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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 opto-electronic properties can be
achieved through the aligned assembly of 1D-nanomaterials such as silver nanowires (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 nano-object suspensions on a
substrate comprising parallel surface wrinkles readily produces highly oriented monolayer thin
films on macroscopic areas (>5 x 5 mm?). 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 scanning electron microscopy
(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.



Introduction

Oriented nanomaterials and thin films with anisotropic opto-electronic properties are currently
widely investigated because of their numerous potential applications in fields as diverse as
flexible electronics,'? photovoltaics,’# polarization optics,’® sensing’# and metamaterials.”!° The
opto-electronic properties in such assemblies strongly depend on the arrangement of the nano-
objects within the material.!"!> This is particularly true for optical metamaterials, whose
properties arise from the subwavelength nanostructure (unit cell) rather than from its constituent
materials.>!%13 The controlled positioning of these repeating unit cells allows engineering the far-
field optical properties, and the metamaterial 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.'*!® In
particular, plasmonic metasurfaces'’!® consist of an array of subwavelength anisotropic light
scatterers (e.g. plasmonic resonators such as metallic nano-antennas).!%-1920

Most of these metasurfaces are fabricated by top-down methods like direct laser writing?!?? or
e-beam lithography.??2* 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 nm
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.!3?-33 As metasurfaces are
composed of buildings blocks that must contain a certain anisotropy, plasmonic nanowires and

nanorods have become a starting material of choice for many self-assembled plasmonic



metamaterials.'?34+3¢ However, the hierarchical organization of these nanoscale building blocks
into two- or three-dimensional 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,”” including Langmuir-Blodgett**#! or the use of external electrical or magnetic
fields.*** Other techniques use flow-induced shear in fluidic cells,* in a capillary’4¢ or by
evaporating spray droplets onto hot surfaces.*” 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 nano-object 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 last
years,* in particular by Fery and coworkers,*5? 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,’*3¢ and the
templates can thus be of macroscopic dimensions. Nevertheless, they comprise (sub-)micron
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 coworkers have introduced Grazing Incidence Spraying (GIS)>">°
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,”’



silver nanowires®’® or cellulose microfibrils®* in which all the nano-objects are pointing in the
same in-plane direction over >cm? areas can be obtained. They have also shown® that it is
possible to build oriented multilayer thin films of controlled thickness by combining GIS with
Layer-by-Layer (LbL) assembly.%0-63

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 nano-objects 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, semi-conductors, carbon-based material,...) and can
be implemented on a continuous production line. As wrinkled substrates are compatible with
roll-to-roll manufacturing,®* the proposed approach is a step towards the large-scale production
of versatile anisotropic thin films that can be used for instance as plasmonic metasurfaces,
dichroic optical coatings or transparent conducting layers, or integrated in more complex devices
such as solar cells** or polarization-dependent photodetectors.3:6

Results and Discussion

In order to investigate the effect of parallel wrinkles on the quality of linear ordering, AgNWs
(diameter: 47 +6nm, length: 42+1.5um) have been deposited on a wrinkled

polydimethylsiloxane (PDMS) substrate using GIS with spraying applied along the wrinkle



direction (¢ =0°) and compared to a flat receiver substrate (Figure 1). The only difference
between those two substrates is that a given uni-axial strain (AL/L, = 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(ethyleneimine) (PEI), and they only differ in terms of their surface topography: as shown
by Atomic Force Microscopy (AFM, Fig. S1 in the Supporting Information), 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.
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Figure 1. Schematic representation of the Grazing Incidence Spraying (GIS) experiments. (A)
Comparison between spraying a silver nanowire (AgNW) suspension onto a flat receiver
substrate (top) and a corrugated (“wrinkled”) one (bottom). (B) The wrinkle-assisted linear
alignment was evaluated by a controlled variation of the in-plane (xy-plane) spraying angle @

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. (C) Photographs of samples obtained with various spraying angles @ 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 refracted colors arise
from the periodic structure of the corrugated surface. Scale bar: 1 cm. (D) schematic top-view
representation of flat and wrinkled substrates highlighting the position of the impact of the spray
Jjet 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 cm? grayish film. The macroscopic parabolic shape of the film results from the

intersection of the spray cone and the substrate planar interface (Figure 1C).
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Figure 2. Comparison between the flat and wrinkled substrates after GIS of AgNWs. (A) The
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 color-coded
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).
The scale bar is 5 um. (B) The distribution of angle deviation from the reference direction is

