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Laser-induced structural colors have the potential for industrial
implementation thanks to their versatility, efficiency, cost-effectiveness, and
simplicity. However, the quasi-random nature of the nanoparticle (NP)
distributions produced by lasers has made the understanding of their optical
properties tricky and the confidence in their reproducibility limited. In this
article, we demonstrate the potential of nanosecond lasers to control the
diffraction, dichroism, and colors of random plasmonic metasurfaces while
explaining the origin of their optical properties through electromagnetic
simulations. The optical properties are first linked to the geometrical
parameters of self-organized gratings that are induced by laser either on the
surface by topographic modulation or below the surface by the growth of
organized NPs. These two kinds of gratings are perpendicular to each other
and exhibit different periods. The article unravels the main mechanisms that
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shape the spectral properties of these laser-induced NP gratings. Electromagnetic simulations evidence the role of hybrid resonances
resulting from the far-field coupling of metallic NPs despite their size dispersion and relative disorder. They also demonstrate the
impact of near-field coupling that leads to the hybridization of plasmonic modes of some particle pairs closely packed along the
grating lines in these laser-induced structures. The article shows how the two kinds of self-organized gratings influence the diffraction
and dichroism. Imperfections of laser-induced metasurfaces bring singular properties that do not exist in perfectly regular samples.
They are used here to print faithful color images in different modes of observation and to use diffraction or dichroism as a security

feature.

laser processing, structural colors, self-organization, diffraction, dichroism, plasmonic nanoparticles

Structural color printing has emerged as an eco-friendly
technique for generating vivid colors and interesting visual
effects stable over time.' > While traditional inks are based on
dye absorption, structural color marking technologies create
colors originating from various optical phenomena, including
scattering,‘"5 absorption,é'7 diﬂ‘raction,8 interference,9 or
coupling between resonance modes.'”'" This gives the
technologies huge advantages and extra freedom to design
optical devices and develop real-life applications spanning from
data storage,12 information security,w”14 color filters,"®
sensors,'® to display technologies.'”

Various approaches have been proposed to produce
metamaterials with structural colors, such as electron beam
lithography,'®'” focused ion beam,” or chemical methods.*’
Among them, laser-based technologies emerge as foremost
industrial processes owing to the fact that they are versatile,
rapid, cost-effective, and scalable.”"** Laser can trigger several
mechanisms that modify the physical properties of meta-
materials and so their colors. Metallic particles can thus be
resized, reshaped, and organized. The spectral shape of their
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localized surface plasmon resonances (LSPRs) can be tuned by
changing their geometrical parameters.”” >® When the laser
triggers their self-organization, diffraction gratings whose
period and orientation depend on the laser wavelength and
polarization can emerge and be used to diffract visible light*”*°
or induce dichroism.’"** Dichroism refers to the color
difference observed when samples are exposed to transverse
electric polarization or transverse magnetic polarization of
light. These diffractive and dichroic properties have recently
been used to implement laser-induced image multiplexing for
white light observation, where three images were encoded and
printed on a single metasurface.””* The dichroic colors that
were used for some multiplexed images were shown to result
from the coupling between the LSPR of individual metallic
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Figure 1. Optical properties of laser-induced metasurfaces. (a) Principle of the laser marking process. A few SEM images illustrate different kinds of
laser-induced metasurfaces that exhibit different colors. (b) Charts illustrating some optical properties of metasurfaces generated by varying four
laser processing parameters: the laser fluence and repetition rate, the scan speed of the laser beam, and the distance dy between consecutive laser
lines. The laser polarization is fixed and parallel to the double arrow. The top charts show the colors observed in backside reflection. All
measurements were carried out under white light illumination. The bottom charts show four data points per square. Triangles #1 and #3 show the
color observed in two diffraction configurations where the plane of incidence is either parallel to the xz plane (triangle #1) or parallel (triangle #3)
to the plane. Triangles #2 and #4 illustrate the dichroism in reflection and transmission, respectively, where the displayed color corresponds to the
color difference (AR, AG, and AB) between the colors measured with a TE or TM linearly polarized incident white light. The setup used for
measuring the colors is described in Figure S3. (¢) Gamut in the CIE L*a*b* color space of colors measured in the backside reflection mode (CIE
RGB color space and details are given in Figure S4). The convex hull of the gamut is projected on the three planes for more clarity.

particles and delocalized photonic modes excited through the
self-organized nanoparticle (NP) grating.>* In all these studies,
the laser simultaneously modifies several parameters of metallic
NPs, including their size, density, and organization, and does
control the statistical distribution of these parameters over
large ensembles of NPs rather than their specific values for
each single particle. The laser can also change different
parameters of the film that supports or contains the NPs, such
as its crystal phase, density, thickness, or surface topography.
Fabry—Pérot interferences can then contribute to the final
optical properties of the system.”>*® The variety of optical
mechanisms involved in random plasmonic metasurfaces
makes them powerful to create particular color properties,
such as the ones that recently enabled three-image multi-
plexing. The simplicity and flexibility of laser processing make
it appealing for the development of large-scale applications.
Moreover, the quasi-random nature of the NP assemblies
poses an interesting challenge in investigating how the different
mechanisms shape the color properties of these materials.

