from the SEM image analysis and is quantified by the 2D order
parameter 𝑆𝑆2D (see also Equation(5.1)).

quantifying the degree of ordering. Therefore, the distribution of angle deviation can be plotted by
shifting the maximum of the Gaussian to 0° (Figure 5.3b). In the case of wrinkled substrates, the applied
shift equals the rotational offset of the wrinkle orientation in the SEM images, which means that AgNWs
are predominantly oriented parallel to the wrinkles.
A 2D nematic order parameter 𝑆𝑆2D can be classically calculated from the distribution of the angular
deviation relative to a reference orientation 𝜃𝜃ref:
𝑆𝑆2D = 〈2 cos 2(𝜃𝜃 − 𝜃𝜃ref ) − 1〉

(5.1)

where the brackets denote the weighted average over the distribution of angular deviation. Note that the
2D nematic order parameter usually reflects the angular deviation from the main orientation direction,
i.e., that 𝜃𝜃ref = 𝜃𝜃max , which results in 𝑆𝑆2D values between 1 and 0. In the course of this work, we observe
the coexistence of AgNWs that are mainly aligned parallel or perpendicular to the wrinkles. Therefore,
we decided to systematically define the wrinkle orientation (or the spraying direction for the flat
substrate) as the reference orientation 𝜃𝜃ref independently of the predominant direction of particles and
thereby allow negative values of 𝑆𝑆2D. The sign of the order parameter thus nicely indicates if the main
fraction of particles is parallel (positive) or perpendicular (negative) to the wrinkle orientation (Figure
A1.4). Indeed, 𝑆𝑆2D = 0 corresponds to an isotropic deposition (Figure A1.5), whereas 𝑆𝑆2D = +1
represents an ensemble of AgNWs perfectly oriented along the wrinkles (𝜃𝜃 = 𝜃𝜃ref ) and 𝑆𝑆2D = −1
describes AgNWs perfectly oriented perpendicular to the wrinkles (𝜃𝜃 = 𝜃𝜃ref ± 90°).

The deposition of AgNWs on a flat substrate with the spraying conditions used here results in a thin
film with a nematic order parameter of 𝑆𝑆2D = 0.71, which corresponds to ∼50% of AgNWs being
oriented within ±15° from the spraying direction. In contrast, spraying under the same conditions on a
wrinkled substrate leads to 𝑆𝑆2D = 0.94 (>95% of AgNWs within ±15° from the wrinkle direction). This
high degree of orientation is achieved homogeneously over >5 × 5 mm2 area. It must be noted that
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AgNWs are very well oriented over the wrinkled areas, whereas they are deposited with a lower density
and orientation within the cracks (as an example, a crack is visible on the top of the right image of
Figure 5.3a). Although wrinkles represent >90% of the total substrate area, and the cracks only 7 ± 2%
(as measured from a statistical analysis of a collection of optical micrographs (Figure A1.6), the few
misoriented nanowires deposited in the cracks perpendicular to the wrinkle direction reduce the overall
order parameter: indeed, 𝑆𝑆2D = 0.94 when considering the entire population of deposited AgNWs (i.e.,
including those in the cracks), whereas 𝑆𝑆2D = 0.98 if AgNWs in the wrinkled area only are considered.
Such high ordering could be obtained over macroscopic scales if crack-free wrinkled surfaces could be
produced, which remains a challenge.69–72
AgNWs are preferentially deposited on the top of the wrinkles, although a significant number of
AgNWs are also present in the valleys (Figure A1.2a). As the wrinkles have a wavelength of ∼950 nm,
which corresponds to ∼20 times the AgNW average diameter, a few AgNWs may fit on each wrinkle
crest, and the structure can thus be described as “stripes” of ∼400–500 nm width over which 3–5
AgNWs are deposited side-by-side, separated by stripes of approximately the same width with a much
lower density of AgNWs corresponding to the wrinkle valleys.
Robustness against in-plane rotational offset. It is thus obvious that the presence of wrinkles enhances

the degree of AgNWs ordering when the suspension is sprayed along the wrinkle direction. This brings
up the question of the robustness of such an effect: is the preferential orientation along the substrate
corrugations preserved even if the suspension is not sprayed along the wrinkles but at a different angle
in the 𝑥𝑥𝑥𝑥-plane, or would the AgNWs rather align along the spraying direction as they do on a flat
substrate? In order to answer this question, the angle 𝜑𝜑 between the spraying and wrinkle directions has
been varied, as shown on Figure 5.2, from 𝜑𝜑 = 0° (spraying parallel to the wrinkles) to 𝜑𝜑 = 90°
(spraying perpendicular to the wrinkles). Figure 5.4a shows the color-coded SEM images which were
taken a few millimeters away from the point of impact of the spray jet on the surface (as indicated by
the red square in the inset) obtained with a spraying angle of 𝜑𝜑 = 45° and 𝜑𝜑 = 90°, which can be
compared to Figure 5.3a (𝜑𝜑 = 0°).

Interestingly, AgNWs located close to the impact point are mainly oriented along the wrinkle
direction both for 𝜑𝜑 = 45° and 𝜑𝜑 = 90° despite the offset of the spraying direction (Figure 5.4a). The
assembly obtained resembles very much the structure obtained for 𝜑𝜑 = 0° (Figure 5.3a). However,
whereas for 𝜑𝜑 = 45° this wrinkle-dominated alignment is observed over the whole sprayed area (except
for the very boundaries), on the sample sprayed at 𝜑𝜑 = 90° this is only true near the impact point, as it
will be discussed in details later. In general, AgNWs are mostly deposited in a highly oriented way on
top of the wrinkles, whereas less AgNWs are present in the grooves of the wrinkles. The cracks are
partially filled with AgNWs that orient along the cracks. However, it appears clearly from the angle
deviation distribution (Figure 5.4b) that the majority of AgNWs are well oriented along the wrinkles (𝜃𝜃
= 0°), and only a minor part is oriented along the cracks direction (𝜃𝜃 = 90°). The average order parameter
is thus not very much affected by the spraying angle, and 𝑆𝑆2D only slightly varies around an average
value of 0.91 (Figure 5.4c).

In a series of previous reports, we have shown that gold nanorods,56 AgNWs, 56,57 and cellulose
microfibrils58 are all oriented along the spraying direction while spraying at low out-of-plane angle on
a flat substrate due to the shear forces exerted by the flowing liquid on those 1D nanoobjects.
Interestingly, here we find that AgNWs orient along the wrinkle direction even when sprayed
perpendicular to the wrinkles (𝜑𝜑 = 90°). This suggests that the corrugations strongly modify the
assembly process: indeed, wrinkles may reorient the liquid flow near the solid–liquid interface, or the
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Figure 5.4 | Systematic study of the alignment at various spraying angles 𝜑𝜑 between the spray jet and the wrinkle
direction (0° ≤ 𝜑𝜑 ≤ 90°). a, Orientation analysis of SEM images sprayed at 𝜑𝜑 = 45° (left) and 90° (right). SEM images are
split into the orientation-highlighted and the original images (color scale shown as inset). The positions at which the images
have been taken are highlighted with a red square on the schematic of the samples (inset). Scale bar, 5 μm. b,
Corresponding histograms of the orientations found for each spraying angle 𝜑𝜑. c, 2D order parameter 𝑆𝑆2D with respect to
the spraying angle 𝜑𝜑.

substrate–AgNW interaction that favors an adsorption along the wrinkles (larger contact area) may be
stronger than the shear forces exerted by the flowing liquid.

Gradient of AgNW orientation for 90° spraying. A careful look at a sample sprayed perpendicularly to

the wrinkles (𝜑𝜑 = 90°) reveals that the AgNW orientation is not identical over the entire substrate. The
spraying time has been reduced from 250 to 120 s to decrease the AgNW coverage below saturation.
Indeed, AgNW thin films build up following a competitive random sequential adsorption, and the
coverage increases quickly within the first tens of seconds before reaching a plateau.57 A series of 161
× 121 μm2 sized SEM panorama images have been taken every ∼1 mm starting at the edge of the 2 × 1
cm2 wrinkled area (starting position = 0 cm) close to the impact point of the spray jet and moving
progressively further away along the central axis of the sample (Figure 5.5a insets). Representative
images at various locations on the central axis (0, 5, and 12 mm) are given in Figure 5.5a, together with
the angular deviation distribution measured on large-scale images taken at the same positions (Figure
5.5b). It appears that AgNWs are nicely oriented along the wrinkle direction (and thus perpendicular to
the spraying direction) close to the impact point (left panel), whereas they are aligned along the spraying
direction (i.e., perpendicular to wrinkles) far away from the impact point (right panel). In between, there
is a transition from AgNWs oriented along the wrinkles to AgNWs perpendicular to them that extends
over a few millimeters.
The predominant direction of AgNWs is either along or perpendicular to the wrinkles. Therefore, the
transition occurs by a changing ratio of area covered by domains of the two orientations rather than a
gradual change in orientation angle. At ∼5 mm (middle panel), the thin film consists of regions of a few
hundred μm2 containing each a few tens of AgNWs. At this position, the two possible orientations are
approximately balanced, and the structure can thus be described as domains of highly oriented AgNWs,
approximately half of them being oriented along the wrinkles and the other half along the spraying
direction. The angular distribution (Figure 5.5b) further confirms this observation: the distribution close
to the impact point is a narrow Gaussian centered around the wrinkle direction (𝜃𝜃 = 0°), with only a
small fraction of AgNWs oriented around 𝜃𝜃 = 90°, which corresponds to the few nanowires, deposited
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Figure 5.5 | Detailed position-dependent evaluation of a AgNW oriented thin film sprayed at 𝜑𝜑 = 90°. a, Orientation
analysis of SEM images (color scale shown as inset). The insets show the position of the evaluated area (red squares) on
the sprayed parabolic area. Scale bar, 5 μm. b, Corresponding histograms of the AgNW orientations. c, 2D order
parameter 𝑆𝑆2D with respect to the distance from the edge of the wrinkled area. 𝑆𝑆2D is fitted by a sigmoidal function as a
guide to the eye.

in the cracks. This narrow orientation distribution results in an average nematic order parameter 𝑆𝑆2D =
0.89. On the contrary, the distribution of angular deviation measured 10 mm further away from the
impact point is centered on 𝜃𝜃 = 90° (spraying direction), with almost no nanowire around 𝜃𝜃 = 0°, and
𝑆𝑆2D = −0.88. The average nematic order parameter 𝑆𝑆2D = −0.15 at the transition between these two
extreme situations is close to zero. Indeed, the distribution of angle deviation clearly shows that the thin
film is composed of two populations centered on both perpendicular directions, which individually
would yield 𝑆𝑆2D ∼ +1 and 𝑆𝑆2D ∼ −1, respectively. As both orientations show approximately the same
frequency, their order parameters cancel out each other to yield an averaged 𝑆𝑆2D around zero.

The mapping of the transition from one orientation to the other has been probed by measuring the
nematic order parameter 𝑆𝑆2D on SEM images taken every 1 mm along the central axis of the sample,
while moving away from the impact point (Figure 5.5c). The transition occurs between ∼2 and ∼8 mm
away from the edge of the wrinkled area as seen in the decrease of 𝑆𝑆2D from a value of >0.8 to <−0.8.
A more detailed analysis of the transition is given in Figure A1.7, which shows that the average AgNW
density stays around 60–70% over the first 12 mm and then smoothly decreases to a very low coverage
(∼20% at 20 mm). At each position, there are two populations of AgNWs centered around 𝜃𝜃 = 0° and
𝜃𝜃 = 90°, each one with a low average angle deviation (5°–15°). However, the proportion of each
population changes continuously in the transition region from >95% of AgNWs oriented around the
wrinkle direction close to the impact point to >95% of AgNWs oriented around the spraying direction
>8 mm further away from the impact point.
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This smooth transition from AgNWs oriented along wrinkles close to the spray jet to AgNWs
oriented along the liquid flow further away is counterintuitive: one could expect that the influence of
the shear force exerted by the flowing liquid is highest where the velocity is highest, i.e., close to the
nozzle, whereas the effect of the substrate is getting dominant while the velocity is reduced far from the
spraying nozzle. However, the AgNW orientation that is observed reveals that the influence of wrinkles
is higher close to the impact point. The flow and velocity of the AgNW suspension on the substrate are
mainly arising from the high gas flow exiting the nozzle (30 L min-1). Indeed, the gas exits the nozzle
with a high velocity at an out-of-plane angle of 15° with respect to the substrate. While hitting the sample,
the gas flow is redirected parallel to the surface, drags away the liquid film already present on the
substrate, and slows down as the distance from the nozzle increases. Consequently, close to the nozzle
the gas velocity comprises two components acting normal and parallel to the substrate. In contrast, the
velocity component perpendicular to the substrate is negligible far from the nozzle. This reduces the
thickness of the liquid film close to the nozzle, which enhances the relative influence of the substrate.
Here, the assembly seems to be governed by capillary forces pushing the particles toward the corrugated
surface to promote the topographical confinement effect of the wrinkles. On the contrary, the thickness
of the liquid film is larger further away from the spray nozzle, and the influence of its shear force is
becoming dominant. Shear-induced orientation of rod-like particles is an old problem73 and is still an
active field of research.74–77 Furthermore, the balance between shear forces and surface-dominated
oriented adsorption is likely to depend on various experimental parameters including gas flow rate,
solvent viscosity, and spraying time. Therefore, an exact understanding and quantification of the forces
at play would require in-situ monitoring of the nanowire adsorption in real time and modeling of the
flow-induced shear forces and substrate–nanowire interaction, which is beyond the scope of the present
study.
Optical anisotropy caused by unidirectional alignment. AgNWs have optical properties that arise from
the localized surface plasmon resonance of the conduction band electrons. The anisotropic shape of
individual AgNWs gives rise to several modes that are linked to oscillations of the electrons along the
short axis of AgNWs (transverse LSPR modes) and along their long axis (longitudinal LSPR modes).
As demonstrated above, the morphological anisotropy at single-particle level is transferred to
macroscopic scale by the large-area linear orientation of AgNWs in the thin film induced by GIS.
Consequently, the oriented thin film should exhibit anisotropic optical properties on large scales that
can be probed by conventional polarized UV–vis–NIR optical spectroscopy (Figure 5.6).

Polarized UV–vis–NIR extinction spectra (Figure 5.6a) have been measured on a macroscopic area
(5 × 5 mm2) located at the center of the parabolic spray pattern for the samples deposited on a flat
substrate and on wrinkled substrates with spraying applied along the wrinkle direction (𝜑𝜑 = 0°) and at
𝜑𝜑 = 45°. The structure of these samples is shown in Figure 5.3a and Figure 5.4a, respectively). The
angle of light polarization 𝛽𝛽, defined with respect to the wrinkle direction (or spraying direction in the
case of flat substrate), has been varied from 0° to 90° in 10° steps. When the incoming light beam is
linearly polarized along the wrinkles, and thus along the long axis of AgNWs (𝛽𝛽 = 0°, black spectra),
the longitudinal modes of the LSPR are selectively excited for all the characterized substrates, which
results in a broad band starting at ∼500 nm and extending toward the NIR (the maximum of this band
is above 2500 nm, the highest wavelength accessible with our spectrometer). On the contrary, when
light is polarized along the AgNWs short axis (𝛽𝛽 = 90°, red spectra), the LSPR transverse modes are
selectively excited, giving rise to two extinction peaks centered at 354–356 nm and at 383 nm. The
spectra for 0° < 𝛽𝛽 < 90° are intermediate to these two extreme situations, and both the transverse and
the longitudinal bands are excited to a certain degree depending on the polarization angle 𝛽𝛽. The
polarized spectra clearly show that the transverse and longitudinal modes can be selectively excited on
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Figure 5.6 | Optical characterization using polarized UV–vis–NIR spectroscopy on flat and wrinkled (𝜑𝜑 = 0° and
45°) GIS samples. a, Normalized extinction spectra evaluated as a function of the angle 𝛽𝛽 between the direction of light
polarization and the wrinkle direction in 10° steps, starting from polarization along the wrinkles (𝛽𝛽 = 0°, black line),
intermediate angles (light blue), and ending at perpendicular to the wrinkles (𝛽𝛽 = 90°, red line). Comparison of the extinction
in both directions yields the dichroic ratio DR (Equation (5.2)) used as a benchmark for the optical anisotropy. b,
Corresponding polar plot representations of the normalized extinction (radius) as a function of the polarization angle 𝛽𝛽 for
two representative wavelength (~354 and 1000 nm), which can be correlated to transverse and longitudinal resonances,
respectively. The solid lines represent sine square and cosine square fits to the measured data.

a macroscopic scale depending on the light polarization direction, which is a direct proof of the largearea orientation of AgNWs with a high degree of alignment.
The extinction at a specific wavelength can be measured as a function of the polarization angle 𝛽𝛽
and represented in a polar plot. Figure 5.6b shows the normalized extinction at the low-energy
transverse band position (354–356 nm, red dots) and in the longitudinal tail at 1000 nm (black dots).
This polar representation clearly highlights the extinction anisotropy: indeed, the extinction is maximum
in the NIR (longitudinal LSPR band) and minimum in the UV (transverse LSPR band) when light is
polarized parallel to the wrinkles and thus the AgNW long axis (𝛽𝛽 = 0° and 180°), whereas the extinction
is minimum in the NIR and maximum in the UV when light is polarized perpendicular to the wrinkles,
i.e., along the AgNW short axis (𝛽𝛽 = ±90°). The extinction as a function of polarizer angle can be nicely
fitted with a sine square (transverse LSPR) or cosine square function (longitudinal LSPR). The thin film
sprayed on the flat substrate shows a slight angular offset, the maximum extinction of the longitudinal
tail being at 𝛽𝛽 ∼15° and not at 𝛽𝛽 = 0°, as expected. The reason may be that the optical properties have
been measured slightly away from the central axis of the parabolic spray pattern. Indeed, the alignment
direction of AgNWs gradually shifts away from the central axis while moving toward the edges of the
deposited thin film due to the opening of the spray cone.
The normalized difference of the extinction measured with the polarization perpendicular (𝛽𝛽 = 90°)
and parallel (𝛽𝛽 = 0°) to the wrinkle direction gives the dichroic ratio (DR) that measures the optical
anisotropy:
DR =
100

Ext𝛽𝛽=90° − Ext𝛽𝛽=0°
Ext𝛽𝛽=90° + Ext𝛽𝛽=0°

(5.2)

Results and Discussion
Table 5.1 | Nematic order parameters 𝑺𝑺𝟐𝟐𝟐𝟐 and dichroic ratios 𝐃𝐃𝐃𝐃 of oriented AgNW thin films measured for the
transverse localized surface plasmon resonance (T-LSPR) and at the longitudinal tail at 1000 nm.
Sample

𝑆𝑆2D

0.71

DR(T-LSPR)
0.22

DR(1000 nm)

Sprayed at 𝜑𝜑 = 0°

0.94

0.71

−0.89

0.92

0.64

−0.80

Sprayed at 𝜑𝜑 = 90° (observed close to impact point)a

0.68

0.63

−0.33

−0.88

−0.54

0.77

“1.00”

0.82

−0.98

Flat substrate

−0.31

Wrinkled substrate

Sprayed at 𝜑𝜑 = 45°

Sprayed at 𝜑𝜑 = 90° (observed far from impact point)a

Single AgNW (simulations)

The optical properties and the SEM images have been measured on different samples. Furthermore, the 𝑆𝑆2D values given
here are an average over 5 different spots to match the size of the area with gradually varying orientation of AgNWs that
is probed during UV–vis–NIR spectroscopy, which explains the small differences with the 𝑆𝑆2D values given in the
corresponding figures.
a

Please note that the dichroic ratio is defined (similarly to the nematic order parameter) with respect to
the wrinkle orientation and not with respect to the main anisotropy axis as it is usually done in the
literature. Consequently, the dichroic ratio, as defined in Equation (5.2), can take negative values, and
the sign of DR describes the predominant orientation of the AgNWs: when AgNWs are oriented along
the wrinkles, DR is positive for the transverse LSPR band (Ext𝛽𝛽=90° > Ext𝛽𝛽=0° ), whereas DR is negative

for the longitudinal LSPR tail (Ext𝛽𝛽=90° < Ext𝛽𝛽=0° ). The sign of DR is reversed for AgNWs oriented
perpendicular to the wrinkles.