extracted from the SEM image analysis and is quantified by the 2D order parameter S,y (see also
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Figure 2A 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 polyvinylpyrrolidone-coated AgNWs (zeta-
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 um? 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 Orientation],%” a plugin for ImageJ,%%° which is based on the analysis of the
gray-level in a local neighborhood. The full image treatment procedure is detailed in Fig. S2. The
local orientation angle o is determined for each pixel of the SEM image and color-coded
according to the depicted color legend (inset of Figure 2A). In the resulting false-color images,
nanowires oriented along the vertical direction (o =0°) appear in red whereas the nanowires

aligned along the horizontal direction (o = £90°) are in light blue (see also Fig. S3).
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The distribution of orientation angle o can thus be measured over the entire SEM image. This
distribution has a Gaussian shape with its maximum defining the angle of predominant
orientation ., 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 o — Oy, 18 relevant for quantifying the degree of ordering. Therefore, the distribution of angle
deviation can be plotted by shifting the maximum of the Gaussian to 0° (Figure 2B). In the case
of wrinkled substrates, the applied shift equals the rotational offset of the wrinkle orientation in
the SEM images, which means that AgN'Ws are predominantly oriented parallel to the wrinkles.

A 2D nematic order parameter S, can be classically calculated from the distribution of the
angular deviation relative to a reference orientation oief:

Sap = (2 cos®(a — ayep) — 1) Equation 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 O, = O, Which results in S,p 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 O
independently of the predominant direction of particles and thereby allow negative values of Sp.
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 (Fig. S4). Indeed, S,p =0
corresponds to an isotropic deposition (Fig. S5), whereas S,p = +1 represents an ensemble of
AgNWs perfectly oriented along the wrinkles (o = o) and S,p = —1 describes AgNWs perfectly

oriented perpendicular to the wrinkles (0t = OLr£ 90°).
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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 S,p = 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 S,p =0.94 (>95% of AgNWs within +£15° from the
wrinkle direction). This high degree of orientation is achieved homogenously over >5 x 5 mm?
area. It must be noted that 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 2A). 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 (Fig. S6)), the few misoriented nanowires deposited in the
cracks perpendicular to the wrinkle direction reduce the overall order parameter: indeed,
S,p =0.94 when considering the entire population of deposited AgNWs (i.e. including those in
the cracks), whereas S;p = 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.”7

AgNWs are preferentially deposited on the top of the wrinkles, although a significant number
of AgNWs are also present in the valleys (Fig. S2A). 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.

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
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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
xy-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 ¢ between the spraying and wrinkle
directions has been varied, as shown on Figure 1, from @ = 0° (spraying parallel to the wrinkles)
to @ =90° (spraying perpendicular to the wrinkles). Figure 3A 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 ¢ = 45° and

@ =90°, which can be compared to Figure 2A (¢ = 0°).

A @ = 45°
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Figure 3. Systematic study of the alignment at various spraying angle @ between the spray jet
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and the wrinkle direction (0°< @ <90°). (A) Orientation analysis of SEM images sprayed at
@ =45° (left) and 90° (right). SEM images are split into the orientation-highlighted and the
original images (color scale shown as inset, scale bar 5 um). 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 orientations found for each spraying angle. (C) 2D order

parameter (Sap) with respect to the spraying angle .

Interestingly, AgNWs located close to the impact point are mainly oriented along the wrinkle
direction both for ¢ =45° and ¢ = 90° despite the offset of the spraying direction (Figure 3A).
The assembly obtained resembles very much the structure obtained for ¢ =0° (Figure 2A).
However, whereas for ¢ =45° this wrinkle-dominated alignment is observed over the whole
sprayed area (except for the very boundaries), on the sample sprayed at ¢ = 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 3B) that the majority of
AgNWs are well oriented along the wrinkles (o = 0°), and only a minor part is oriented along the
cracks direction (o = 90°). The average order parameter is thus not very much affected by the
spraying angle, and S,p only slightly varies around an average value of 0.91 (Figure 3C).

In a series of previous reports, we have shown that gold nanorods,’” silver nanowires>’~® and
cellulose microfibrils® 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
nano-objects. Interestingly, here we find that AgNWs orient along the wrinkle direction even

when sprayed perpendicular to the wrinkles (¢ =90°). This suggests that the corrugations

14



strongly modify the assembly process: indeed, wrinkles may reorient the liquid flow near the
solid-liquid interface, or the 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.

However, a careful look at a sample sprayed perpendicularly to the wrinkles (¢ = 90°) reveals
that the AgNW orientation is not identical over the entire substrate. The spraying time has been
reduced from 250 s 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.® A series of
161 x 121 um? sized SEM panorama images has been taken every ~1 mm starting at the edge of
the 2 x 1 cm? 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 (Fig.4A insets).
Representative images at various locations on the central axis (0, 5 and 12 mm) are given in
Figure 4A, together with the angular deviation distribution measured on large-scale images taken
at the same positions (Figure 4B).

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 wrinkles to AgNWs
perpendicular to them that extends over a few millimeters. This transition is imaged over its full
length in the supporting Movie S1.

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
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orientations rather than a gradual change in orientation angle. At ~5 mm (middle panel), the thin
film consists of regions of a few hundreds pum? 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 4B) further confirms this observation: the distribution close to the impact point is a
narrow Gaussian centered around the wrinkle direction (o =0°), with only a small fraction of
AgNWs oriented around o =90° which corresponds to the few nanowires deposited in the
cracks. This narrow orientation distribution results in an average nematic order parameter
S,p =0.89. On the contrary, the distribution of angular deviation measured 10 mm further away
from the impact point is centered on o =90° (spraying direction), with almost no nanowire
around a=0°, and S,p, =-0.88. The average nematic order parameter S,p=-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 S, ~ +1 and S,p ~ —1, respectively. As
both orientation show approximately the same frequency, their order parameters cancel out each
other to yield an averaged S, around zero.

The mapping of the transition from one orientation to the other has been probed by measuring
the nematic order parameter S,, on SEM images taken every 1 mm along the central axis of the
sample, while moving away from the impact point (Figure 4C, see also Movie S1). The transition
occurs between ~2 and ~8 mm away from the edge of the wrinkled area as seen in the decrease
of S,p from a value of >0.8 to <—-0.8. A more detailed analysis of the transition is given in

Figure S7, which shows that the average AgNW density stays around 60-70% over the first

16



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 o = 0° and o = 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 (see Movie S1).
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5 um). (B) Corresponding histograms of the orientations and (C) 2D order parameter S,p with

respect to distance from the edge of the wrinkled area. S,y is fitted by a sigmoidal function.

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 is mainly arising from the high gas flow exiting the nozzle
(30 L/min). 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
problem’™ and is still an active field of research.”>’® 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

19



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.

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).
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wrinkled (¢ = 0° and 45°) GIS samples. (A) 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 in 10°-steps, starting from polarization along the wrinkles
(B = 0°, black line), intermediate angles (light blue) and ending at perpendicular to the wrinkles
(B = 90°, red line). Comparison of the extinction in both directions yields the dichroic ratio
(Equation 2) used as a benchmark for the optical anisotropy. (B) Polar plot representation of the
normalized extinction cross-section (radius) as function of the polarization angle B for two

representative wavelength (354 nm and 1000 nm), which can be correlated to transverse and
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longitudinal resonances, respectively. The solid lines represent sine square and cosine square

fits to the measured data.

Polarized UV-Vis-NIR spectra (Figure 5A) have been measured on a macroscopic area
(5 x 5 mm?) 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
(¢ =0°) and at ¢ =45° (the structure of these samples is shown in Figure 2 and Figure 3A,
respectively). The angle of light polarization [3, defined with respect to the wrinkle direction (or
spraying direction in 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 ( =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
(B =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° < <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 3. The polarized spectra
clearly show that the transverse and longitudinal modes can be selectively excited on a
macroscopic scale depending on the light polarization direction, which is a direct proof of the
large-area orientation of AgNWs with a high degree of alignment.

The extinction at a specific wavelength can be measured as function of the polarization angle 3
and represented in a polar plot. Figure 5B 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
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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 (§ = 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 (3 ==+90°). The
extinction as 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 B ~15° and not at
B =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 towards 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
(B =90°) and parallel (p = 0°) to the wrinkle direction gives the dichroic ratio DR that measures

the optical anisotropy:

Extﬁ’:goo—Extﬁ:OO

DR

Rr—— Equation 2

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 Eq. 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 1is positive for the transverse LSPR band

(Extp=90° > Extp=0°), whereas DR is negative for the longitudinal LSPR tail (Extg=90° < Extp=0°).

The sign of DR is reversed for AgNWs oriented perpendicular to the wrinkles.

23



The absolute value of DR is clearly linked to the degree of ordering of the AgNWs, as
evidenced (Table 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 (S,, =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 @ = 0° (S,p =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 (DRy,,(354 nm) =0.82,
DR1o(1000 nm) = —0.98, see Fig. S8), 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 @ = 45° has a DR = 0.64 at 356 nm and DR = -0.80 at 1000
nm which are only few % lower than the values obtained for the sample sprayed along the
wrinkles (¢ = 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.