The absolute value of DR is clearly linked to the degree of ordering of the AgNWs, as evidenced
(Table 5.1) by the correlation between the dichroic ratio (optical anisotropy) and the nematic order
parameter (morphological anisotropy). Indeed, the less ordered thin film sprayed on the flat substrate
(𝑆𝑆2D = 0.71) has a DR = 0.22 at 354 nm and DR = −0.31 at 1000 nm, whereas the more ordered film
sprayed on wrinkles at 𝜑𝜑 = 0° (𝑆𝑆2D = 0.94) displays a DR = 0.71 at 354 nm and DR = −0.89 at 1000 nm.
These values are very close to the theoretical maximum of DR modeled by finite-difference time-domain
(FDTD) simulations (DR theo (354 nm) = 0.82, DR theo (1000 nm) = −0.98; see Figure A1.8), which
stresses the high quality of alignment over macroscopic areas. Indeed, the improved AgNW orientation
induced by the wrinkled substrate leads to more pronounced anisotropic optical properties, as evidenced
by the increased DR. Furthermore, the sample sprayed at 𝜑𝜑 = 45° has a DR = 0.64 at 356 nm and DR =
−0.80 at 1000 nm which are only few percent lower than the values obtained for the sample sprayed
along the wrinkles (𝜑𝜑 = 0°). This further demonstrates that wrinkled substrates enhance the robustness
of the deposition process by GIS, especially as spraying at an angle of 45° with respect to the wrinkles
only leads to a small reduction of the degree of ordering, which reflects in the resulting optical anisotropy.
Wrinkles thus have the ability to “correct” the effect of local inhomogeneities of the flow or of variations
in the spraying angle due to the opening of the spray cone for instance.
The optical properties of the thin film sprayed at 𝜑𝜑 = 90° are presented in Figure 5.7. The spectra
displayed in Figure 5.7a were measured as a function of the angle 𝛽𝛽 between light polarization and the
wrinkle direction on a 5 × 5 mm2 spot at two different positions on the thin film. AgNWs are oriented
along the wrinkles close to the impact point of the spray jet (Figure 5.5a), and the spectra (Figure 5.7a,
left panel) thus resemble the ones measured for 𝜑𝜑 = 0° (Figure 5.6a): the extinction is maximum at the
transverse LSPR band for light polarized perpendicular to the wrinkles. The dichroic ratio DR is equal
to 0.63 at 365 nm and to −0.33 at 1000 nm, which is close to the values obtained for 𝜑𝜑 = 0° and which
is consistent with the nematic order parameter 𝑆𝑆2D = 0.68 measured at this location. However, as
101

5 Grazing Incidence Spraying of 1D Aligned Silver Nanowires

Figure 5.7 | Detailed optical characterization of the gradually varying orientation of AgNWs sprayed perpendicular
to the wrinkles. a, Normalized extinction spectra (polarized UV–vis–NIR spectroscopy) evaluated as a function of the
angle 𝛽𝛽 between the direction of light polarization and the wrinkle direction in 10° steps. The spectra are measured on a
macroscopic area (5 × 5 mm2) at two different positions on the same sample (red squares on the sample schematics):
close to the edge of the wrinkled area (left panel) and 10 mm away (right panel). Comparison of the extinction with light
polarized parallel (black curve) or perpendicular (red curve) to the wrinkle direction yields the DR (Equation (5.2)) as a
benchmark for the observed anisotropy and particle orientation. The spectra are normalized with respect to the extinction
of the high-energy transverse band. b, Corresponding polar plots of the normalized extinction as a function of the
polarization angle 𝛽𝛽 measured for the high-energy transverse mode (red dots) and for the longitudinal tail at 1000 nm
(black dots). The lines represent respectively sine square and cosine square fits to the measured data. c, Detailed mapping
of the dichroic ratio DR at 355 nm (red diamonds) and at 1000 nm (black triangles) on 5 × 2 mm2 spots separated by 2 mm,
which highlights the gradual transition of the average particle orientation with increasing distance from the impact point of
the spray. DR is fitted by a sigmoidal function as a guide to the eye.

discussed previously (Figure 5.5), the average AgNW orientation changes gradually when moving away
from the impact point of the spray jet from AgNWs oriented along the wrinkles to AgNWs oriented
perpendicular to wrinkles. Consequently, the polarized UV–vis–NIR spectra are reversed 1 cm away
from the impact point (Figure 5.7a, right panel) as compared to the situation near the impact point: the
extinction is maximum at the transverse LSPR band for light polarized parallel to the wrinkles and thus
perpendicular to the AgNWs long axis. The change of orientation is also obvious from the polar plots
(Figure 5.7b) of the extinction as a function of polarization angle 𝛽𝛽: the polarization angle-dependent
variation in extinction of the transverse LSPR band (355–365 nm, red dots) close to the impact point of
the spray jet has a similar shape but is perpendicular to the extinction measured far away from the impact
point.
In order to map the transition from one preferred orientation to the other, UV–vis–NIR spectra have
been measured on 2 × 5 mm2 spots every 1 mm along the sample central axis. The corresponding
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dichroic ratios at 355 and 1000 nm are given in Figure 5.7c. Close to the impact point of the spray jet,
the dichroic ratios at the transverse (355 nm) and longitudinal (1000 nm) LSPR bands are DR = 0.67
and DR = −0.69, respectively, which is expected for AgNWs oriented along the wrinkles with a high
degree of ordering. Consistently with the smooth transition from one orientation to the other described
in Figure 5.5, the DR of the transverse LSPR band decreases from 0.70 to −0.70 while moving away
from the impact point, while the DR of the longitudinal LSPR tail increases from −0.70 to 0.70 over the
same distance. The change of sign of the DR is characteristic of the change of orientation evidenced by
SEM. Both measured DR values are close to zero at a distance of ∼6 mm away from edge of the wrinkled
area, which is consistent with the fact that the thin film is composed of ∼50% of AgNWs oriented
parallel and ∼50% oriented perpendicular to the wrinkles at this position.

The spectra measured away from the impact point show an additional peak at ∼535 nm that is
maximum for 𝛽𝛽 = 0° and that is almost not visible for 𝛽𝛽 = 90°. This peak is due to the coupling of the
individual transverse LSPR modes of neighboring AgNWs, and this additional coupling peak is only
present when the transverse LSPR modes are excited (i.e., for 𝛽𝛽 being close to 0).

Conclusion
In this work, we have shown that the oriented deposition of AgNWs with grazing incidence spraying on
a wrinkled substrate leads to highly oriented monolayer thin films over large areas. While GIS on flat
substrates is able to induce orientation of AgNWs over ∼1 cm2, the use of textured substrate enhances
the degree of ordering and increases the area over which AgNWs are oriented. The corrugated surface
seems to guide the liquid flow. Even when spraying is performed with a certain angular deviation
relative to the wrinkle orientation, AgNWs still have a strong tendency to be aligned along the wrinkles
rather than in the direction of the liquid flow. The consequence is an increased robustness of the oriented
deposition process: even if the spray is not perfectly parallel to the wrinkles (which typically happens
on the edges of the spray pattern), the direction of orientation is dominated by the wrinkles. Such a largearea orientation of AgNWs leads to thin films that have anisotropic optical properties at a macroscopic
scale.
Finally, the high versatility of the proposed approach must be highlighted. Indeed, GIS has been
shown to be efficient to orient a broad range of 1D nanomaterials, including gold nanorods, carbon
nanotubes, and cellulose microfibrils,56–58 and although some differences will exist for objects having a
different size and a different surface chemistry, the same wrinkle-assisted spray-induced orientation
approach can in theory be used for any type of nanowire or nanorod. Even for low aspect ratio nanorods
(AR ∼ 6), wrinkled substrates can significantly enhance the linear alignment. As depicted in Figure 5.8,
we found an increase in the order parameter from 𝑆𝑆2D = 0.28 (flat PDMS) to 𝑆𝑆2D = 0.65 for spraying
along the wrinkles. Similarly to AgNWs, the transverse (∼530 nm) and longitudinal bands (∼1080–
1110 nm) can be selectively excited, leading to an increased optical anisotropy for the wrinkled substrate.
Indeed, the dichroic ratio measured for the longitudinal mode increases from −0.18 for the flat substrate
to −0.41 for the wrinkled one. Optimizing the wavelength and depth of the wrinkles should even enable
a better linear alignment.
Furthermore, the density of deposited nanoobjects can be very easily tuned by varying the spraying
time and the concentration of the suspension, which will modify the optical properties of the resulting
thin film. It must also be noted that such nanoparticle structures deposited on wrinkled substrates can be
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Figure 5.8 | Thin films of oriented gold nanorods sprayed on a flat (left) and a wrinkled substrate (right). a, SEM
images split into the orientation-highlighted and the original images (inset color scale). Scale bar, 500 nm. The positions
at which the images have been taken are highlighted with a red square on the schematic of the samples (inset). b,
Corresponding histograms of the orientation. The nematic order parameter S2D increases from 0.28 for the flat substrate
to 0.65 for the wrinkled substrate, highlighting the better orientation provided by the wrinkled substrate. c, Normalized
extinction cross-section of the polarized UV-Vis-NIR spectroscopy evaluated as function of the angle between the direction
of light polarization and the wrinkle direction, starting from polarization along the wrinkles (black line), intermediate angles
(light blue) and ending perpendicular to the wrinkles (red line). The dichroic ratio (DR) is much higher for the sample
sprayed on the wrinkled substrate compared to the flat one, which confirms the enhanced orientation induced by the
wrinkles.

transferred48 to flat substrates in order to be integrated into more complex devices that may comprise
several layers of different materials.
The counterintuitive observation that the orientation of AgNWs can be changed from one direction
to its perpendicular one on the same substrate by spraying at 90° from the wrinkle direction highlights
the concomitant influence of substrate-governed adsorption that favors the alignment along the wrinkles
and of spray-induced shear forces that favor orientation along the spraying direction. The transition from
one orientation to the other on the same sample highlights that a subtle balance between shear forces
and substrate–nanowire interactions mediated by wrinkles offers a new way to control the self-assembly
of nanoparticles into more complex patterns. Furthermore, we found out that the nanowires adsorbed in
the cracks of the PDMS substrate are oriented in the perpendicular direction compared to AgNWs on
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the wrinkled part, and patterning of the surface with “controlled cracks”, made for instance by selective
etching, could lead to thin films in which selected areas on the same substrate could have different
orientations.

Methods
Chemicals
Poly(ethylene imine) (PEI, 𝑀𝑀𝑛𝑛 ≈ 60 000 g mol-1), poly(vinylpyrrolidone) (𝑀𝑀𝑤𝑤 ≈ 40 000 g mol-1), silver
nitrate, and glycerol were purchased from Sigma-Aldrich (France). Sodium chloride was purchased
from Carl Roth GmbH (Germany). The Sylgard 184 polydimethylsiloxane (PDMS) kit was supplied by
Dow Corning (USA). All chemicals were used without further purification. Aqueous solutions were
prepared with ultrapure water (resistivity = 18.2 MΩ·cm, Milli-Q Gradient system, Millipore, France).

Synthesis of Silver Nanowires
AgNWs were synthesized by a polyol reduction procedure previously reported in the literature.7,57 1.76
g of poly(vinylpyrrolidone) was dissolved into 57 mL of glycerol kept at 90 °C under stirring until a
homogeneous solution was obtained. After cooling down to room temperature, 0.47 g of AgNO3 was
added, followed by a NaCl solution consisting of 17.7 mg of NaCl dissolved in 0.15 mL of ultrapure
water and 3 mL of glycerol. The solution was heated in 20 min from room temperature to 210 °C, after
which heating was stopped, 60 mL of ultrapure water was added, and the solution was left to cool to
room temperature. The precipitate at the bottom of the flask was collected after having left the flask
undisturbed for 1 week. The obtained AgNWs were washed 10–15 times with Milli-Q water by
centrifugation at 2000 rpm for 30 min and finally suspended in 170 mL of water (concentration:
1.20 mg mL-1, as determined by freeze-drying and weighing a known of volume of AgNW suspension).
The synthesized AgNWs have a cross-section of 47 ± 6 nm and a length of 4.2 ± 1.5 μm, as determined
by transmission electron microscopy (TEM).

Wrinkle Preparation
PDMS was prepared by mixing 25 g of the commercially available prepolymer, which consists of a
linear dimethylsiloxane oligomer (𝗇𝗇 ∼ 60) with vinyl end groups for cross-linking by hydrosilylation,
and the cross-linker at a ratio of 10:1 (by weight) in a rectangular polystyrene dish. The mixture was
degassed in a desiccator in vacuum to remove all air bubbles. The cross-linking step is made at room
temperature by leaving the covered plastic dish on a leveled plate overnight to ensure a homogeneous
thickness of the PDMS slab. Subsequently, it was annealed at 80 °C for 5 h to ensure full cross-linking.
Next, the cross-linked elastomer was cut into pieces 1 × 4 cm2 in size and stretched along their long axis
to a strain of 30–40% using a homemade stretching device. The stretched PDMS substrate was subjected
to a 0.2 mbar oxygen plasma treatment (Flecto 10, operated at 100% plasma power, Plasma Technology,
Germany) for 950–1200 s. Aforementioned variations in strain and plasma exposure duration were
necessary to compensate for changes in ambient humidity that affect the resulting wrinkle geometry.
Upon exposure to O2 plasma, the surface of PDMS oxidizes into a stiff SiO2-like thin layer. Relaxing
the substrate provokes a buckling instability due to the mechanical mismatch between the bulk elastic
substrate and the uppermost stiff thin layer to induce the formation of wrinkles perpendicular to the
stretching direction. The wrinkle topography can be described analogously to a sine function
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characterized by its wrinkle periodicity 𝛬𝛬 and amplitude 𝐴𝐴. The averaged values determined by AFM
(Dimension 3100 NanoScope IIIa and V, Bruker, USA) measured in tapping mode using stiff cantilevers
(40 N m-1, 300 kHz, Tap300, BudgetSensors, Bulgaria) were 𝛬𝛬 = 950 ± 20 nm and 𝐴𝐴 = 130 ± 10 nm. In
addition to the wrinkles, some wider cracks extending along the stretching direction are formed caused
by the stress in the brittle layer induced by lateral expansion of the substrate upon relaxation.
The wrinkled PDMS substrates were attached to a glass slide to avoid bending of the flexible PDMS
substrates during spray coating. To this end, the glass substrates were cleaned by ultrasonication in water
for 10 min followed by copious rinsing with ethanol and drying under N2 stream. Subsequently, they
were treated for 2 min with air plasma (PDC-002, Harrick Plasma, USA) simultaneously with the
wrinkled-PDMS substrate turned upside down (i.e., with the nonwrinkled side facing the plasma). Both
plasma-activated surfaces (glass and PDMS) were brought into close contact and let at rest for at least
15 min to securely cross-link the wrinkled elastomeric PDMS slab onto the rigid glass substrate.

AgNW Oriented Deposition by Grazing Incidence Spraying (GIS)
Prior to AgNW deposition, the wrinkled substrates bound to glass slides were plasma activated for 2
min and subsequently coated with a PEI anchoring layer deposited by spraying an aqueous PEI solution
(2.5 mg mL-1) for 20 s followed by water-rinsing for 10 s using air-pump spray cans (Roth, France).
AgNWs were deposited by grazing incidence spraying (GIS),56–58 using a homemade spraying setup
equipped with two fluid nozzles (internal diameter: 300 μm, Spraying Systems, USA) for 250 s unless
otherwise specified (air flow 30 L min-1, liquid flow 1 mL min-1).
The out-of-plane angle between the central axis of the cone of the spray jet and the receiving substrate
was fixed at θ = 15° (Figure 5.1b), and the nozzle and substrate were held at a constant distance of 1
cm. The spraying angle 𝜑𝜑, defined as the in-plane angle between the 2D projection of the spraying
direction and the wrinkle orientation (Figure 5.1b), was varied from 0° (parallel to the wrinkles) to 90°
(perpendicular to the wrinkles).

Electron Microscopy and Characterization of Orientation
The procedure for SEM images treatment and orientation analysis is detailed in Figure A1.2–A1.4. The
samples were imaged by scanning electron microscopy employing a NEON 40 FIB-SEM workstation
(Carl Zeiss Microscopy GmbH, Oberkochen, Germany) operated at 1 kV. As dense AgNW thin films
provide enough conductivity to reduce charging effects to a minimum, no metal sputtering was applied
to preserve the optical properties for subsequent UV–vis–NIR spectroscopy measurements.
For the orientation analysis, usually 38 × 26 μm2 images were evaluated (2048 × 1374 pixels, pixel
size 18.6 nm). Comparison of order parameters at different spots on the sample ensured sufficient
statistical reliability, and more than 1000 particles are analyzed on each image. The SEM mapping
(Figure 5.5) was done using SEM panorama images (161 × 121 μm2, 8640 × 6480 pixels, pixel size
18.6 nm). This allowed capturing a ∼20 times larger area with the same high resolution to ensure
statistical significance. The software TrakEM2,78 a plugin to ImageJ,67,68 was used to perform the
stitching of these 5 × 5 subimages panoramas.
In order to gain information on the AgNW alignment itself, the wrinkle structure was partially filtered
out during data acquisition (Figure A1.2): all images for orientation analysis were captured using the
energy selective backscattered (ESB) electron detector with ESB grid voltage set to 900 V. Because of
the superior scattering cross-section of silver, AgNWs appear bright in the image, whereas the wrinkle
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structure nearly vanishes completely. To further remove the wrinkles and spherical silver impurities
from the image, a threshold was applied using Yen’s method79 in ImageJ, and spherical pixel clusters
with circularity above 0.5 were filtered out by the particle analysis feature. The resulting image only
displays AgNWs and spherical impurities in contact with AgNWs and therefore could not be detected
as being spherical.
The orientation of the “filtered” SEM images was evaluated using OrientationJ,66 a plugin for
ImageJ.67,68 This macro is based on the analysis of the structure tensor of the gray level in a local
neighborhood. Briefly, it determines the local orientation for each pixel of the SEM image and attributes
a color corresponding to the angle of orientation 𝜃𝜃 (Figure A1.2 and Figure A1.3). A Gaussian window
of 3 pixels (comparable to the AgNW diameter) was applied for the OrientationJ analysis. A histogram
of orientations is extracted from the resulting false color image. Here, pixels with coherency below 5%
and/or energy below 1% were ignored.
Further evaluation of these distributions of orientation found in SEM was done in Igor Pro
(Wavemetrics, USA) to finally retrieve the nematic order parameter 𝑆𝑆2D (Figure A1.4). Usually
particles are preferably aligned vertical in the SEM images (parallel to the wrinkles), which corresponds
to an angle 𝜃𝜃 of 0°. Shifting the maximum of the Gaussian distribution in 𝑥𝑥 direction to exactly 0° yields
the angular deviation from the predominant orientation. As the angular shift equals the rotational offset
of the wrinkles in the SEM images, the predominant direction is parallel to the wrinkles. By applying
Equation (5.1), the angle deviation values can be translated into 𝑆𝑆2D values. The normalized
distribution is used as weighing to calculate the averaged order parameter. The consistency of this
evaluation was cross-checked on random arrangements of AgNWs drop-cast on flat, PEI-coated PDMS
(Figure A1.5). Here the evaluation yielded 𝑆𝑆2D = 0.05, which is close to zero and therefore agrees well
with a random distribution of orientations.

In the case of the mapped sample with gradually varying preferred orientation of AgNWs (Figure
5.5), there are regions far away from the impact point where nearly no particles are aligned parallel to
the wrinkles. As the reference orientation for the calculation of 𝑆𝑆2D should remain the wrinkling
orientation nonetheless, the evaluation of the angle distributions had to be slightly modified. The
maximum of the Gaussian distribution representing particles perpendicular to the wrinkles (parallel to
the spraying) was shifted to 90° of angle deviation. This indirectly locates the wrinkle orientation at zero
to enable the aforementioned calculation of the order parameter with wrinkle orientation as reference
orientation. This is only valid if both particle orientations are perfectly perpendicular to each other. By
studying SEM images having large amounts of particles of both orientations this could be verified,
though shifting of AgNWs parallel to wrinkles to 0° and shifting of AgNWs perpendicular to wrinkles
to 90° yields the same results for 𝑆𝑆2D (Figure A1.4 and Table A1.1).
The coverage of the substrate with AgNWs was calculated as the ratio of the number of detected
AgNW pixels to the amount of pixels within the analyzed SEM image.

UV–Vis–NIR Spectroscopy
UV–vis–NIR spectroscopy was measured in transmission geometry using a Cary 5000
spectrophotometer (Agilent, USA) equipped with the universal measurement accessory (UMA) and a
linear polarizer. The spot size on the sample was approximately 5 × 5 mm2 for all measurements except
for the mapping presented in Figure 5.7c, which was measured with a spot size of 5 × 2 mm2. The
measured extinction is corrected from the contribution of a blank wrinkled PDMS substrate taken as a
reference. The polarizer can be rotated to vary the angle between the light polarization plane and the
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oriented AgNWs. The polarization direction (polarization angle 𝛽𝛽) is defined with respect to the wrinkle
direction (i.e., 𝛽𝛽 = 0° when light is polarized along the wrinkles and 𝛽𝛽 = 90° when it is perpendicular to
the wrinkle direction).
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Abstract. We demonstrate a novel colloidal self-assembly approach toward obtaining mechanically

tunable, cost-efficient, and low-loss plasmonic nanostructures that show pronounced optical anisotropy
upon mechanical deformation. Soft lithography and template-assisted colloidal self-assembly are used
to fabricate a stretchable periodic square lattice of gold nanoparticles on macroscopic areas. We stress
the impact of particle size distribution on the resulting optical properties. To this end, lattices of narrowly
distributed particles (∼2% standard deviation in diameter) are compared with those composed of
polydisperse ones (∼14% standard deviation). The enhanced particle quality sharpens the collective
surface lattice resonances by 40% to achieve a full width at half-maximum as low as 16 nm. This high
optical quality approaches the theoretical limit for this system, as revealed by electromagnetic
simulations. One hundred stretching cycles demonstrate a reversible transformation from a square to a
rectangular lattice, accompanied by polarization-dependent optical properties. On the basis of these
findings, we envisage the potential applications as strain sensors and mechanically tunable filters.
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Introduction
Plasmonic resonances of metallic nanoparticles are of broad interest because of their strong interaction
with light and their energy confinement at sub-wavelength scales. Light interaction induces collective
oscillation of free electrons commonly known as localized surface plasmon resonance (LSPR). Spectral
properties of such modes can be engineered by varying the nanoparticle composition, size or shape, and
the surrounding refractive index.1 For photonic and optical applications, it is desirable to achieve high
optical quality and wide optical tunability simultaneously. The quality factor is defined by the ratio of
the resonance wavelength to the resonance width. One effective approach toward obtaining high optical
quality is the interference between a plasmon mode and a Bragg grating mode, also known as symmetry
breaking or Fano resonance.2,3 The arising surface lattice resonance (SLR) yields coherence to the
system by confining the high electromagnetic field in the lattice plane.4 Whereas typical LSPR exhibits
a full width at half-maximum (FWHM) of >80 nm, for SLR the spectral width is drastically reduced,
down to 1–2 nm.5
In order to steer this lattice plasmonic resonance to the visible wavelength (𝜆𝜆), an energetic overlap
between the Bragg mode and the particle plasmon resonance is necessary. In the first order and at normal
incidence, the mode occurs at 𝜆𝜆𝜆𝜆 (𝑛𝑛 as environmental refractive index).6 To cover the entire visible area,
the size of the particles and the lattice periodicity must be adjusted accordingly.7 Such SLR response in
the visible wavelength range was demonstrated for a lattice of aluminum rectangles fabricated by
electron beam lithography.8 In those examples, lithography methods were employed, which require
masks and etching processes. Thus, fabrication becomes costly and highly energy-consumptive.
Colloidal self-assembly can be a more cost-efficient and ecofriendly alternative, and renders SLR on
cm2 areas easily accessible. For example, non-close hexagonally packed particle arrays supporting SLR
can be readily generated by floating plasmonic core–shell nanoparticles at the water−air interface.9 In
this system, the temperature-induced change in the refractive index of the hydrogel shell additionally
allows a reversible 50 nm shift of the hybridized mode with a line width of 50 nm.
Recently, mechanical deformation of plasmonic arrays sparked research interest as an alternative
stimulus for spectral tuning.5 Odom and co-workers showed that optimum conditions for lasing can be
achieved by mechanical tuning.10 As well, we showed in earlier work that colloidal linear particle
assembly can be split into plasmonic oligomers, resulting in strain sensitivity and potential applications
in sensing.11 The colloidal approach is particularly well suited for creating mechanically tunable
assemblies as particles can be directly transferred to the target substrate or embedded in elastomers. For
precise strain-induced tuning of optical properties, it is mandatory to address specific lattice orientations
consistently over the whole substrate. Therefore, defect-free templates molded from electron beam
masters are commonly used in capillarity-assisted particle assembly of 2D lattices.12,13 Porous anodic
alumina14 or laser interference lithography (LIL)15 can be a better scalable alternative. In contrast,
hexagonal assemblies produced template-free at the water–air or liquid–liquid interface suffer from
differently oriented domains. The variation in strain-induced lattice deformation from domain to domain
would lead to a broad averaged SLR peak.
In this work, we combine the top-down method soft lithography and the bottom-up method templateassisted self-assembly (TASA) as facile and scalable fabrication methods to generate a mechanically
tunable SLR. Flexible nature of the meta-surface can overcome the optical cavity design limitation by
creating real-time tunable high-quality mode. To design the collective optical properties for the visible
wavelength regime, we use electromagnetic finite element simulations. After realizing the square lattice
of gold nanospheres assembled inside an elastomeric template, the sharp spectral features, modulated
by mechanical stresses, are quantified using conventional UV–vis spectroscopy. Both our theoretical
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and experimental results stress the importance of particle size polydispersity for the quality of the
collective SLR mode. Our approach of flexible and tunable high-quality plasmonic lattice paves the way
for cost-effective next-generation optical and photonic devices.

Results and Discussion
We discuss a 2D square plasmonic lattice embedded in polydimethylsiloxane (PDMS) that shows a
dynamic tuning of lattice constants under mechanical deformation. Because of a Poisson’s ratio (which
is the negative of the ratio of transverse to axial strain) of 0.5, stretching in the 𝑥𝑥 direction results in a
reduction in the 𝑦𝑦 direction.11 Consequently, applying a uniaxial strain transforms the system from a
square to a rectangular lattice (Figure 6.1a). Generally, a non-stretched plasmonic square lattice enables
coupling between single-particle LSPR and degenerate 2D Bragg diffraction to produce two hybridized
modes.16 Upon deformation into a rectangular lattice, two different Bragg modes (along the 𝑥𝑥 and 𝑦𝑦
directions) arise, which interact with the LSPR and allow switchable hybrid modes with polarization
dependence.10

Figure 6.1 | Mechanotunable 2D lattice of single nanospheres. a, Schematic representation highlighting the change in
𝑥𝑥 and 𝑦𝑦 lattice constants upon stretching (not to scale). b, TEM images of the employed colloidal nanospheres whose size
distribution is broad (top) or narrow (bottom). Scale bar, 200 nm.

In order to obtain high-quality modes, it is vital to maintain energetic stability and order in the
system.17,18 To achieve those essentials, we followed a soft lithography fabrication approach to create a
square lattice of well-defined periodicity over cm2 areas (Figure 6.2). This method starts with a double
LIL exposure to fabricate the nanopillar master on a photoresist-coated silicon wafer (Figure 6.2a).
Negative replication by a soft lithography molding step produces a nanohole structure (nanohole array
from UV-curable PDMS). More details about the LIL setup are shown in Note A2.1 and Figure A2.1.
This flexible template was used for capillarity-assisted assembly to align the colloidal plasmonic
nanoparticles in a 2D square lattice. Briefly, a droplet of nanoparticle suspension was dragged across
the topographical template. The hole dimensions were chosen (120 nm diameter and ∼70 nm depth, see
also Figure A2.2) such that only one particle fits into it. A high filling rate can be achieved at the same
time (see Figure 6.2b).13 At the receding meniscus, the particles concentrate facilitated by evaporationdriven convection. This local accumulation reduces the Brownian motion of nanoparticles and thereby
increases the probability of particles being deposited inside the features. Net repulsive particle–substrate
interaction and good colloidal stabilization of particles provided by surface modification prevent random
sequential adsorption to the substrate and irreversible aggregation, respectively. Precise tuning of
contact angle and surface tension balances the components of the capillary force at the meniscus acting
parallel and normal to the substrate to drag the gold nanoparticles along and only allow deposition where
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Figure 6.2 | Soft lithography template fabrication for directed self-assembly. a, Scheme representing the fabrication
of a stretchable 2D lattice, using a combination of LIL, soft molding, and directed self-assembly of plasmonic nanoparticles.
ARC, anti-reflective coating. b, SEM images of the fabricated nanopillar master (top), nanoholes array (middle), and 2D
plasmonic lattice (bottom). Dashed frames in pictorial representation correspond to the respective SEM image. Scale bar,
500 nm.

they feel a sidewall of the topographical features counteracting this motion (more details in Note A2.2).19
As a big advantage of this assembly method, the assembly area is only limited by template size and
reservoir of colloidal particle solution. It was already demonstrated that the latter limitation can be
overcome by a continuous microfluidic feed of suspension.20
Impact of shape monodispersity. To investigate the influence of particle size distribution on SLR

quality, square lattices of two different particle systems (Figure 6.1b) were fabricated: one with a broad
particle size distribution and one with a narrow size distribution that shows an eightfold smaller standard
deviation in particle diameter (Figure 6.3a,b). Citrate- and surfactant-stabilized synthesis routes were
used to produce broad and narrow size distributions, respectively (see the Methods for more details).
The low-molecular-weight ligands from syntheses were exchanged against insulin and polyethylene
glycol (PEG) to demonstrate the tolerance of the employed assembly technique concerning different
surface chemistries. Indeed, the achieved filling rates are comparable, being 81 and 79%, respectively,
as evaluated from 150 × 150 μm2 scanning electron microscopy (SEM) images (more details in Note
A2.3). The good periodic order of the plasmonic grating was characterized employing the radial
distribution function, as evaluated from SEM (more details in Note A2.4). Moreover, the utilized
coatings provide good biocompatibility and help integration in biomedical sensing applications.21,22 For
technical reasons the broad size distribution particles were arranged in a 440 nm and the narrow size
distribution particles were assembled in a 420 nm square lattice. Finally, the plasmonic lattice was indexmatched by spin-coating an ultraviolet (UV) curable PDMS layer. Embedding of particles leads to the
same wavelength for the wavefront propagation in substrate and superstrate, which enhances the inplane coupling of the SLR.
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Figure 6.3 | Impact of nanoparticle size distribution on the surface lattice resonance. a,b, Size distribution of
broadly/narrowly distributed gold nanoparticles coated with insulin and PEG, respectively. c,d, Corresponding
experimental and simulated extinction spectra in water. e,f, Experimental and simulated extinction spectra of a 2D
plasmonic lattice for broad (periodicity a = 440 nm) and narrow particle size distribution (a = 420 nm). To reflect the particle
polydispersity, the simulated spectra were averaged over different particle diameters.

The spectra of single particles with LSPR at 560 nm (broad) and 540 nm (narrow) in aqueous solution
were reproduced by finite-difference time-domain (FDTD) simulations (Figure 6.3c,d). A summary of
optical properties resulting from the two particle distributions is presented in Table 6.1. To reflect the
particle polydispersity, the simulated data for the broad size distribution were averaged over several
spectra of varying particle size. Because of the periodic arrangement, the nanoparticles couple with each
other coherently and an SLR mode arises for both particle kinds (Figure 6.3e,f). A detailed explanation
of SLR is given in Note A2.5. However, with narrowly distributed particles (Figure 6.3f), the FWHM
is reduced from 24 to 16 nm (𝑄𝑄-factor 𝜆𝜆⁄∆𝜆𝜆 from 27 to 36) as compared to more polydisperse particles
(Figure 6.3e). This highlights the importance of particle quality, as expected from the corresponding
simulated spectra (Figure 6.3e,f). Note that the mode structure is nicely reproduced by simulations for
the narrow size distribution (Figure 6.3f), whereas the LSPR is only weakly reproduced for the broader
case (Figure 6.3e). The larger size distribution and scattering cross-section result in a broad LSPR that
is less pronounced as compared to the SLR peak. It is important to mention that in simulations an infinite
lattice is considered, whereas an experiment averaging over a 12 mm2 area reflects variations in particle
coverage. Therefore, the ratio of SLR to LSPR extinction is larger in simulations as compared to
experiments. We also performed the mean square error (MSE) calculations. The MSE is defined as the
average squared difference of the normalized extinction values between the simulation data and what is
Table 6.1 | Impact of particle size distribution on optical quality of SLR. Resonance wavelength 𝜆𝜆, full-width at half
maximum (FWHM) and optical quality factor 𝑄𝑄 for single-particle LSPR and collective SLR modes observed for the two
size distributions.
Size distribution Diameter (nm)
Broad

83 ± 12

𝜆𝜆LSPR (nm)
560

FWHMLSPR
110

𝑄𝑄LSPR
5

𝜆𝜆SLR (nm)
640

FWHMSLR
24

𝑄𝑄SLR

Narrow

77 ± 2

540

80

7

580

16

36

27
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measured experimentally. The MSE value in the case of broadly distributed gold nanoparticle lattice
SLR is 0.11 and for the narrow size distribution, it is 0.13. This leads to the fact that experimental spectra
match nearly perfectly with simulations. The small oscillation between LSPR and SLR represents the
Rayleigh anomaly. This is the wavelength where diffraction turns from being evanescent to radiative.6
In general, a larger period (440 nm) is expected to produce a narrower SLR as compared to 420 nm
because of less overlap with plasmonic losses. The fact that the narrowly distributed particles show a
smaller FWHM even for a less optimal 420 nm lattice emphasizes the benefits of monodisperse building
blocks. Please note that despite the different synthesis routes used, both particle types are
monocrystalline and consequently show comparable plasmonic damping. Furthermore, insulin and PEG
coating of particles produce a similar dielectric environment as both represent organic ligands.
Mechano-tunability. In order to modulate the SLR mode at normal incidence, we benefit from the

flexible nature of the UV-PDMS substrate (Figure 6.4). We discuss here the mechanical tunability only
with the narrow size distribution particles and compared two different periodicities, 420 and 380 nm.
Stretching experiments for broadly distributed particles at a periodicity of 440 nm are provided in Figure
A2.7. The lattice constant of our particle array can be varied in situ by straining the substrate uniaxially.
Because of its centimeter square dimensions, the optical properties of the final plasmonic lattice could
be studied using conventional UV–vis spectroscopy with a beam size of 3 × 4 mm2. Figure 6.4a shows
the photograph of a home-built stretching device. Increasing the strain gradually from 0 to 40%
transforms the square lattice into a rectangular one with lattice constant 𝑎𝑎 (along the applied strain
direction) and 𝑏𝑏 (along the perpendicular direction). Two different lattice constants in the 𝑥𝑥 and 𝑦𝑦
directions result in two different SLR modes. Because of the strain-induced non-degeneration, one of
the SLR shifts toward higher wavelengths (violet color marker in Figure 6.4b), whereas the other one
is blue-shifted (pink color marker) for unpolarized light illumination. We found that the macroscopically
applied strain was only partially transferred to the lattice (more details below). Therefore, the simulated
spectra displayed in the right panel of Figure 6.4b were calculated for the effective lattice constraints
as derived from the experimental spectra. The experimentally observed spectral shifts are in good
agreement with FDTD simulations. In general, SLR1 is broader as compared to SLR2 because of the
reduced plasmonic damping of gold for larger wavelengths in the visible wavelength range.7 Moreover,
the 𝑄𝑄-factor of SLR is an interplay between the single particle scattering cross-section and the Bragg
mode. The low-quality SLR1 shows a significant overlap with the broad LSPR mode for all applied
strains. In contrast, the overlap of SLR2 gradually decreases when red-shifting with increasing strain. A
strain of 30% (20% in experiments, Figure 6.4e) represents an optimal balance between LSPR and
Bragg modes. The reduced overlap accompanied with less plasmonic character produces a very sharp
peak SLR2. When increasing the strain further, SLR2 moves out of the scattering cross-section of the
single particle, leading to peak broadening. This optimization by adjustment of periodicities of the lattice
is explained theoretically in Note A2.5.
The two different SLR modes in rectangular lattices can be studied in more detail when using linearly
polarized excitation, as depicted in Figure 6.4c for a 10% strain. Note that the SLR induced by
polarization in the 𝑥𝑥 direction is at lower wavelengths as compared to the 𝑦𝑦 excitation. At first glance,
this is counterintuitive as the periodicity in the 𝑥𝑥 direction is larger. However, this can be understood by
considering every plasmonic particle as a dipole antenna. This effect is highlighted in the schematic
illustration in Figure 6.4c. Excitation along the 𝑥𝑥 axis induces electron oscillations in the parallel
orientation for each particle. Yet, these dipoles radiate the scattered light mainly perpendicular to the
dipole moment. This concludes that the surface lattice mode always propagates normal to the incident
𝐸𝐸-field direction. Or, in other words, for an asymmetric lattice, the SLR mode is defined by the lattice
constant which is normal to the incident polarization.23
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Figure 6.4 | Mechanotunable surface lattice resonance. a, Photograph of the stretching device with a clamped sample
in the center and schematic representation of the square lattice under uniaxial strain. b, Experimental and simulated
extinction spectra of the gold nanoparticle lattice at various strains (considering partial force transfer in simulations). c,
Experimental and simulated polarization-dependent, selective reading of the lattice resonance modes. The scheme in the
center depicts the polarization-selective excitation of the SLR modes. d, Comparison between theoretically expected
(100% force transfer) and experimentally obtained SLR peak positions. e, FWHM of the SLR peaks for various strains.