Table 1. Nematic order parameters S,y and dichroic ratios DR of oriented AgNW thin films
measured for the transverse localized surface plasmon resonance (T-LSPR) and at the
longitudinal tail at 1000 nm. Please note that the optical properties and the SEM images have

been made on different samples. Furthermore, the S,, values given here are an average over 5
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different spots to match the size of the area that is probed during UV-Vis-NIR spectroscopy,

which explains the small differences with the S,p values given in the corresponding figures.

Sample S2p DR(T-LSPR) DR(1000 nm)

Flat substrate 0.71 0.22 -0.31
Sprayed at ¢ =0° 0.94 0.71 -0.89
Sprayed at @ = 45° 092 0.64 —0.80

Wrinkled substrate Sprayed at @ =90° (observed 0.68 063 033

close to impact point)

Sprayed at @ =90° (observed

far from impact) —-0.88 -0.54 0.77

Single AgNW (simulations) “1.00 082 -0.98
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Figure 6. Detailed optical characterization of the gradually varying orientation of AgNWs
sprayed perpendicular to the wrinkles. (A) Normalized extinction cross-section of the
polarized UV-Vis-NIR spectroscopy evaluated as function of the angle 3 between the direction
of light polarization and the wrinkle direction in 10°-steps. The spectra are measured on a
macroscopic area (5 x 5 mm?) 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 dichroic ratio (equation 2) as
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 function of the polarization angle B 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 at 355 nm (red diamonds) and at 1000 nm (black
triangles) on 5 x 2 mm? 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.
The error bars display the uncertainty that arises due to the degradation of the plasmonic

particles with measuring time.

The optical properties of the thin film sprayed at ¢ = 90° are presented in Figure 6. Figure 6A
shows the spectra measured as function of the angle 3 between light polarization and the wrinkle
direction on a 5 x 5 mm? 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 4A), and the spectra (left

panel) thus resemble the ones measured for ¢ = 0° (Figure SA): the extinction is maximum at the
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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
¢ =0°, and which is consistent with the nematic order parameter S,, =0.68 measured at this
location. However, as discussed previously (Figure 4), 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 6A, 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 6B and Movie S2) of the
extinction as function of polarization angle B: 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 x5 mm? spots every 1 mm along the sample central axis. The
corresponding dichroic ratios at 355 nm and 1000 nm are given in Figure 6C. Close to the impact
point of the spray jet, the dichroic ratio 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 4, 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
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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 3 = 0° and that is almost not visible for § = 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 3 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 cm?, 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 large-area orientation

of AgNWs leads to thin films that have anisotropic optical properties at a macroscopic scale.
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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,””° 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 Fig. S9, we found an increase in the order parameter from S,p = 0.28
(flat PDMS) to S,p =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 nano-objects 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 transferred* 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
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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 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.

Experimental section
Chemicals

Poly(ethyleneimine) (PEI, M, = 60,000 g/mol), poly(vinylpyrrolidone) (PVP,
M,, = 40,000 g/mol), silver nitrate and glycerol were purchased from Sigma-Aldrich (France).
Sodium chloride was purchased from Carl Roth GmbH (Germany). 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 MQ.cm, Milli-Q Gradient system, Millipore, France).

Synthesis of Silver Nanowires (AgNWs)

Silver nanowires were synthesized by a polyol reduction procedure previously reported in the
literature.”=® 1.76 g of PVP were dissolved into 57 mL of glycerol kept at 90°C under stirring till
a homogeneous solution was obtained. After cooling down to room temperature, 0.47 g of
AgNO; 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 minutes from

room temperature to 210°C, after what heating was stopped, 60 mL of ultrapure water were
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added and the solution was left to cool down to room temperature. The precipitate at the bottom
of the flask was collected after having left the flask undisturbed for one week. The obtained
AgNWs were washed 10-15 times with Milli-Q water by centrifugation at 2000 rpm for
30 minutes, and finally suspended in 170 mL of water (concentration: 1.20 mg/mL, 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 42+ 1.5 um, as
determined by Transmission Electron Microscopy (TEM).