As mentioned before, we see a deviation between macroscopically applied strain and effective
deformation of the lattice. Figure 6.4d compares the strain-induced experimental peak shifts with the
theoretical values (considering 100% transfer of applied strain and Poisson’s ratio of 0.5). SLR1 is
modulated by strain parallel to the stretching direction, whereas the shift in SLR2 reflects the
perpendicular strain. The comparison between the slopes (linear fit) of the strain-dependent SLR
position for theory and experiment gives a measure for partial strain transfer. The ratio between slopes
gives 37.8% transfer parallel to the stretching direction and 16.4% in the perpendicular direction (ratio
of perpendicular/parallel 0.43). This is in good agreement with the in situ stretching results in dark-field
microscopy (Figure A2.8). We attribute the partial transfer of strain to the creep of the polymer chains
and deformation of the clamped region when applying a macroscopic strain. It is important to emphasize
that the optical quality can be changed by the stretching (Figure 6.4e). In general, one of the resonance
peaks undergoes a red shift, whereas the other one is blue-shifted under successively increased strain.
As compared to a relaxed state, the coupling strength between LSPR and Bragg modes decreases under
strain for the red-shifted SLR modes (narrow FWHM in the case of 30% strain). The blue-shifted SLR
successively becomes broader in terms of line width (FWHM) because of increased overlap with the
single particle scattering cross-section, which leads to more plasmonic losses. Depending on the
application aspect, this gives freedom in terms of FWHM selection.
The optical analysis shows that the applied macroscopic strain can only be converted by about 38
and 16%. In order to justify this relationship, we have carried out SEM measurements of the strained
samples (Figure 6.5). These measurements were performed for a plasmonic lattice constant of 420 nm.
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Figure 6.5 | Evaluation of strain transfer. a, 2D fast Fourier transform (FFT) of 0, 10, and 20% strain SEM images. ‘𝑎𝑎𝑖𝑖 ’,
‘𝑏𝑏𝑖𝑖 ’ and ‘𝑎𝑎 ∗’, ‘𝑏𝑏 ∗ ’, lattice constants in real and reciprocal space (k-space), respectively. The index 𝑖𝑖 gives the applied strain
in percent. ‘𝑒𝑒’, eccentricity of the ellipse observed in the reciprocal space. b, Peak positions of the two orthogonal SLR
modes for several stretch and relax cycles with maximum strain of 15%, for a plasmonic lattice with lattice constant 𝑎𝑎 =
420 nm. c, Mean value and standard deviation in SLR peak positions are shown for the relaxed and 15% stretched case.

SEM images were analyzed with 2D FFT for 0, 10, and 20% strain. Evaluated lattice constants (𝑎𝑎, 𝑏𝑏) in
parallel and perpendicular with respect to the real space strain direction (black arrow) are shown in
Figure 6.5a. In the relaxed state, the FFT shows that the lattice itself is not perfectly square. During the
LIL fabrication, the samples are illuminated twice and mechanically rotated 90°. Inaccuracies in the
rotation can lead to a deviation in the lattice pattern. We compared the eccentricity values 𝑒𝑒 from theory
and SEM to understand the deviation of the ellipse in the reciprocal space from being circular.
Eccentricity values show a clear trend that UV-PDMS grating was stretched but the force transfer on to
the particle grating was partial. In the case of 20% strain, the lattice constant in the strain direction
changes from 415 to 457 nm. This translates to a 50% strain transfer as compared to theoretical values.
Similarly, for perpendicular to the strain direction, only 24% of the strain was transferred. Finally, the
stretching inside the SEM confirms that there is moderate force transferred from the macroscopic scale
to the nanometer lattice deformation scale. The force cannot be implemented one to one probably
because of the clamp holder. To stretch the PDMS, the material is squeezed at the clamp holder with an
unrecognized force, which can cause the mismatch. Note that the deviation between SEM and optical
spectrum data could also be because of the absence of the index-matching layer during the SEM
measurement. Nonuniform embedding leads to less frictional forces and more degree of freedom in
terms of particle motion.
In order to confirm the robustness of the elastomeric plasmonic lattice, the sample was stretched and
relaxed 100 times and the bright-field spectrum was measured after each cycle (Figure 6.5b). The
maximum strain was kept to a constant value of 15% for all the cycles. The black color dots (relaxed
state) in Figure 6.5b show that UV-PDMS recovers even after 100 cycles with a standard deviation of
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only 0.38 nm. The deviation in the values for SLR1 (blue dots) and SLR2 (red dots) is higher as
compared to the relaxed state. This can be correlated with the manual handling of the stretching device.

Conclusion
In conclusion, we discussed the assembly of ordered nanoparticle arrays that show a narrow and
mechanically tunable SLR over 100 cycles of deformations. The assembly relies on directed selfassembly of colloidal nanoparticles in templates formed by soft lithography. We showed the
arrangement with broad/narrow particle size distribution and discussed their influence on the optical
quality. The real-time mechanical tuning and accessibility of non-degenerated SLR modes hold great
potential for plasmonic lasing,24 biosensing,25 or colorimetric sensors.8 We show that the optical
properties of the system change dramatically upon applying strain, as the array changes from a square
lattice to a rectangular lattice. Importantly, the optical quality is not lost upon straining the system and
the SLR peaks can be shifted over a wavelength range of 70 nm. Moreover, the uniaxially strained lattice
opens up the possibility for introducing optical anisotropy. This scalable system with monocrystalline
nanoparticle building blocks provides a platform to curb the rigid nature of optical systems and offers
versatile plasmon mode engineering within flexible electronics. Finally, the rational design framework
established also allows for extending the approach to supracolloidal structure (clusters, hetero-clusters,
etc.).

Methods
Template Fabrication
Nanopillars with various periodicities and diameters were fabricated with LIL using Lloyd’s mirror
setup. Further experimental details can be found in Note A2.1. A cleaned silicon wafer substrate (2.54
cm × 2.54 cm) was first spin-coated with a back antireflection coating AZ BARLi II (70 nm in thickness).
Further, a layer (214 nm thickness) of AZ MIR 701 14cp (Micro Chemicals GmbH) positive resist, 1 to
1 ratio diluted with ethyl l-lactate, was spin-coated (6000 rpm, 60 s) on top. The sample was exposed
twice to the laser with 90° sample rotation. A wet chemical development process was used to etch the
exposed resist in order to fabricate the pillars (master structures). The sample was immersed in AZ 726
MIF developer (Micro Chemicals GmbH) for 30 s followed by gentle rinsing with water and nitrogen
drying. Soft lithography was employed to fabricate elastic molds of the as-prepared periodic
nanostructures using silicone rubber PDMS, called UV-PDMS. We used two-component KER-4690
photo-curable PDMS (Shin Etsu & Micro Resist Technology GmbH) with a 1 to 1 mixing ratio. The
mixture was stirred for 30 min through the magnetic stirring process and degassed for 20 min. The blend
was drop-cast on the substrate, degassed again, and cured with a 365 nm UV lamp for 30 min. After the
peel-off process, possible remains of the photoresist were removed by rinsing with ethanol and drying
with nitrogen.

Nanoparticle Synthesis
Particle Synthesis of Broad Size Distribution. Citrate-stabilized nanoparticles were prepared via seed-

mediated growth synthesis.26 The protein coating was prepared according to earlier published
methods.27–29 Briefly, 40 mL of the nanoparticle solution was added to a 4 mL 1 mg mL–1 insulin solution
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with 1% wt sodium citrate at pH 9 to generate the desired protein coating. The solution was allowed to
incubate overnight. After fourfold centrifugation, the nanoparticles were analyzed with UV–vis and
Libra 120 transmission electron microscopy (TEM). The nanoparticle size of 83.1 ± 12.2 nm was
determined by statistical analysis of 150 particles.
Particle Synthesis of Narrow Size Distribution. Spherical gold nanoparticles capped by

cetyltrimethylammonium chloride (CtaC) were synthesized by a seed-mediated growth process.11 The
resulting particles had a size of 76.9 ± 1.5 nm as determined by TEM statistics (at least 100 particles).
Briefly, the PEG-stabilized particles were synthesized in three steps. First, so-called Wulff seeds are
produced by reducing tetrachloroauric acid (HAuCl4) with sodium borohydride (NaBH4) in the presence
of cetyltrimethylammonium bromide (CtaB). The obtained 2 nm large and single-crystalline particles
are successively grown by two further synthesis steps until they reach the desired particle size. During
the growing process, HAuCl4, ascorbic acid, and CtaC serve as the Au precursor, reductant, and
stabilizing agent. In order to guarantee kinetic control and thus control over the particle shape, a syringe
pump system is used for the last growing step. The resulting particles were purified by centrifuge
washing and set to a surfactant concentration of 2 mM. For the self-assembly step, a ligand exchange
was performed from CtaC to PEG-6k-SH.30

Template-Assisted Colloidal Assembly
Prior to the assembly experiment, the microscopy glass slide (Menzel) was hydrophobized via gas-phase
deposition of trichloro(1H,1H,2H,2H-perfluorooctyl)silane (448931, Sigma-Aldrich) at 60 °C for 3 h.
Using a custom-made setup, 15 μL nanoparticle suspension [0.5 mg mL–1 gold, 0.25 mM sodium
dodecyl sulfate, 0.025 wt% Triton X-45 (Sigma-Aldrich)] was confined between the template and the
stationary glass slide (gap ≈ 500 μm) and the patterned substrate was withdrawn underneath the droplet
at a speed of 1 μm s–1 by a motorized translational stage (PLS-85, Physik Instrumente). Whereas the
surfactants added tune surface tension and contact angle to enable selective deposition of the particles,19
the elevated solution pH value (pH 9) in the case of insulin coating ensures colloidal stability by
electrostatic repulsion. The experiment was carried at 12 K above dew point. Further experimental
details can be found in Note A2.2. Prior to optical characterization, the samples were index-matched by
spin-coating UV-curable PDMS at 2000 rpm for 60 s.

UV–Vis–NIR Spectroscopy
Optical spectra were measured on a Cary 5000 spectrometer (Agilent, USA) using the Cary universal
measurement accessory. The spot size was fixed to 3 × 4 mm2 for UV–vis and NIR detectors. All the
dispersion spectra were measured by rotating the sample plane by keeping the plane of incidence
constant.

Bright-Field Imaging
Images of the self-assembled nanostructures were captured by a Nikon Eclipse LV100ND microscope
using a bright-field reflection microscopy setup. The surface was illuminated by a halogen light source
(12 V, 50 W) focused by a 5× objective lens. Images were taken by a Nikon DS-Fi2 5.24-megapixel
charge coupled device (CCD) camera and analyzed by Nikon imaging (NIS-Elements) software.
Unpolarized light was used for all the images.
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Bright-Field Spectroscopy
Spectroscopy under strain was performed with a home-built stretching device on a transmission
microscope (Nikon Ti-U). The microscope was equipped with an IsoPlane-160 spectrometer and a
PIXIS: 256 CCD camera (Princeton Instruments). The light beam (100 W halogen lamp) was focused
with a bright-field condenser (Ti-C-LWD) and collected with a 60× air objective (CFI S Plan Fluor
ELWD, NA 0.7). Spectra with 383 nm bandwidths were taken at 600 and 750 nm center wavelength for
0.5 s (New Technologies and Consulting/Harald Giessen, NT&C software). All spectra were corrected
by subtraction of the CCD’s dark current and normalized by a reference spectrum, which was recorded
in an area without particles.

Spectroscopic Ellipsometry
RC2-D dual rotating compensator ellipsometer, ex situ with automated tip and tilt alignment stage from
J.A. Woollam Ellipsometer Solutions was used for refractive index measurements. Further, measured
data were fitted with Complete Ease software via the Cauchy substrate model.

FDTD Simulations
We have used a commercial software package for performing FDTD simulations (Lumerical FDTD,
version 8.16).31 For the simulation of the optical response, a plane wave source was used and the
frequency points were set to be half the wavelength span. 2D frequency-domain field and power
monitors (transmission and reflection monitors in the direction parallel to the lattice plane) were used to
obtain the optical responses of the system. For the dielectric properties of gold, data from Johnson and
Christy were fitted using six coefficients with an rms error of 0.2.32 The refractive index of the substrate
(UV-PDMS) was measured via spectroscopic ellipsometry (Figure A2.9). In order to determine the
electric field and surface charge density, we simulated the model at the LSPR and hybrid mode (SLR)
frequencies. Periodic boundary conditions were used for square plasmonic lattice simulations in the
lattice plane direction. For stretching, periodicities of the lattice in both the directions were increased
based on the tabulated Poisson’s ratio. All simulations reached an auto-shutoff of at least 10–7. For the
best simulation stability, the mesh area was chosen to be at least 100 nm larger than the existing structure
in the lattice plane direction.

Atomic Force Microscopy
For evaluating the topography of photoresist masters and PDMS molds, AFM height images were
measured using a Dimension 3100 NanoScope V (Bruker, USA) operated in tapping mode. Stiff
cantilevers (40 N m–1, 300 kHz, Tap300, Budget Sensors, and Bulgaria) were employed.

Scanning Electron Microscopy
A NEON 40 FIB-SEM workstation (Carl Zeiss Microscopy GmbH, Oberkochen, Germany) operated at
accelerating voltage (electron high tension) of 1 kV was used for capturing scanning electron
micrographs.
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Abstract. Dynamic control of circular polarization in chiral meta-surfaces is being used in many photonic

applications. However, simple fabrication routes to create chiral materials with considerable and fully
tunable chiroptical responses at visible and near-infrared wavelengths are scarce. Here, we describe a
scalable bottom-up approach to construct cross-stacked nanoparticle chain arrays that have a circular
dichroism (CD) of up to 11°. Due to their layered design, the strong superchiral fields of the inter-layer
region are accessible to chiral analytes, resulting in a tenfold-enhanced sensitivity in a chiral sensing
proof-of-concept experiment. In situ restacking and local mechanical compression enables full control
over the entire set of CD characteristics, namely sign, magnitude, and spectral position. Strain-induced
reconfiguration opens up an intriguing route towards actively controlled pixel arrays using local
deformation, which fosters continuous polarization engineering and multi-channel detection.
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Introduction
Arrays of subwavelength metal nanostructures, so-called plasmonic meta-surfaces, strongly interact
with light to manipulate its intensity, phase and polarization state, as controlled by the thin-film design.
The absence of mirror symmetry in its building blocks renders a meta-surface chiral.1 Due to this
geometric asymmetry, chiroptical effects such as differential extinction for left and right circularly
polarized light (LCP and RCP), i.e., CD, arise. At visible and near-infrared (vis-NIR) frequencies,
however, CD is usually limited to few tenths of a degree2,3 (Figure 7.1). Introducing 3D unit cells4–7 or
simply increasing the amount of absorbing material8,9 are effective strategies to enhance chiroptical
response. Nevertheless, this happens at the expense of complex fabrication schemes and limited
scalability.

Figure 7.1 | Comparison of active chiral plasmonic systems. This plot is based on the values summarized in Table
A3.1. The modulation depth of CD magnitude is represented by the diameter of the bubbles (determined at the wavelength
of the original CD peak). Examples that show active spectral tuning are shown as crosses. The empty circle indicates a
system switching between two discrete enantiomorphs without intermediate configurations. The color code describes
whether the system is able to switch the sign of CD response at a specific wavelength (green) or not (black). The values
found for the system presented in this work are depicted in blue (modes CD1 through CD5 as indicated in Figure 7.4a).

As an essential step to advance device miniaturization,10–12 current research focuses on gaining active
control in chiral meta-surfaces.13,14 Moreover, locally addressable tunability opens a new dimension of
polarization engineering and applications in multiplexing. In this pursuit, combining strong chiroptical
response and simultaneous control over all three CD characteristics (magnitude, sign/handedness, and
spectral position) continues to be a challenge. Modulation of substantial CD in meta-surfaces is mostly
restricted to mid-infrared wavelengths and beyond15–19 (Figure 7.1). Although several systems exist that
are able to tune dynamically CD magnitude20–22 and spectral position9,23 in the visible range, switching
the handedness of a material remains most challenging. So far, true geometrical inversion of a structure
is only feasible by DNA hybridization in dilute solutions.24,25 Alternative designs combining active and
static chiral layers to yield CD inversion end up at mid-infrared wavelengths.16
Here, we introduce a simple approach to construct chiral plasmonic nanostructures that allows full
and reversible postfabrication modulation of all three CD characteristics in the vis-NIR region with local
control. The scalable fabrication is based on capillarity-assisted particle assembly26–29 to build up arrays
of plasmonic nanoparticle chains. Face-to-face stacking of two elastic substrates yields crossed particle
chains that show intrinsic chirality for an oblique stacking angle (Figure 7.2a). This design offers two
handles to control CD, as Figure 7.2b illustrates: (I) postfabrication adjustment of the stacking angle 𝜃𝜃
tunes magnitude and sign of the CD. (II) Mechanical compression normal to the bilayer of stacked chains
facilitates in situ spectral tuning. This deformation can be controlled locally to achieve spectral gradients
as an important step towards on-chip CD spectroscopy.
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Nanoscale chirality by macroscopic cross-stacking. Our e-beam free nanofabrication scheme uses

elastomeric nanochannel templates molded from laser interference lithography masters.29 Capillarityassisted particle assembly of gold nanoparticles yielded closely spaced particle dimer chains inside these
nanochannels (Figure 7.2a and Note A3.1, see Methods for details). The parallel arrangement of chains
over macroscopic areas results in linear dichroism (Figure 7.3 and Figure A3.4) related to polarizationdependent excitation of transversal (~550, 700 nm) and longitudinal plasmon modes (~1,100 nm).30 The
dichroic ratio of 0.81 demonstrates the high yield of unidirectionally aligned particle chains. This is
crucial to ensure nanoscopic stacking of chains with a consistent stacking angle over the entire substrate
in the next step.

Figure 7.2 | Chiral assemblies by macroscopic stacking of achiral chain substrates. a, Scheme of stacking approach,
scanning electron micrograph and AFM height image of 77 ± 2-nm-sized gold nanoparticles assembled into dimer chains
inside nanochannels (periodicity 365 nm). Scale bar, 500 nm. b, Dynamic control of CD response by variation of stacking
angle 𝜃𝜃 (I) and compression (II). The effect on the optical properties is depicted schematically in the graph. c, Photographs
demonstrating the polarization-sensitive transmission through a sample stacked at 𝜃𝜃 = −45° when illuminated with LCP
and RCP light. Scale bar, 500 µm.

The key feature of the meta-surface is a chiral nanoarrangement that results from simple stacking of
two such substrates at oblique stacking angles (Figure 7.2a). The geometrical asymmetry of particle
chains stacked at the nanoscale causes circular polarization-dependent transmission, i.e., CD. Note that
the use of achiral ligands on the particle surface (Methods, Nanoparticle Synthesis) excludes any
additional contribution from plasmon-coupled molecular CD.31 For two substrates stacked at an angle
𝜃𝜃 = −45°, this effect became as pronounced to be visible to the bare eye (Figure 7.2c). In the left half of
the photograph where particle chains are stacked, the sample transmitted magenta light better for LCP
light as compared to the RCP one. In contrast, the achiral monolayer of chains (right half) did not show
any distinct selectivity for orthogonal circular polarization states (Figure A3.6).
Characterization of chiroptical effects. For quantitative analysis of chiroptical response, we used

spectroscopic ellipsometry in transmission mode. On the basis of the acquired Müller matrix data,
selected quantities such as polarized extinction, CD, and dissymmetry factor were evaluated (Note A3.3).
For oblique stacking angles, in total five distinct CD modes were identified (CD1–CD5), as indicated
for the −45° sample stack in Figure 7.4a. Modes CD1–CD3 relate to the circular polarization-dependent
shift of longitudinal modes, while CD4 and CD5 reflect a polarization-selective intensity modulation of
the transversal modes (Figure 7.5a,b). The most pronounced CD modes (CD1–CD3) were located at
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Figure 7.3 | Gold nanoparticle lines assembled inside nanochannels over macroscopic areas. a, Representative
scanning electron overview micrograph. b, Polarized photographs of a particle chain substrate illuminated with linear
polarization perpendicular/parallel to the particle chains. The excitation of transversal/longitudinal plasmon mode allows
only the complementary color (magenta/green) to be transmitted (cf. Figure A3.4). c, Scanning electron micrographs
measured at the spots indicated in b. The filling rates were calculated from zoomed in micrographs where single particles
could be resolved (see Figure A3.3 for calculation). Only far away from the initial particle front (left edge) the filling rate
decreased (S3). The scanning electron micrographs show material contrast (ESB detector) to capture particles as bright
pixels. Scale bar in a and c, 2 µm. Scale bar in b, 2 mm.

NIR wavelengths and reached up to 11.3° at 1,240 nm. This corresponds to a dissymmetry factor as high
as 0.72 (Figure 7.5c). Consequently, our scalable bottom-up approach boosts CD via colloidal
approaches by two orders of magnitude20,25 and can easily compete with lithographic strategies in the
130

Results and Discussion

Figure 7.4 | CD tuned by inter-layer rotation. a, Experimental CD spectra for stacking angles 𝜃𝜃 ranging from ±45° over
±30°, ±20° and ±10° to 0°. The lower plot summarizes the modulation of CD1 (black squares), CD2 (red dots) and CD5
(blue triangles) by variation of the stacking angle 𝜃𝜃. The data points were averaged over three spots of the respective
sample stack and the error bars indicate one standard deviation of this distribution. The data were fitted with a sine
function 𝑦𝑦 = 𝐴𝐴 ∙ sin 2𝜃𝜃 (lines). b–d, Simulated contour plots and selected cross-sections (insets) of the electric (b),
magnetic (c) and superchiral field distributions (d) for LCP and RCP excitation of mode CD1 (𝜃𝜃 = −45°, inter-layer particle
separation 5 nm, inter-chain particle separation 2 nm, particle diameter 70 nm). The contour plots in b and c give the 𝑧𝑧
component of electric and magnetic field, respectively. As depicted in b, mode CD1 has a clear longitudinal character,
with a predominant electric field orientation along the particle chain.

vis-NIR range7,9,21 (Figure 7.1). The exceptionally strong chiroptical effects in our system are a direct
consequence of pronounced plasmonic coupling facilitated by small inter-particle and inter-layer
distances, as special advantage of our colloidal approach. In this respect, the narrow size distribution
(3% standard deviation) and nanometer-thin polymer coating of the individual plasmonic particles
facilitates close packing within the chains (Note A3.1). In addition, the deformability and good adhesion
of the substrates reduces the inter-layer distance. The fact that the stacked line geometry shows
asymmetry in all three spatial directions further enhances the interaction with circularly polarized light
as compared to 2D chiral structures.4,21,22,32
The restackable design allows continuous tuning of the chiral particle chain arrangement to modulate
CD. Variation of the stacking angle 𝜃𝜃 from –45° over –30°, –20° and –10° to 0° gradually reduced the
magnitude of all CD modes (Figure 7.4a). The most pronounced mode CD1 decreased from 11.3° to
0.8°. This corresponds to a relative modulation depth of 94% (12 dB), as observed also for CD2 and
CD3 (see Note A3.4 for calculation). The remaining modes were modulated by 84–91% (8–10 dB).
Realizing such distinct modulation while maintaining large CD is unparalleled in this wavelength regime
(Figure 7.1). Beyond this, geometrical reconfiguration enables convenient inversion of handedness, i.e.,
switching between two true enantiomorphs. As expected, changing the sense of rotation 𝜃𝜃 from negative
to positive, inverted the CD signal (Figure 7.4a).

Electromagnetic near-field simulations give more insight into the strong chiroptical effects observed
experimentally (see Methods for simulation details). For mode CD1, a pronounced resonant excitation
of the −45° stack occurs only when illuminated with LCP light (Figure 7.4b and Figure A3.7a). The
huge difference in extinction for the two orthogonal circular polarization states corresponds to the strong
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Figure 7.5 | Details on CD derived from spectroscopic ellipsometry data. a,b, Measured circularly polarized and
unpolarized extinction spectra of samples stacked at ±10° (a) and ±45° (b). c,d, g-factor 𝑔𝑔 = 2(Ext LCP − Ext RCP )/(Ext LCP +
Ext RCP ) (c) and CD (d) calculated from extinction spectra of aforementioned samples. ‘a.u.’, arbitrary units.

experimental CD. As we described recently,33 the electromagnetic properties of linear particle chains
can be understood as coupling of single-particle dipoles. In contrast to solid nanobars,7 here, these
discretized dipoles are able to orient partially out of the excitation plane. As a result, strong electric and
magnetic field components in the 𝑧𝑧 direction (normal to the stacking plane) arise for longitudinally
(Figure 7.4b,c and Figure A3.7) and transversally dominated modes (Figure A3.8a,b). The presence
of parallel components for the electric and magnetic fields is a prerequisite for chiroptical response and
can be visualized in the form of enhanced, so-called superchiral fields34 (Figure 7.4d and Figure A3.8c).
As Figure 7.4d illustrates, the most intense and longest-ranging superchiral fields are located in the gap
between the stacked chains (see also Figure A3.9 for a direct comparison). The unique ability of the
introduced system to form a chiral nanoarrangement on postfabrication stacking makes the highly
sensitive gap region available for analytes. This is in vast contrast with layered lithographic designs
where this area is usually blocked by spacing layers.7
Chiral sensing in the gap region. Exploiting the full potential of a stacked chiral nanostructure, i.e.,

accessing the gap region, boosts sensitivity in chiral sensing notably. In a proof-of-concept experiment,
we applied the well-known model protein bovine serum albumin (BSA)31 to one of the substrates before
stacking (Note A3.6). The protein size of several nanometers ensures that it resides primarily in the gap
region. A special advantage of the restackable design is that both meta-surface enantiomorphs (±45°)
are measurable from the identical set of two particle chain substrates and the analyte only has to be
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Figure 7.6 | Enhanced detection of chiral molecules by exploiting the inter-layer region. a, Convenient application
of an analyte (here BSA) and measurement with a single set of two particle chain substrates (schematic representation).
b, Molecular detection of BSA. Normalized CD spectra of a −45°/+45° chiral stack before (blue/red, ‘w/o BSA’) and after
BSA coating (green/orange, ‘w/ BSA’). The spectra were averaged from three spots over a range of 3 mm centered around
the axis of rotation. This ensured comparable stacking scenarios on the nanoscale in all constellations (handedness of
meta-surface, protein coverage). The error envelopes represent one standard deviation. ‘a.u.’, arbitrary units.

applied once (Figure 7.6). Normalized CD spectra before and after BSA coating of both enantiomorphs
are plotted in Figure 7.6b. For our discussion, we will focus on the most sensitive and spectrally wellseparated mode CD1 in the NIR. Specific to the handedness of the meta-surface (𝜃𝜃 = ±45°), the presence
of BSA shifts the resonance by ∆𝜆𝜆−45° = +35 nm and ∆𝜆𝜆+45° = −5 nm, respectively. Accordingly, we
find dissymmetry in spectral shift ∆∆𝜆𝜆 = ∆𝜆𝜆−45° − ∆𝜆𝜆+45° = 40 nm that is one order of magnitude higher
compared to literature values32 for a similar coverage (Note A3.6). Due to the strong superchiral fields
in the inter-layer gap well accessible in our design, the sensitivity for detection of BSA could be
enhanced to ~6 nm CD shift per fmol mm−2 surface concentration (28 nm fmol−1 BSA in the
measurement spot).
Mechano-induced chiroptical modulation. Taking advantage of the elastic nature of the substrates,

mechanical deformation provides a second means of CD tuning. For the following experiments, the
sample stacked at −45° was used, since this configuration showed the most pronounced chiroptical
effects. Successive compression in a parallel-plate geometry resulted in a gradual blue-shift for modes
CD1 and CD2 (Figure 7.7a). Figure A3.12 describes the measurement geometry in more detail. This
spectral shift is accompanied by an 82% (8 dB) modulation in CD magnitude at 1,240 nm. The straininduced spectral modulation of CD1 is reversible and showed a dynamic shift of ∆𝜆𝜆CD1 = 161 ± 12 nm
(15%) on ~50% compression (Figure 7.7b). Alternatively, using a tilted-plate geometry allows
establishing a corresponding spectral shift as lateral gradient along the sample (Figure 7.7c). Indeed, a
pronounced spectral gradient of +30 ± 3 nm mm−1 was observed when scanning from strongly to slightly
compressed regions along a 4.5 mm path. Note that the variation in CD magnitude for CD4 and CD5 in
Figure 7.7c is due to slightly varying particle coverage in the scanned spots. Motorized scanning across
this spectral gradient or combination with detector arrays opens up possibilities towards continuous
polarization engineering and detection in advanced optical devices. Furthermore, complex spectral
gradients can be envisioned when topographically structured plates are used to control local compression.
A closer look at the experimental spectra combined with simulations reveals the mechanism of the
strain-induced chiroptical modulation. Only modes CD1 and CD2 that show longitudinal character
(Figure 7.4b and Figure A3.7a) underwent a pronounced blue-shift with increasing compression
(Figure 7.7a). In contrast, the transversally dominated modes CD4 and CD5 did not change
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Figure 7.7 | Strain-induced spectral tuning of CD response. a, CD spectra of a −45° stack for compression normal to
the stacking plane in a parallel-plate geometry. b, Reversible modulation of CD1 spectral position 𝜆𝜆CD1 over ten cycles of
homogeneous ~50% compression/relaxation (parallel-plate geometry). The dashed lines indicate the averaged
minimum/maximum values. c, CD spectra mapped along a strain gradient for a sample stacked at 𝜃𝜃 = −45° (tilted-plate
geometry). The inset graphs in a and c summarize the spectral modulation of mode CD1 (𝜆𝜆CD1 ) by applied compressive
strain and change in position, respectively. The black line represents a linear fit to the data points. d, 2D mechanical
simulations revealing the bending of particle chains on 30% compression. The displacement in 𝑦𝑦 coordinate relative to the
relaxed state (inset) is plotted and the dashed line highlights the deviation from a straight particle chain. Scale bars, 75 nm.
e, Simulated difference in extinction cross-section (𝜎𝜎LCP − 𝜎𝜎RCP ) for straight and bent particle chains stacked at 𝜃𝜃 = −45°.

considerably in their spectral position. This indicates that the inter-particle coupling strength along the
chains (longitudinal mode) was reduced, while the transversal interaction remained unaffected.
2D mechanical simulations demonstrate that compression of a sample stack induces a bending of
crossed particle chains (see Methods for simulation details). Figure 7.7d (left column) depicts the
displacement on 30% compression relative to the initially relaxed arrangement (insets). The dashed lines
highlight the deviation of the particle positions from a straight chain. For strain-induced bending, the
lateral mechanical contrast between incompressible particles residing in the channel grooves and elastic
channel walls is crucial. Electromagnetic simulations (see Methods for simulation details) verify that
this bending of particle chains induces a blue-shift of the CD modes (Figure 7.7e), as observed on
compression in the experiments. Already the mechanical contrast between elastic channel walls and
empty grooves is sufficient to produce a pronounced bending of single achiral particle chains (Figure
7.7d, right column) accompanied by a blue-shift (Figure A3.13). Figure A3.14 depicts a selection of
additional bending scenarios. The mechanistic understanding allows accessing rational design rules for
active (chiro-)plasmonic applications and can be generalized to other particle geometries and
arrangements.
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Conclusion
We introduced macroscopic stacking of plasmonic thin-films as new design scheme to build up
functional, 3D plasmonic nanostructures with reduced fabrication effort, for example, by omitting
spacing layers in layered fabrication.7 This strategy can be adapted beyond chiral systems in the future.
At the same time, reversible stacking and elastic matrix used offer multiple handles for postfabrication
geometrical reconfiguration. This enabled us to control reversibly all three CD characteristics
(magnitude, sign, and spectral position). Our colloidal approach benefits from cost-efficient fabrication
on macroscopic areas and strong plasmonic coupling, while generating pronounced chiroptical response.
Unlike previous layered meta-surfaces, the unique restackable design makes the strong superchiral fields
of the inter-layer region accessible to analytes. The presence of analytes inside the ‘chiral hotspot’ boosts
sensitivity by tenfold, as exemplified by proof-of-concept protein detection. Moreover, the distinct
chiroptical response observed in the first (650–950 nm) and second (1,000–1,700 nm) transparency
window for tissue35 facilitates analysis of biological samples. Reversible tunability of CD by restacking
or compression fosters the development of compact spectroscopic devices and light modulators. The
mechanistic understanding of strain-induced local modulation provides the basis for generalization of
the observed effect and rational design of chiroptical properties. In particular, this mechanism serves as
a new model for design of active chiral devices, biosensors and complex structuring of light.

Methods
Materials Used in Synthesis
Hydrogen tetrachloroaurate (HAuCl4, >99.9%), sodium borohydride (NaBH4, 99%), ascorbic acid
(>99%) and poly(ethylene glycol)methyletherthiol (CH3O(CH2CH2O)nCH2CH2SH, average 𝑀𝑀n 6,000,
PEG-6k-SH) were obtained from Sigma Aldrich. Cetyltrimethylammonium bromide (CtaB, 99%) was
received from Merck. Cetyltrimethylammonium chloride (CtaC, >99%) was obtained from Molekula.
All chemicals and solvents were used as received. Purified water (Milli-Q-grade, 18.2 MΩ cm−1 at
25 °C) was used in all preparations. Metal precursor salts were continuously added using a syringe pump
system from HLL (model LA120) and fully siliconized winged infusion sets (Vasuflo 0.8 × 19 mm,
Luer-Lock 30 cm tube).