Wrinkle preparation

PDMS was prepared by mixing 25 g of the commercially available prepolymer, which consists
in a linear dimethylsiloxane oligomer (n~60) with vinyl end groups for crosslinking 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 x 4 cm? 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 O, plasma, the surface of PDMS oxidizes into a stiff SiO,-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
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perpendicular to the stretching direction. The wrinkle topography can be described analogously
to a sine function characterized by its wrinkle periodicity (A) and amplitude (A). The averaged
values determined by atomic force microscopy (AFM, Dimension 3100 NanoScope Illa and V,
Bruker, USA) measured in tapping mode using stiff cantilevers (40 N/m, 300 kHz, Tap300,
BudgetSensors, Bulgaria) were A =950 + 20 nm and A =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 ultra-
sonication in water for 10 min followed by copious rinsing with ethanol and drying under N,
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 non-
wrinkled 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.

AgNWs oriented deposition by Grazing Incidence Spray (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) 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),*° using a
homemade spraying setup equipped with 2-fluid nozzles (internal diameter: 300 um, Spraying

Systems, USA) for 250 s unless otherwise specified (air flow 30 L/min, liquid flow 1 mL/min).
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The out-of-plane angle between the central axis of the cone of the spray jet and the receiving
substrate was fixed at 0 = 15° (Figure 1B), and the nozzle and substrate were held at a constant
distance of 1 cm. The so-called spraying angle @, defined as the in-plane angle between the 2D
projection of the spraying direction and the wrinkle orientation (Figure 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 the Supporting
Information in the Fig. S2, S3 and S4. The samples were imaged by Scanning Electron
Microscopy employing a NEON 40 FIB-SEM workstation (Carl Zeiss Microscopy GmbH,
Oberkochen, Germany) operated at 1kV. 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 x 26 um? images were evaluated (2048 x 1374 px,
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 (Fig. 4) was done using SEM panorama images (161 x 121 ym?2, 8640 x 6480 px,
pixel size 18.6 nm). This allowed to capture a ~20 times larger area with the same high
resolution to ensure statistical significance. The software TrakEM?2,” a plugin to Imagel %%° was
used to perform the stitching of these 5 x 5 sub-images panoramas.

In order to gain information on the AgNW alignment itself, the wrinkle structure was partially
filtered out during data acquisition (Fig. S2): all images for orientation analysis were captured
using the Energy Selective Backscattered (ESB) electron detector with ESB grid voltage set to

900 V. Due to the superior scattering cross section of silver, AgNWs appear bright in the image,
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whereas the wrinkle structure nearly vanishes completely. To further remove the wrinkles and
spherical silver impurities from the image, a threshold was applied using Yen’s method® 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 Orientation]J,*” a plugin for
Imagel .%8%° 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 o (Fig. S2 and S3). A Gaussian
window of 3 px (comparable to the AgNW diameter) was applied for the Orientation] 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 S,p (Fig. S4). Usually
particles are preferably aligned vertical in the SEM images (parallel to the wrinkles), which
corresponds to an angle o of 0°. Shifting the maximum of the Gaussian distribution in x-
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 Eq.l, the angle deviation values can be
translated into S,p 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 dropcasted on flat, PEI-coated PDMS (Fig. S5). Here the evaluation
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yielded S, = 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
(Fig. 4), 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 S,p 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 Syp (Fig. S4 + Table S1).

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 approx. 5 x 5 mm? for all measurements
except for the mapping presented in Fig. 4 which was measured with a spot size of 5 x 2 mm?.

The measured extinction is corrected from the contribution of a blank wrinkled PDMS substrate
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taken as a reference. The polarizer can be rotated to vary the angle between the light polarization
plane and the oriented AgNWs. The polarization direction (polarization angle 3) is defined with
respect to the wrinkle direction (i.e. 3 =0° when light is polarized along the wrinkles and

B = 90° when it is perpendicular to the wrinkle direction).
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Supporting Information. The Supporting Information includes two movies showing the
transition from one orientation to the other on the sample described in Fig. 4 (Movie S1) and the
change in the corresponding optical properties (Movie S2). It also includes a PDF file which
contains AFM height images of flat and wrinkled PDMS substrates (Fig. S1), the detailed
procedure used for SEM processing and orientation analysis (Fig. S2), the orientation analysis of
a model image (Fig. S3), the detailed procedure for the evaluation of the AgNW orientation (Fig.
S4), the analysis of a drop-casted AgNW sample showing no orientation (Fig. S5), a large scale
optical micrograph used to evaluate the crack density (Fig. S6), a detailed analysis of the SEM
mapping of the sample described in Fig. 4 (Fig. S7), the FDTD simulation of the extinction
spectra as function of polarization angle (Fig. S8), SEM images and polarized spectra of gold
nanorods sprayed on a wrinkled substrate (Fig. S9) and a Table comparing the S,, values
obtained following two different evaluation procedures. The following files are available free of

charge.
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