Nanoparticle Synthesis
Spherical gold nanoparticles were synthesized in a seed-mediated growth process,36 followed by a ligand
exchange to a polyethylene glycol (PEG) coating. Briefly, HAuCl4 was reduced using NaBH4 in the
presence of CtaB as stabilizing agent. The as-prepared 2 nm large, single-crystalline Wulff seeds were
further overgrown in two successive steps to reach their final size of 77 ± 2 nm (transmission electron
microscopy statistics over 260 particles, Figure A3.1). The growth solution contained HAuCl4, ascorbic
acid and CtaC as an Au precursor, reducing agent, and ligand, respectively. For the last growth step, a
syringe pump setup was used to ensure kinetic control of the growth. After purification by centrifugation
and washing, the surfactant concentration was set to 2 mM. Finally, CtaC was exchanged against the
achiral ligand PEG-6k-SH.37
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Template Fabrication
The nanochannel templates were fabricated by laser interference lithography and subsequent softlithography replication into polydimethylsiloxane (PDMS). Laser interference lithography was carried
out using Lloyd’s mirror setup. The laser beam (He-Cd laser, 325 nm, Kimmon-Koha) partially reflected
by the mirror and the fraction directly hitting a photoresist layer on glass interfered with each other. The
interference line pattern was inscribed to a 150 nm negative photoresist film spin-coated on cleaned
microscope slides (Menzel) cut to 2.5 × 2.5 cm2 size. Photoresist ma-N 405 was 1:1 mixed with ma-T
1050 for dilution (both from micro resist technology) and spin-coated at 6,000 rpm for 33 s (acceleration
2,000 rpm s−1). The thickness was further confirmed by spectroscopic ellipsometry (RC2-DI, J.A.
Woollam Co. Inc.). After development for 20 s in AZ 726 MIF developer (Micro Chemicals), the
photoresist mold was gently rinsed with ultrapure water and blown dry under nitrogen stream. The mold
was hydrophobized with (heptadecafluoro-1,1,2,2-tetrahydrodecyl)dimethylchlorosilane (95%, abcr)
via gas-phase. For negative replication, a 1:10 ratio mixture (curing agent/base polymer) of PDMS
(Sylgard 184, Dow Corning) was cast on top of the mold inside a polystyrene petri dish and degassed
by applying vacuum inside a desiccator. After precuring at ambient conditions overnight on a levelled
plate, the PDMS was cured at 65 °C for 5 h.

Template-Assisted Colloidal Assembly
The aqueous assembly solution contained gold nanoparticles coated with PEG-SH (0.5–1 mg ml−1 gold)
and 0.01–0.1 wt% trisiloxane surfactant (CoatOSil 77, Momentive). The surfactant lowered the surface
tension to ~21 mN m−1 and improved wetting of the nanochannel template. The low surface tension is
crucial for successful capillarity-assisted particle assembly of nanoparticles.38 A droplet of this
nanoparticle solution was confined between the PDMS nanochannel template and a microscope slide
(Menzel) using a custom-built setup. The glass slide used was hydrophobized with (heptadecafluoro1,1,2,2-tetrahydrodecyl)dimethylchlorosilane (95%, abcr) via gas-phase before assembly and adjusted
to a distance of ~500 µm above the PDMS substrate. Motorized movement of the template (stepper
motor PLS-85, Physik Instrumente) at speeds ranging from 1 to 5 µm s−1 led to a continuous movement
of the liquid meniscus across the substrate in direction perpendicular to the nanochannels. The assembly
experiments were carried out ~11 K above the dew point. In confinement of 240-nm wide and 100-nmdeep channels (periodicity 365 nm), the 77 ± 2-nm-sized gold nanoparticles were assembled into particle
dimer chains. Figure 7.3 and Figure A3.2 show the scanning electron microscopy overview and AFM
height images of the gold particles assembled inside the nanochannels, respectively.
As a proof of concept, we used a finite volume of particle solution to coat an area of ~1 cm2. However,
a continuous microfluidic feed with assembly solution increases the size of plasmonic meta-surfaces for
future production.39 The size of nanochannel templates fabricated via laser interference lithography can
be scaled up to m2 size.40 Alternatively, the well-known process of surface wrinkling41 can be used for
production on similar scales.42–44 Moreover, our design strategy can be easily adapted to other wellestablished assembly and lithographic approaches.

Transmission Electron Microscopy
Measurements were performed with a Libra200 (Zeiss) operated at an acceleration voltage of 200 kV.
For characterization, 1 ml as-synthesized nanoparticle solution was concentrated to 100 μl via
centrifugation and washed twice to reduce the surfactant concentration below the critical micelle
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concentration. Subsequently, 2–5 μl of the solution were dried on a 400 mesh copper grid covered with
a carbon support film.

Scanning Electron Microscopy
A NEON 40 FIB-SEM workstation (Carl Zeiss Microscopy) operated at accelerating voltage of 1 kV
was used for capturing scanning electron micrographs. The micrographs in Figure 7.2a and Figure
A3.3 were measured using a Type II secondary electrons (SE2) detector. An energy selective
backscattered electron detector at a grid voltage of 900 V revealed the material contrast in Figure 7.3.
The acquired data were processed and evaluated in ImageJ 1.52p (ref. 45).

Atomic Force Microscopy
AFM height images were measured using a Dimension 3100 NanoScope V (Bruker) operated in tapping
mode. Stiff cantilevers (40 N m−1, 300 kHz, Tap300, Budget Sensors) were used. The acquired data were
processed using Gwyddion 2.55 (ref. 46).

Polarized Photography
The samples were illuminated from the back by polarized white light and the transmitted light was
captured with a conventional compact camera. To create circular polarizations (LRC/RCP), the white
light passed successively through a linear polarizer (Nikon, also used for linearly polarized photographs)
and a quarter-wave plate (460–680 nm, B. Halle). To enhance comparability and visibility, each pair of
digital photographs differing only in polarization state were processed using ImageJ.45 First, the images
were white balanced based on the exact same image area free of gold nanoparticles.47 Afterwards, the
image contrast was enhanced using identical parameters for both images. This procedure did not cut off
any color values present on the particle-coated area.

Spectroscopic Ellipsometry
Transmission ellipsometry was performed in the wavelength range from 193 to 1,690 nm using a RC2
spectroscopic ellipsometer (J. A. Woollam) equipped with focusing lenses (spot diameter ~500 µm),
which allows direct measurement of all 16 Müller matrix elements. An exemplary Müller matrix for the
±45° stacked enantiomorphs is shown in Figure A3.5. In all measurements, the light beam passed
through the sample stack normal to the interface of particle chains where the focal point was located.
Further details on data evaluation and measurement setup can be found in Note A3.3 and Figure A3.12,
respectively.

Chiral Sensing
Ellipsometry data were acquired for both enantiomorphs (𝜃𝜃 = ±45°) with (Figure 7.6b, ‘w/ BSA’) and
without protein (Figure 7.6b, ‘w/o BSA’), using the identical set of two samples. To assure
comparability between measurements, the position of the first sample was fixed relative to the light
beam. The second sample was (re)placed on top of the first sample with the help of optical microscopy
keeping the axis of rotation the same throughout the measurements. A more detailed description of the
procedure is available in Note A3.6. The BSA coating of the first sample was carried out while the
sample was still mounted on the mobile holder placed horizontally. To this end, 10 mg ml−1 BSA
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solution (heat shock fraction, pH 7, ≥98%, Sigma Aldrich) in 10 mM Tris/HCl buffer (pH 7, TRIS
PUFFERAN, Carl Roth) was drop-cast on the surface comprising particle chains. After 30 min in contact,
the sample was gently rinsed with 10 mM Tris buffer solution and ultrapure water. Finally, it was blown
dry under nitrogen stream. After drop casting, BSA covered both gold nanoparticles and the PDMS
channel walls in a web-like fashion (Figure A3.10). Placement of the pristine second sample at 𝜃𝜃 = ±45°
completed the set for protein measurement.

Electromagnetic Simulations
For the electromagnetic simulations, a commercial-grade simulator based on the finite-difference timedomain method was used to perform the calculations (Lumerical Inc., v.8.16). Circularly polarized light
was achieved by the superposition of the complex electric and magnetic fields of two separate
simulations. The sources of these simulations feature orthogonal linear polarizations at a phase
difference of ±90° to obtain left/right circular polarized light, respectively. For the dielectric properties
of gold, the data from Johnson and Christy were used.48 The crossed particle lines were modelled with
a particle size of 70 nm, an inter-particle separation (within one chain) of 2 nm and an inter-layer
distance of 5 nm. The PDMS embedding was incorporated into the model by an effective surrounding
medium with a refractive index of 1.45. Simulation space was meshed with 1 nm and was surrounded
by perfect absorbing boundary conditions (perfectly matched layer). To determine the field distributions,
the model was simulated at the wavelengths of the corresponding plasmonic (chiral) modes. All
simulations reached a convergence of 10−6 before reaching 500 fs of simulation time. The results are
depicted in Figure 7.4b–d, Figure A3.7, and Figure A3.8. For easier assignment, we attributed to the
chiral modes a transversal and longitudinal character on the basis of the principal orientation of the
particle dipoles, analogous to linearly polarized particle chains.30
Superchiral fields were calculated according to 𝐶𝐶 = −

𝜔𝜔𝜀𝜀0
ℑ[𝐸𝐸 ∗
2

⋅ 𝐻𝐻], where 𝐸𝐸 and 𝐻𝐻 represent the

electric and magnetic field strength, 𝜖𝜖0 the vacuum permittivity and 𝜔𝜔 the respective angular frequency.
By normalization to the corresponding simulation without any structure (𝐶𝐶 ⁄|𝐶𝐶0 |), regions with �𝐶𝐶̂ � > 1
show superchiral effects in the near-field,34,49 as visualized in Figure 7.4d and Figure A3.8c. Data
visualization was performed in Paraview (Kitware Inc.). Electromagnetic fields are visualized by
contour plots of their individual components (𝑥𝑥,𝑦𝑦,𝑧𝑧) to represent their 3D extent in the complex
structures.

Mechanical Simulations
2D mechanical simulations based on finite element analysis were carried out in ANSYS Mechanical
APDL 2019 R3 (Build 19.5). The compression scenario was simplified in 2D as a chain of 75-nm-sized
spherical particles resting on a flat lower substrate with fixed backside. From above, a sinusoidal
substrate (periodicity 365 nm, amplitude 45 nm, width four periods, height 285 nm) with empty or
particle dimer-filled grooves was approached. Initially, the sinusoidal crests shared the same 𝑦𝑦 plane as
the top of the lower particle chain.

Particles and substrates were meshed with 2D 8-Node Structural Solid Elements (PLANE183). The
element size for particles was set to 5–7.5 nm. The substrates were meshed with 15–25 nm and a refined
mesh at the contact region of 5–8 nm. The following interactions were assigned to the general contact
surfaces to promote convergence of the simulation. The particles of the lower chain were attached to the
flat substrate, while sliding was permitted (‘ANOSEP’, always no separation). Similarly, the particle
dimers were fixed inside the channels (sliding possible) as soon as they contacted the channel walls
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(‘NOSEPE’, no separation). Moreover, the surface interaction of rigid particles contacting in the 𝑦𝑦
direction was set to ‘BONDED’ (no separation, no sliding). The nodes of all particles were fixed in their
𝑥𝑥 position.

The mechanical properties were defined as follows. For the rigid particles, elastic modulus and
Poisson’s ratio were set to 107 and 0.39, respectively. The elastic substrates were characterized by an
elastic modulus of 103 and a Poisson’s ratio of 0.47. In the transient analysis, the approach of the
backside of the upper substrate towards the lower substrate (fixed backside) was ramped in load steps
of 5 nm size. The minimum number of ramped substeps calculated for each load step was ten. The full
Newton–Raphson option was turned off in this analysis to facilitate convergence.
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8 Conclusion
This thesis aims at in-situ tailoring various optical effects through the colloidal assembly of plasmonic
nanoparticles. Systematic increase in structural complexity—going from 1D over 2D to 3D
assemblies—facilitated control over increasingly demanding optical characteristics. (I) 1D alignment of
AgNWs provided locally defined linear dichroism. (II) 2D square lattices of gold nanospheres produced
a sharp SLR mode. (III) 3D chiral, cross-stacked nanoparticle chains yielded circular dichroism.
The success of this work strongly relied on topographical, elastomeric templates produced via
scalable wrinkling and laser interference lithography. These templates serve two purposes. On the one
hand, they guide particle deposition with positional and/or orientational order. This directs the assembly
geometry. In the case of oriented AgNW deposition, the structured template further increases the
homogeneity of unidirectional alignment over the substrate. On the other hand, the mechanical
deformability of the substrates provides a valuable means for real-time tuning of inter-particle spacing
and arrangement:

• In-plane stretching converted the 2D square lattice into a rectangular one. This resulted in splitting
of SLR into two individual modes, reflecting the two different lattice constants. Varying the applied
mechanical strain allowed reversible spectral tuning of SLR modes by ~20 nm and ~50 nm,
respectively. Apart from application as strain sensor, this mechano-tunable SLR can be employed in
tunable, polarization-switchable nanolasers, when combining with a gain medium. Furthermore, insitu microscopy studies and electromagnetic simulations revealed that the macroscopically applied
strain was transferred to the nanoscale only partially (~40%). This issue can be addressed by
improving the experimental setup and optimizing the material system in the future.
• In the case of 3D chiral, cross-stacked particle chains, compression normal to the stacking plane
results in a bending of chains, as verified by mechanical and electromagnetic simulations. This
geometrical reconfiguration spectrally shifted the CD response reversibly by ~160 nm in the NIR
range. Simultaneously, the CD magnitude was reduced by ~82% (8 dB modulation depth) at 1,240
nm. This modulation capability is intriguing for strain sensors and optical switches. In addition to
tuning optical properties by compressive strain, the choice of template material plays an even more
fundamental role. The good adhesion and the conformal contact between the two elastic substrates
realize small inter-layer distances in the chiral bilayer. This is crucial to provide strong inter-layer
plasmonic coupling, as a prerequisite for pronounced CD. At the same time, the two substrates can
be detached and restacked at different stacking angles while re-establishing conformal contact. That
way, CD magnitude was modulated by up to 94% (12 dB) and could be inverted in sign.
The strength of optical effects crucially depends on the quality of the plasmonic building blocks
themselves and the quality of their arrangement. Therefore, this thesis investigated how microscopic
parameters—determined from electron microscopy—define optical properties on the macroscale. (I)
The quality of unidirectional alignment of AgNWs via GIS was evaluated by calculating the 2D nematic
order parameter 𝑆𝑆2D (unity for perfect orientation). On flat substrates, the AgNWs were partially
oriented (𝑆𝑆2D = 0.71) to produce a weak linear dichroism (dichroic ratio DR(1000 nm) = 0.31; unity for
maximum linear dichroism). In contrast, surface corrugations considerably improved linear alignment
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(𝑆𝑆2D = 0.94) and consequently linear dichroism (DR(1000 nm) = 0.89). (II) Particle polydispersity has a
huge impact on the linewidth of the SLR. Using narrowly distributed gold nanoparticles (standard
deviation ~2% in size) instead of a broad size distribution (standard deviation ~14%) narrowed down
the FWHM from 24 nm to 16 nm. (III) The particle filling rate is a crucial parameter that decides the
quality of collective plasmonic phenomena. For SLR, the filling rate of 80% ensured good confinement
of light in the 2D lattice plane to produce a sharp resonance mode. That is, the light scattered by the
individual particles to the far field encountered many particles in the proximity to interact coherently
with. In the case of 3D chiral, cross-stacked particle chains, the nanochannels of the individual substrates
were filled with particle chains by up to 96%. This made it more likely for the particle chains from the
two substrates to meet when stacking—forming a chiral nanoarrangement. Moreover, the high filling
rate causes a huge number of long particle chains close to or beyond the infinite chain limit. The good
spectral overlap of longitudinal plasmon modes that results facilitates pronounced inter-layer coupling,
which contributes to the substantial CD of 11 degrees in the NIR. Comparing the filling rates mentioned
above, it becomes evident that selective single-particle deposition into nanoholes is more challenging as
compared to assembly of particle chains by filling nanochannels.
Furthermore, this thesis impressively demonstrated the unique advantages of colloidal assembly.
(I) Spraying AgNWs perpendicular to surface corrugations produced a continuous gradient in linear
dichroism, in a single step. (II) Extremely small particle separations—defined by the particle coating—
ensure strong plasmonic coupling in chiral, cross-stacked particle chains to yield record CD. (III) The
hierarchical structure of this chiral bilayer offers large volumes of superchiral fields. (IV) Because of the
restackable design, these enhanced fields are fully accessible for chiral analytes to realize ultrasensitive,
enantioselective detection. This is in vast contrast to stacked, nonhierarchical nanobars manufactured
via top-down lithographic methods, where the inter-layer region is inaccessible due to the spacing layers
employed. Consequently, a tenfold enhanced, enantioselective shift of CD spectral position was
achieved for 3D chiral, cross-stacked particle chains.
The findings presented herein serve as a nucleation seed for further development of the specific
systems. (I) The strong impact of surface wrinkles on the unidirectional alignment of elongated
nanoparticles suggests that sufficiently small wrinkle periodicities could facilitate the challenging
alignment of small AR nanoparticles. (II) Combining stretchable 2D lattices with gain media can realize
tunable nanolasing. (III) Lateral control of CD response by local compression of 3D chiral, cross-stacked
particle chains holds great potential for on-chip CD spectroscopy and anti-counterfeit applications. (IV)
One can envision a more practical platform for chiral sensing using microfluidic feed of analyte solution
in an open design of chiral bilayers.
The fabrication methods employed in this work are not limited to assembling plasmonic metal
nanowires and -spheres. High yield in selective particle deposition mainly relies on good colloidal
stability and suitable particle–substrate interactions, as tuned by the coating of the nanoparticles.
Therefore, the introduced strategies can be readily expanded to semiconductive, dielectric, and
biological nanoparticles. This unfolds a huge space of possible hybrid systems with novel functionalities
to be explored in the future. Moreover, capillary assembly accepts a huge range of particle shapes. Most
excitingly, the concept of restackable, chiral bilayers may inspire both bottom-up and top-down
nanofabrication.
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A Appendix
The information, figures, and tables are adapted, with permission, from the supporting information of
the respective publications that are the basis of Chapters 5 through 7.

A1 Grazing Incidence Spraying of 1D Aligned Silver Nanowires

Figure A1.1 | Topography of substrates. a,b, AFM height images of flat and wrinkle-structured PDMS (a) with crosssections (b) corresponding to the blue lines in the AFM images. Whereas the flat PDMS has a low surface roughness of
0.6 nm (rms), relaxation of surface-oxidized PDMS from a uniaxially stretched state leads to the formation of parallel,
sinusoidal wrinkles of regular periodicity (~967 nm) and depth (~277 nm). The wrinkled substrates used in this work have
an average periodicity of 950 ± 20 nm and an average depth of 260 ± 20 nm. Lateral expansion of the PDMS substrate
that occurs during relaxation can lead to cracks parallel to the direction of strain. Scale bars, 1 μm.
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Figure A1.2 | SEM image processing and orientation analysis. a,b, SEM images of AgNWs sprayed parallel to surface
wrinkles. While the topography contrast of the secondary electron SE2 detector clearly reveals the wrinkle structure of the
underlying substrate (a), the energy-selective back-scattered electron (ESB) detector enhances the material contrast and
highlights the orientation of AgNWs (b). Consequently, ESB images were chosen for image processing in ImageJ1,2 and
subsequent orientation analysis. c, Extraction of AgNWs from images: after applying a threshold with Yen’s method,3 noise
and most of the spherical impurities are filtered out by running particle analysis that removes particles with circularity
higher than 0.5. d, Histogram of AgNW orientations and corresponding false-color SEM image. In the OrientationJ macro5
a Gaussian gradient with a Gaussian window of 3 px was applied, which corresponds to the diameter of AgNWs. The local
orientation in proximity of each pixel is displayed in false colors (inset, color scale) and summarized in a histogram that
considers only results with a minimum coherency of 5 % and minimum energy of 1 %. Scale bars, 5 μm.
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Figure A1.3 | Orientation analysis of a model image. a, Original image used as an example to detail the orientation
analysis procedure. b, Orientation-highlighted image in which the “nanowires” are color-coded according to their
orientation (inset, color scale). The angle 𝛼𝛼 (referred to as 𝜃𝜃 in the rest of this thesis) is defined between the long axis of
the nanowire (black dashed line) and the reference orientation (red dashed line). c, Resulting distribution of angle deviation
from the reference direction extracted from the SEM image analysis.
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Figure A1.4 | Evaluation of AgNW orientation. a, Histograms of AgNW orientation as derived from analyzing SEM
images (see insets). Whereas in the left panel, only one predominant orientation of particles exists, there are two distinct
orientations perpendicular to each other in the right panel. Scale bars, 5 µm. b, The Gaussian distribution of particles
parallel to the wrinkles (~0°) is shifted in 𝑥𝑥 direction so that the maximum coincides precisely with 0°. The resulting
distribution of angle deviation from the wrinkle orientation is normalized to yield the relative abundance. c, After conversion
of the angle distribution into S2D values (Equation (5.1)), the averaged S2D is calculated to quantify the degree of
orientation: perfectly parallel to the wrinkles (S2D = +1), disordered (S2D = 0), perfectly perpendicular to the wrinkles (S2D =
−1). As the two orientations present in the right panels are similar in amount and oriented perpendicular to each other, the
S2D values of each population cancel out to yield a nematic order parameter close to 0.
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Figure A1.5 | Random orientation of AgNWs drop-cast on flat PDMS. a, SEM image split in orientation-highlighted
and original images (inset, color scale). Scale bar, 5 μm. b, Corresponding histogram of particle orientations. The inset
shows the distribution of S2D values. As there is no predominant orientation, the averaged nematic order parameter S2D is
close to 0.

Figure A1.6 | Exemplary evaluation of crack density. a, Optical micrograph split in original and orientation-highlighted
images (inset, color scale). Scale bar, 50 μm. b, Corresponding histogram of orientations. The wrinkled area is displayed
in red (0°), whereas cracks are depicted in blue (90°, a zoom is shown as inset). Averaging over 60 spots on 3 samples
yields an averaged crack density of 7 ± 2%. To avoid problems with defocused areas in some micrographs, for each spot
an area of 21 × 185 μm was evaluated. As the cracks are parallel to each other, this image truncated in 𝑥𝑥 direction shows
the same crack density as the original image, which ensures that the obtained values are representative of the actual
crack density.
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Figure A1.7 | Detailed SEM mapping of a AgNW oriented thin film sprayed at φ = 90°. a, False-color SEM images of
three representative spots highlighting the orientation of AgNWs (inset, color scale). Scale bar, 5 μm. Schematics show
the sprayed parabolic area and evaluated area (red square). b, Mapping of particle coverage, fraction of particles and
averaged angle deviation of AgNWs oriented parallel to the wrinkle orientation (red diamonds) or parallel to the spraying
direction (blue triangles).
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Figure A1.8 | Finite-difference time-domain (FDTD) simulation of polarization angle-dependent plasmonic modes
in AgNWs. a, Scheme of modeled AgNW on PDMS surrounded by air. The AgNW is 40 nm in diameter and 3 μm in
length. b, Complex refractive index (RI) of PDMS measured with spectroscopic ellipsometry (‘exp’) and FDTD
approximation with a polynomial function (‘model’). These values were used for the simulation of the extinction spectra. c,
Corresponding spectra of the normalized extinction cross-section between 0° (black, parallel to AgNW) and 90°
polarization (red, perpendicular to AgNW) with an increment of 30°. Spectra for intermediate polarizations are depicted in
light blue. ‘a.u.’, arbitrary units. d, Polar plot of the polarization-dependent normalized extinction cross-section of the AgNW
(blue) for the transversal mode at 350 nm (red dots) and longitudinal tail at 1000 nm (black dots). The solid lines represent
respectively sine square and cosine square fits to the calculated data points.
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Table A1.1 | Comparison of procedures for S2D analysis. For mapped spots (see Figure 5.5) where AgNWs are mainly
oriented perpendicular to the wrinkle direction (reference orientation), the maximum of this orientation was shifted to 90°
prior to S2D calculation. This yields the same results as for the usual procedure (shift maximum of population parallel to
wrinkles to 0°), as tested on images with two distinct populations present. The results differ by less than 0.5 %.
Distance (mm)
0

𝑆𝑆2D (shift 0°)
0.892

𝑆𝑆2D (shift 90°)

1

0.846

0.843

2

0.802

0.799

3

0.638

0.637

0.892

4

0.253

0.253

5

−0.148

−0.148

6

−0.386

−0.386

7

−0.671

−0.671

8

−0.773

−0.774

9

−0.872

−0.873

A2 Mechano-Tunable Surface Lattice Resonance in 2D Lattices
Note A2.1: Laser Interference Lithography
Having the advantage of large-scale fabrication with nanometer precision at low cost we opt for laser
interference lithography where Lloyd’s mirror interferometer technique was used to write the structures
on a photoresist coated silicon substrate. In terms of optics, a laser beam (𝜆𝜆 = 325 nm) follows a path as
shown in (Figure A2.1a). After collimation, a single coherent beam converted into two coherent sources
by the Lloyd mirror. The wavefronts from these sources interfere at a plane where intensity pattern is
given by Equation (3.26). These intensity patterns—i.e. 1D line patterns—were recorded on a UV lightsensitive material. Depending upon the material type (positive/negative), the half angle between the
beams 𝜃𝜃, sample rotation and energy dosage requirement (threshold), various kinds of patterns with
different duty cycle and periodicity can be produced (see Section 3.6.2 for more details). In our
experiments, we have used a positive photoresist in combination with BARC (back anti-reflection
coating) for high-resolution, maskless pattern printing. Figure A2.1b represents the Bragg diffraction
order for a 2D grating.

Figure A2.1 | Laser interference lithography. a, Schematic representation of Lloyd’s mirror setup. b, Diffraction modes
of a 2D square grating (nanohole array) with refractive index 𝑛𝑛 and lattice constant 𝑎𝑎 where Г, 𝑋𝑋 , 𝑀𝑀 represent the
symmetry points in the reciprocal space.
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Figure A2.2 | Molding of nanohole arrays. a,b, AFM height images and profiles (along the arrows) of nanopillar master
(a) and nanohole replica (b). Inset, Fast Fourier transform of the image.

Note A2.2: Template-Assisted Colloidal Assembly
Figure A2.3a depicts the assembly setup and the mechanism schematically. With the motorized
movement of the template (1 µm s-1), the liquid meniscus recedes across the recessed holes. The
evaporation of liquid facilitated close to the three-phase contact line drives a convective flow of particles
towards the meniscus and consequently accumulates them. All experiments were carried out with
substrate temperature of 12 K above the dew point to provide a constant evaporation rate and compensate
for changes in room temperature and relative humidity. The local concentration reduces the Brownian
motion of nanoparticles and thereby increases the probability of particles residing in a feature during
capillary breakup, which is a prerequisite to obtain high filling rates. This also means that the particles
have to stay colloidally stable even at high concentrations and the formation of irreversible aggregates
has to be avoided. In our system, different coatings (PEG: mainly steric; insulin: electrostatic repulsion,

Figure A2.3 | Nanoparticle arrays via template-assisted colloidal assembly. a, Schematic representation of the
assembly mechanism. b, Dark-field micrograph showing a plasmonic lattice with lattice constant 𝑎𝑎 = 440 nm. Scale bar,
10 µm. c, Photographs of a large-area 2D plasmonic grating captured at different angles of incidence. Scale bar, 1 µm.
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zeta potential 𝜁𝜁 ~ −30 mV at pH 94) ensured sufficient inter-particle electrostatic repulsion. Furthermore,
the net repulsive particle-substrate interaction allowed effective dragging of the particle front, so that no
particles were randomly adsorbed at the top surface but only were placed deterministically inside the
holes. Precise tuning of contact angle and surface tension using a mixture of anionic (sodium dodecyl
sulphate, SDS) and nonionic (Triton X-45) surfactants6,7 balanced the components of the capillary force
at the meniscus acting parallel and normal to the substrate. That way the gold nanoparticles are
effectively dragged along and are only deposited where they feel a sidewall of the topographical features
counteracting this motion. The combination of 0.25 mM SDS and 0.025 wt% Triton X-45 yields ~27
mN m-1 surface tension,8 which was demonstrated to be a prerequisite for successful capillary
nanoparticle assembly.7 Note that the dense accumulation zone forming at the meniscus ensures
sufficient supply of particles to provide high filling rates for all array periodicities (380–440 nm) without
drastic change in assembly parameters.
Dark-field microscopy supports the good coverage over a large area as a predominant green color
originates from the single 83 nm gold particle scattering9 (Figure A2.3b). Due to imperfections in the
depth of the LIL-produced master, sometimes one hole hosts two particles, which explains occasional
red color dots in the image. Diffraction of white light over the whole substrate with different angles of
incidence also shows the quality of periodic arrangement in the system (Figure A2.3c).

Note A2.3: Evaluation of Filling Factor
We have analyzed ten SEM images (ESB detector) each 20 × 20 µm to determine the filling factor
(Figure A2.4). The process follows from rotating and cropping the SEM images to thresholding and
particle identification. The filling factor is defined as the ratio of filled holes to the total number of holes.

Figure A2.4 | Evaluation of filling factor. A total area of 150 × 150 μm2 was analyzed from ten SEM images (ESB
detector) using the software Scandium. The table summarizes the results.
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The average over ten images was considered as the overall filling factor over a total area of
150 × 150 µm2.

Note A2.4: Characterization of Positional Order
Figure A2.5 compares the positional order found in lattices composed of particle with large
(‘Au_insulin’) and narrow size distribution (‘Au_PEG’). Peaks in the radial distribution graph provide
information about the nearest neighbor distances (NND). In the case of an ideal 2D square lattice, the
first four distances are 𝑎𝑎, √2𝑎𝑎, 2𝑎𝑎, and √5𝑎𝑎. We have calculated similar distances for the given SEM
image via peak position identification. Values are in good agreement (±10 nm) for a lattice of 440 nm
periodicity.10 Similar radial distribution was also determined for large area PEG-coated particle lattice
of 38 × 26 μm2 domain size. Overall order was maintained up to 3 μm.

Figure A2.5 | Characterization of positional order. a, Schematic representation of the radial distribution in a 2D square
lattice with lattice constant 𝑎𝑎. b,c, ESB detector SEM image (b) and radial distribution function 𝑔𝑔(𝑟𝑟) of a 2D assembled
lattice of insulin coated particles with lattice periodicity 440 nm (c). ‘NND’, nearest neighbor distance. d,e, Large area
(38 × 26 μm2) SEM image (d) and radial distribution function of a 2D square lattice assembled from PEG-coated gold
nanoparticles (e). Inset in d, zoomed in SEM image of the region highlighted in red.
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Note A2.5: Hybridization model for surface lattice resonance
Figure A2.6 depicts the concept of the variable surface lattice resonance. The SLR mode originates
from the coupling between the plasmonic resonance of a single particle and the photonic resonance of a
periodic Bragg grating. At a distinct wavelength, the electron clouds of all particles in the lattice start
oscillating in phase and the light scattered to the far field interacts coherently. This results in effective
trapping of light at the interface leading to a sharp peak in the extinction spectrum. We investigated the
influence of lattice constant on the spectral response to optimize the SLR wavelength for a given particle
system to maximize the quality factor. In order to get a sufficient spectral overlap, we choose gold
nanoparticles with 80 nm in diameter and 2D square gratings with varying periodicities (𝑎𝑎 = 420, 440,
500 nm). The single-particle dipole scattering mode is broad in terms of line width due to the strong
radiative damping, as depicted in Figure A2.6a by the effective extinction cross-section Q. This broad
dipolar (bright) mode has a peak at 540 nm for 80 nm diameter gold nanoparticles in ‘UV-PDMS’
environment (considered as oscillator 1).

Figure A2.6 | Variable and high optical quality lattice resonance by hybridization of single-particle plasmon
resonance and Bragg grating mode. a, Simulated extinction spectra of single-particle LSPR (top) and first Bragg
diffraction 𝐷𝐷01 mode (middle) that interact coherently to produce a sharp SLR mode (bottom). The spectra for various
grating periodicities are shown. ‘Q’, effective extinction cross-section. b, Energy diagram showing the interaction between
the LSPR and grating mode resulting in hybridized plasmon-like and photon-like mode. c, Normalized electric field images
(left) and plots of the integrated surface charge distribution ∬ 𝜎𝜎 combined with electric field vector plots (right). The colors
of the dashed frames indicate the type of mode as shown in b.
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In contrast, diffraction from a 2D grating becomes evanescent to radiative at the wavelengths
𝐷𝐷𝑖𝑖,𝑗𝑗 =

𝑎𝑎 ∙ 𝑛𝑛
+ 𝑗𝑗 2

𝑖𝑖 2

(A2.1)

where 𝑎𝑎 is the lattice constant and 𝑛𝑛 is the refractive index of index-matched layer. 𝑖𝑖 and 𝑗𝑗 denote the
Bragg diffraction order. Figure A2.6 shows these diffractive optical modes 𝐷𝐷𝑖𝑖,𝑗𝑗 for a symmetric 2D
grating of index 1.45 with air-filled holes and periodicities 420, 440 and 500 nm. 𝐷𝐷0,1 can be considered
as oscillator 2.

An ordered array of metallic nanoparticles can be considered as a coupled oscillator system of
previously discussed oscillators, namely single nanoparticle and grating. We have chosen the diffraction
modes on the low energy shoulder of the LSPR resonance. In this energy range, the gold material shows
low radiative damping. This coupled system supports two hybridized modes. The first mode is more
plasmonic in nature or so-called plasmon-like, whereas the other hybridized mode has photonic features
in it. These considerations are based on the fact that the electric field direction is flipped in the case of
photon-like mode (SLR) due to the grating dominance as compared to the plasmon-like mode, as shown
in Figure A2.6b. Simulated surface charge and inverted in-plane E-field direction for plasmon-like and
photon-like modes are shown in Figure A2.6c (red and blue dashed frames, respectively). Moreover,
due to coherent coupling, the photon-like mode also allows nano-localized field enhancement, whose
intensity exceeds that of the individual resonances. Figure A2.6c shows 3-fold E-field increase in case
of photon-like mode (blue dashed frame) as compared to single-particle LSPR (black dashed frame).
Theoretical mode studies lead to the following conclusion: In order to obtain high quality hybridized
modes it is vital to maintain energetic stability, which means that Bragg mode should be in the right
shoulder of the single particle scattering shoulder.

Note A2.6: Mechano-Tunability
Increasing the strain gradually from 0% to 40% transforms the square lattice into a rectangular one with
lattice constant 𝑎𝑎 (along applied strain direction) and 𝑏𝑏 (along perpendicular direction) (Figure 6.4a).
Two different lattice constants in 𝑥𝑥 and 𝑦𝑦 direction result into two different SLR modes (both are bandedge in nature). Due to the stretching-induced symmetry-breaking one of the SLR shifts towards higher
wavelengths (violet color marker in Figure A2.7a), whereas the other one is blue shifted (orange color
marker in (Figure A2.7a) for unpolarized light illumination. The spectral shifts are in good agreement
with finite-difference time-domain (FDTD) simulations for strained lattices. The lattice constant in 𝑦𝑦
direction was calculated from the applied strain in 𝑥𝑥 direction based on the tabulated Poisson’s ratio for
PDMS. The two different SLR modes in rectangular lattices can easily be switched from one another
when using linearly polarized excitation, as depicted in Figure A2.7b for different strains. Note that the
SLR induced by polarization in 𝑥𝑥 direction is at lower wavelengths as compared to 𝑦𝑦-excitation. At first
glance, this is counterintuitive as the periodicity in 𝑥𝑥 direction is larger. However, this can be understood
by considering every plasmonic particle as a dipole antenna. Excitation along 𝑥𝑥 axis induces electron
oscillations in parallel orientation for each particle.
To study the partial transfer of the applied strain from the macro- to the nanoscale, a 440 nm
plasmonic lattice coated with an index-matching layer was analyzed using in-situ dark-field microscopy
(Figure A2.8). A dust particle was considered as a marker and distance between two nanoparticles was
calculated. D1 (918 nm) is the distance in the relax state and D2 (982 nm) is the distance for 20% strain.
Theoretically D2 should become 183 nm more than D1 but experimentally only 35% force transfer was
observed, which is also supported by the SLR measurement (37% force transfer experimentally).
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Figure A2.7 | Mechano-tunable surface lattice resonance for broadly distributed particles at a periodicity of
440 nm. a, Experimental and simulated extinction spectra at various applied strains. b, Polarization-dependent switching
of the SLR modes in experiment (top) and simulations (bottom).

Figure A2.8 | Partial transfer of applied strain studied using in-situ dark-field microscopy. a,b, Dark-field
micrographs of a plasmonic lattice (𝑎𝑎 = 440 nm) at 0 and 20% strain.
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Note A2.7: Optical Constants of PDMS

Figure A2.9 | Optical constants of PDMS determined via spectroscopic ellipsometry. a,b, Spectra of refractive index
𝑛𝑛 and extinction coefficient 𝑘𝑘 for UV-curable PDMS (a) and regular Sylgard 184 PDMS with 1:10 cross-linker ratio (b).
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Spectral region

Tuning spectral position

Table A3.1 | Overview of active CD control in plasmonic systems. The references are sorted by CD magnitude in the
respective wavelength regime.
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Tuning CD
magnitude

Circular dichroism

Annotations to Table A3.1
ln 10
180
� � 𝜋𝜋 � (𝐸𝐸𝐸𝐸𝐸𝐸𝐿𝐿𝐿𝐿𝐿𝐿
4

[a] 𝐶𝐶𝐶𝐶[deg] = �

[b] ∆𝑇𝑇[%] = (𝑇𝑇RCP − 𝑇𝑇LCP ) ∙ 100
𝑇𝑇

− 𝐸𝐸𝐸𝐸𝐸𝐸𝑅𝑅𝑅𝑅𝑅𝑅 )

−𝑇𝑇

[c] 𝐶𝐶𝐶𝐶r [%] = 𝑇𝑇RCP +𝑇𝑇LCP ∙ 100
RCP

LCP

𝑇𝑇

−𝑇𝑇

[d] 𝐶𝐶𝐶𝐶r [%] = tan−1 𝑇𝑇RCP +𝑇𝑇LCP
RCP

LCP

[e] 𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑ℎ[%] =

[f]

𝐶𝐶𝐶𝐶𝑚𝑚𝑚𝑚𝑚𝑚 (𝜆𝜆0 )−𝐶𝐶𝐶𝐶𝑚𝑚𝑚𝑚𝑚𝑚 (𝜆𝜆0 )
∙
𝐶𝐶𝐶𝐶𝑚𝑚𝑚𝑚𝑚𝑚 (𝜆𝜆0 )
𝐶𝐶𝐶𝐶

(𝜆𝜆 )

𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑ℎ[dB] = 10 ∙ log � 𝐶𝐶𝐶𝐶𝑚𝑚𝑚𝑚𝑚𝑚(𝜆𝜆 0) �
𝑚𝑚𝑚𝑚𝑚𝑚

0

[g] relative shift of the CD peak, 𝑟𝑟𝑟𝑟𝑟𝑟. 𝑠𝑠ℎ𝑖𝑖𝑖𝑖𝑖𝑖[%] =

[h] 𝐶𝐶𝐶𝐶[deg] = 32.98 ∙ (𝑇𝑇LCP − 𝑇𝑇RCP )
[i]

𝐶𝐶𝐶𝐶[deg] = tan−1

[k] not reversible.
[l]

100; 𝜆𝜆0 : wavelength of original CD peak
𝜆𝜆max −𝜆𝜆𝑚𝑚𝑚𝑚𝑚𝑚
𝜆𝜆𝑚𝑚𝑚𝑚𝑚𝑚

∙ 100

�𝑇𝑇RCP −�𝑇𝑇LCP
�𝑇𝑇RCP +�𝑇𝑇LCP

no true geometrical inversion.

[m] nanosphere lithography, electron beam lighography, focused ion beam lithography and
photolithography.
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Note A3.1: Template-Assisted Colloidal Assembly

Figure A3.1 | Characterization of gold nanoparticles coated with PEG-SH. a, Transmission electron micrograph. Scale bar,
100 nm. b, Histogram of particle diameters averaged over 260 particles and fitted by a Gauss function.

Figure A3.2 | Topography of particle chains assembled inside PDMS nanochannels. a,b AFM height image (a) and
corresponding cross-section (b) along the red line in the image. Scale bar in a, 1 µm.
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Figure A3.3 | Evaluation of filling rate. a, Scanning electron micrograph (SE2 detector) of particle-filled nanochannels
processed in ImageJ.1 The blue boundaries indicate the particles detected. In brief, the image was binarized to extract the
nanoparticles. After separation into single particles using a watershed transformation, the number of particles was counted
by the in-built “Analyze Particles…” function. Note that the elastic nanochannel substrate had small holes where individual
particles were deposited outside of the channels. These false counts were removed manually. Furthermore, particles
attached to particle chains, but residing outside the channels were removed. Scale bar, 1 µm. b, Scheme for calculation
of the filling rate. Every particle detected inside a channel occupies an area that equals the red area. Based on the particle
count 𝑁𝑁, particle radius 𝑅𝑅 = 38.5 nm, channel width 𝑤𝑤channel = 144 nm and assuming a hexagonal close packing, the area
occupied per particle is 𝐴𝐴particle = 𝑁𝑁 ∙ 𝑤𝑤channel ∙ 𝑅𝑅 = 𝑁𝑁 ∙ 𝑅𝑅2 (tan 60° + 2) = 𝑁𝑁 ∙ 5.532 𝑛𝑛𝑛𝑛². The channel area expected for a
himage ∙𝑤𝑤image ∙𝑤𝑤channel

micrograph (𝐴𝐴image = ℎimage ∙ 𝑤𝑤image ) is Achannel =
, where Λ = 365 nm is the periodicity of the channels.
Λ
The ratio between 𝐴𝐴𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 ⁄𝐴𝐴channel gives the filling rate. In the example in a, it is 96 %.
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Note A3.2: Polarized Vis-NIR Spectroscopy
The linearly polarized spectra (Figure A3.4) were measured with a Cary 5000 spectrophotometer
(Agilent, USA) equipped with the Cary universal measurement accessory. The measurements were
carried out in transmission under normal incidence of the polarized light and the spot size was ~4 ×
4 mm2. The linear dichroic ratio 𝐷𝐷𝐷𝐷 was calculated as follows:
𝐷𝐷𝐷𝐷 =

𝐸𝐸𝐸𝐸𝐸𝐸∥ − 𝐸𝐸𝐸𝐸𝐸𝐸⊥
𝐸𝐸𝐸𝐸𝐸𝐸∥ + 𝐸𝐸𝐸𝐸𝐸𝐸⊥

where 𝐸𝐸𝐸𝐸𝐸𝐸∥ and 𝐸𝐸𝐸𝐸𝐸𝐸⊥ represent the extinction measured for linear polarization of the incident light
parallel and perpendicular to the nanoparticle chain orientation, respectively.

Figure A3.4 | Linear polarization-dependent optical properties of an individual substrate comprising particle
chains. Polarized vis-NIR spectra measured in transmission. The dichroic ratio 𝐷𝐷𝐷𝐷 = (𝐸𝐸𝐸𝐸𝐸𝐸∥ − 𝐸𝐸𝐸𝐸𝐸𝐸⊥ )/(𝐸𝐸𝐸𝐸𝐸𝐸∥ + 𝐸𝐸𝐸𝐸𝐸𝐸⊥ ) of 0.81
at 1,048 nm indicates high yield in selective assembly into parallel particle chains over macroscopic areas (~4 × 4 mm2
spot; cf. Figure 7.3).

Note A3.3: Characterization of Circular Dichroism
Circular Dichroism Measurements
The CD was measured by Müller matrix (MM) transmission ellipsometry. This measurement technique
eliminates artefacts from strongly absorbing plasmonic nanostructures observed for conventional CD
spectrometers.25 An exemplary MM for the ±45° stacked enantiomorphs is shown in Figure A3.5.
As discussed by Kumacheva and coworkers in detail, incident and transmitted intensities 𝐼𝐼𝑥𝑥 for
� acts on the
different polarizations 𝑥𝑥 can be described by the MM elements.25 The normalized MM 𝑀𝑀
Stokes vector of the incoming light 𝑆𝑆⃑𝑖𝑖𝑖𝑖 to produce transmitted light characterized by the Stokes vector
𝑆𝑆⃑𝑜𝑜𝑜𝑜𝑜𝑜 :

� ⋅ 𝑆𝑆⃑in
𝑆𝑆⃑out = 𝑀𝑀

𝑆𝑆0
1
𝑆𝑆
1
where 𝑆𝑆⃑in = �
� corresponds to � 0 � / �
𝑆𝑆2
0
−1
𝑆𝑆3
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Figure A3.5 | Müller matrix elements measured for the two 45° enantiomorphs. The data for the sample stacked at θ
= −45° (+45°) are plotted in blue (red).

This results in the simple equations for the transmitted intensities of LCP, RCP and unpolarized light:
�11 − 𝑀𝑀
�14 )
𝐼𝐼LCP = 𝐼𝐼0 (𝑀𝑀

�11 + 𝑀𝑀
�14 )
𝐼𝐼RCP = 𝐼𝐼0 (𝑀𝑀

�11 �
𝐼𝐼unpol = 𝐼𝐼0 �𝑀𝑀

with 𝐼𝐼0 being the transmitted light intensity without sample, i.e. a bare stack of empty PDMS templates.
The extinction spectra of LCP, RCP and unpolarized excitation (±10° and ±45° enantiomorphs) are
plotted in Figure 7.5a,b.
Quantifying Circular Dichroism
Using above equations the CD can be quantified as extinction difference between LCP and RCP
� −𝑀𝑀
�
𝑀𝑀

Δ𝐸𝐸𝐸𝐸𝐸𝐸LCP/RCP = − log � �11 �14 � or as CD in degrees:
𝑀𝑀 +𝑀𝑀
11

14

𝐶𝐶𝐶𝐶 = �

ln 10 180
��
� Δ𝐸𝐸𝐸𝐸𝐸𝐸LCP/RCP
𝜋𝜋
4

Moreover, the CD was characterized by calculating the dissymmetry factor (g-factor, Figure 7.5c):
𝑔𝑔 =

2 ∙ Δ𝐸𝐸𝐸𝐸𝐸𝐸LCP/RCP
∑ 𝐸𝐸𝐸𝐸𝐸𝐸LCP/RCP
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Figure A3.6 | Absence of circular dichroism in individual (achiral) particle chain samples. CD spectra measured for
two spots on sample 1 (black, grey) and sample 2 (dark and light red) that constitute the chiral stack in Figure 7.2c and
Figure 7.4a. Additionally, the inset photographs of sample 1 demonstrate the absence of circular dichroism in transmission
on macroscopic areas. Independent of circular polarization LCP/RCP, the transmitted color is very similar. A chain
monolayer only shows linear dichroism (Figure A3.4 and Figure 7.3b). Stacking of two samples at oblique angles is
needed to build a chiral arrangement (Figure 7.2). Scale bar, 2 mm.

Note A3.4: Tunability
Variation of Stacking Angles
One chain array substrate was fixed to a holder with a 1 × 1 cm² aperture. The second one was stacked
on top at various stacking angles θ ranging from −45° over 0° (parallel chains) to +45°. It is important
to note that the same set of substrates was used throughout the variation of stacking angle. The holder
was placed in the beam path of the ellipsometer to yield normal transmission with the focal point located
at the interface of the stacked particle chain arrays.
Quantifying Tunability
The modulation depth of CD magnitude modulation (Figure 7.4) was calculated in percent as
𝐶𝐶𝐶𝐶𝑚𝑚𝑚𝑚𝑚𝑚 −𝐶𝐶𝐶𝐶𝑚𝑚𝑚𝑚𝑚𝑚
𝐶𝐶𝐶𝐶𝑚𝑚𝑚𝑚𝑚𝑚

and in dB as 10 ∙ log �

𝐶𝐶𝐶𝐶𝑚𝑚𝑚𝑚𝑚𝑚
� . Here 𝐶𝐶𝐶𝐶𝑚𝑚𝑚𝑚𝑚𝑚
𝐶𝐶𝐶𝐶𝑚𝑚𝑚𝑚𝑚𝑚

and 𝐶𝐶𝐶𝐶𝑚𝑚𝑚𝑚𝑚𝑚 represent the maximum and

minimum CD values observed for variation of the stacking angle.
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Note A3.5: Further Details of Excited Near Fields

Figure A3.7 | Simulated field distribution for mode CD1 for a −45° stack excited by LCP/RCP light. a,b, Contour
plots and selected cross-sections (insets) of electric (a) and magnetic fields (b). As visualized in a, this mode has a clear
longitudinal character, with a predominant electric field orientation along the particle chains.
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Figure A3.8 | Simulated field distribution for mode CD4 for a −45° stack excited by LCP/RCP light. a,b,c, Contour
plots and selected cross-sections (insets) of electric (a), magnetic (b) and superchiral fields (c). As visualized in a, this
mode has a clear transversal character, with a predominant electric field orientation perpendicular to the particle chains.
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Note A3.6: Chiral Sensing
Simulated Enhancement of Superchiral Fields

Figure A3.9 | Enhanced superchiral fields in the inter-layer region. a,b, Calculated optical chirality density 𝐶𝐶̂ for mode
CD1 excited in particle chains stacked at −45° by incident LCP light (cf. Figure 7.4d). The chains of 70 nm sized particles
form a gap of 5 nm in 𝑧𝑧 direction centered around 𝑧𝑧 = 0. In the plane of the inter-layer gap (z = 0, a), the superchiral fields
extend over an area 𝐴𝐴𝑔𝑔𝑎𝑎𝑎𝑎 twice as large as 2.5 nm above the stacked structure (z = 75 nm), i.e. outside of the gap (𝐴𝐴𝑜𝑜𝑜𝑜𝑜𝑜 ,
b). Additionally, the average optical chirality density normalized to 𝐴𝐴𝑔𝑔𝑔𝑔𝑔𝑔 is 4-times higher in the gap as compared to the
outside region. Note that the difference in total volume of superchiral fields between gap region and top region is even
more pronounced (Figure 7.4d). Scale bar, 70 nm.

Attenuated Total Reflection Fourier-Transform Infrared Spectroscopy
ATR–FTIR spectra were measured at a single-beam-sample-reference (SBSR) device (Optispec,
Neerach, Switzerland)26 attached to a TENSOR II FTIR spectrometer (Bruker Optics GmbH,
Germany). Before measurement, the trapezoidal Germanium internal reflection element (50 × 20 ×
2 mm³, Komlas GmbH, Berlin, Germany) was plasma-cleaned (PCD 100, Harrick, USA) and rinsed
with ultrapure water. A ~40 × 10 × 1 mm³ sized PDMS substrate was placed on top of the internal
reflection element (in custom-built holder) in parallel orientation (with the protein coating facing to the
Germanium substrate). The PDMS(@protein) substrate adhered well on the Germanium and it was made
sure that no air bubbles were trapped at the interface.
Chiral Detection of Bovine Serum Albumin
One particle chain substrate (sample1) was mounted on a metal holder with 1 × 1 cm² aperture. With
the help of optical microscopy a second substrate (sample2) was stacked manually on top of the first
one at a stacking angle of θ = –45° to make the particle chain coated surfaces meet at the stacking plane.
The holder was placed symmetrically inside the transmission ellipsometry setup with the focal point of
the light beam located at the interface of the stacked particle chain arrays (Figure A3.12). Barriers for
the holder made sure to hit the same spot on sample1 in the subsequent measurements despite removing
the holder for further sample preparation. After measurement at 3 spots along a horizontal line over a
range of 3 mm at θ = –45° (as for the subsequent measurements), sample2 was detached and reattached
at θ = +45°. To this end, sample2 was rotated around the central measurement spot.
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Figure A3.10 | Protein coating of particle chains assembled inside PDMS channels. a,b, AFM height and
corresponding phase images before (a) and after BSA coating (b). To make small differences in phase better visible, an
“adaptive nonlinear color mapping” was applied (Gwyddion). The phase images that highlight the mechanical contrast of
materials make clearly visible that both PDMS and gold nanoparticles are coated by BSA is a web-like fashion (b). Please
note that the exact same spot was measured before and after BSA coating. Scale bar, 500 nm.

After measuring both enantiomorphs (θ = ±45°) without protein (Figure 7.6b, ‘w/o BSA’), sample1
(still attached to the holder) was coated with BSA. For the measurements with BSA inside the interlayer gap (Figure 7.6b, ‘w/ BSA’), sample2 was attached to the protein coated sample1 at θ = ±45°.
Optical microscopy facilitated precise stacking of the samples to probe a comparable region in all
ellipsometry measurements.
Quantification of BSA Coverage
BSA coverage was characterized using ATR–FTIR spectroscopy (see Methods). To avoid any
enhancement of the protein signals by the presence of plasmonic nanoparticles, a similarly prepared
BSA sub-monolayer on flat PDMS was studied as reference (Figure A3.11b). The PDMS samples were
cast from Sylgard 184 (Dow Corning) in a curing agent/base polymer ratio of 1:10, degassed and cured
at 65 °C for 5 hours after pre-curing overnight at room temperature. The PDMS samples were coated
with BSA as described above. The surface coverage with protein on flat PDMS (Figure A3.11b) and
on PDMS channel walls is comparable (Figure A3.10b). In both cases it is ~50%. Based on the integral
of the Amide I band of 0.203 cm-1, the amount of amide units (≈ number of amino acids) per mm² is
calculated27 to be 4.7 ± 1.0 pmol mm-² (Figure A3.11c). Considering an average molar mass per amino
acid of 100 g mol-1, this corresponds to 470 ± 100 pg mm-² or 7.1 ± 1.5 fmol mm-² of BSA molecules.
This in good agreement with BSA coverage determined via SPR measurement on gold in literature
(365 pg mm-²).28 In the ellipsometry measurement spot (diameter ~500 µm), ~1 fmol of BSA is present.
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Figure A3.11 | Characterization of BSA coverage on flat PDMS. a,b, AFM height and corresponding phase images
before (a) and after BSA coating (b). The phase image in b highlights the mechanical contrast between PDMS and protein
coating. Scale bar, 500 nm. c, ATR–FTIR spectra of pristine PDMS (black) and PDMS coated with BSA (red). The
difference of both (blue) corresponds to adsorbed BSA and clearly shows the Amide I and Amide II bands that are used
to calculate protein coverage.
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Note A3.7: Mechano-Tunability
Compression Experiments
The −45° sample stack was sandwiched symmetrically between a pair of microscope slides (1 mm,
Menzel) and metal plates with centered 1 × 1 cm² aperture (from inside to outside, Figure A3.12a). The
sandwich was held together by screws. Parallel-plate geometry in relaxed state was established by
adjusting the gap between the metal plates to 4 mm. To this end, the four screws located towards the
corners of the plate were tightened, while accordingly sized, incompressible spacers of cuboidal shape
were stuck close to the edges of the metal plates. After removal of the spacers, the screws were further
tightened uniformly to apply compressive strain while maintaining parallel-plate geometry (Figure
A3.12b). In the case of tilted-plate geometry (Figure A3.12c), only two adjacent screws were further
tightened, whereas the remaining screws were not changed. During the ellipsometry measurement, the
transmission geometry was ensured to be symmetrical.

Figure A3.12 | Scheme of ellipsometry setup for sample compression. a, b, c, Two elastomeric nanochannel
substrates (s1, s2) comprising gold nanoparticles (orange circles) were sandwiched between glass slides and a set of
metal plates with aperture. In the initially uncompressed state (a), the distance between the metal plates was adjusted to
4 mm using screws. Uniform tightening of all 4 screws maintained parallel-plate geometry (b), while tightening only two
screws produced a tilted-plate geometry with a gradient of compression across the sample stack (c). During the
ellipsometry measurement, the transmission geometry was ensured to be symmetrical.
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Figure A3.13 | Simulated extinction cross-section σ for single particle chains that are straight or bent as induced
by compression.

Figure A3.14 | 2D mechanical simulations of compression between two chain substrates. The contour plots depict
the displacement relative to the initially relaxed state (see insets) and the dashed lines highlight the deviation of the particle
positions from a straight particle chain. Scale bars, 75 nm.
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