In this paper, we unravel the mechanisms that control the
optical properties of quasi-random plasmonic metasurfaces
produced by laser processing. We especially pay attention to
nanosecond (ns) laser-processed Ag NPs/TiO, metasurfaces
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that exhibit diffractive and dichroic properties to explain why
these two phenomena can be observed simultaneously or
independently. Optical characterizations highlight the laser
parameter ranges where the different optical behaviors occur
and allow rapid identification of the main kinds of metasurfaces
that can be produced by laser processing. Their morphological
properties are measured by electron microscopy and atomic
force microscopy (AFM). Two main features, a periodic
arrangement of metallic NPs and a periodic modulation of the
surface topography, characterize the diffractive or dichroic
metasurfaces. The article explains the relative importance of
the different self-organized periodic structures in relation to the
optical properties of metasurfaces. Electromagnetic simulations
of as-fabricated samples unveil the role of coherent far-field
coupling by the NP grating and of near-field coupling on the
diffractive and dichroic properties. They allow us to explore
separately the influence of different parameters by considering
both the as-fabricated structures and close perfectly periodic
structures. The paper finally demonstrates that the technology
can be used to mark faithful color images in different
observation modes. The colors observed in other modes can
then be used for security purpose.

https://doi.org/10.1021/acsaom.3c00395
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Figure 2. Evolution of the physical and optical properties of laser-induced metasurfaces when varying the scan speed (from 2 to 300 mm/s) at low
fluence (87 mJ/cm?), high repetition rate (600 kHz), and large overlapping between laser lines (dy = 2 um). For each scan speed, the sample is
characterized by a four-color chart (as described in Figure 1), a representative SEM image with the value of the grating period and its Fourier
transform on the top corner left (a—e); an AFM 3D view of the surface topography (f—j) and the corresponding surface profile (k—o), measured
along the x-axis for the 4 left images and along the y-axis for the sample at 300 mm/s; and a histogram of the NP sizes as observed by SEM (p—s).
The double arrow indicates laser polarization for the SEM images. The scale bar is 1 ym in all the SEM images.

Mesoporous titania thin films loaded with silver and deposited
on a glass substrate are processed with a slightly focused
nanosecond laser (532 nm) scanning the surface. During the
laser-induced processing, the films undergo several physical
and chemical processes, including coalescence, Ostwald
ripening, and reduction. These processes enable the reshaping
and growth of metallic particles,”"””*® resulting in the creation
of plasmonic metasurfaces. In addition, some films exhibit self-
organizations of NPs or surface grating owing to the optical
interference of the excited surface or guided modes with an
incident wave as described in Section S1 of Supporting
Information. This also contributes to the formation of self-
organized plasmonic metasurfaces, as depicted in Figure la.
Their properties are controlled at the scale of a pixel size (see
Methods and Figures S1 and S2 for details about the initial
material and laser processing) by varying four parameters. In
Figure 1b,c, we present a sampling of colors exhibited by the
metasurfaces in specular reflection when observed from the
backside. The corresponding color measurements can be found
in Figures S3 and S4 in the Supporting Information. A detailed
discussion on the printing of faithful color images in various
modes of observation will be provided at the end of the article
(see section Printed Plasmonic Color Images).

375

Figure 1b highlights different diffractive and dichroic
behaviors of metasurfaces. By simply tuning laser parameters,
we can obtain samples that exhibit both diffraction and
dichroism (squares inside white light) or dichroic and not
diffractive (pink outline), and still a large part is diffractive
without exhibiting any significant dichroism (green outline).
The diffractive behaviors (triangles #1 and #3) highlight the
presence of two main kinds of diffraction gratings that result
from laser-induced self-organization processes.’"”> The origin
of the two perpendicular self-organized periodic patterns is
discussed in the Supporting Information (Section S1). This
decision aims to avoid overloading this review, which primarily
focuses on investigating the optical properties of these laser-
induced metasurfaces. The first type of self-organized grating,
which appears when triangle #1 is lit in blue (Figure 1b,
bottom color charts), corresponds to gratings parallel to the y-
axis with a period in the range 290—380 nm. When the blue
color shifts toward green in triangle #1, the grating period
increases, as can be deduced from the grating equation and the
fixed parameters of the measurement setup (Figure S1).
Interestingly, this grating type can take various forms. It
corresponds to periodic modulation of the surface topography
with disordered NPs in Figure SSa. It may correspond to self-
organized particles mainly located in the film, with additional
surface corrugation (Figure SSb) or without surface
corrugation (Figure SSc). Figure S7 shows self-organized

https://doi.org/10.1021/acsaom.3c00395
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particles that emerge on the top surface. The next section will
investigate the influence of the particle properties on the
observed diffraction properties. The second type, which
appears when triangle #3 is lit in orange, corresponds to
gratings parallel to the x-axis with a period in the range 460—
500 nm. When the orange color shifts toward yellow in triangle
#3, the grating period decreases, and the scanning electron
microscopy (SEM) images are given in Figure S6. Some
triangles (#1) appear whitish or brownish rather than blue;
they correspond to metasurfaces that scatter light in a broad
range of observation angles rather than diffracting it, indicating
more disordered metasurfaces.

When the laser lines largely overlap (dy = 2 ym for a beam
diameter of 13.5 ym), the metasurfaces are homogeneous over
a pixel size, and the two kinds of gratings never occur
simultaneously (Gratings #1 and #3 never lit on in the same
square in Figure 1b for dy = 2 ym).

When the laser lines do not overlap (dy = 20 ym), gratings
#1 and #3 can be observed simultaneously on the same pixel
(Figure 1b, 13 mm/s at low fluence). In this case, grating #1
forms in the beam center, where the fluence is higher, while
grating #3 forms on the beam edge, where the fluence is lower
(Figure S7). The former gains spatial extent over the latter
when the fluence increases.

Triangles #2 and #4, in Figure 1b, characterize the sample
dichroism that is shown by a color corresponding to the (AR,
AG, AB) difference between the colors measured with TE
(where the polarization aligns with the y-axis) or TM (parallel
to the x-axis) polarized white light. All these samples are
composed of self-organized NPs grating, with some addition-
ally featuring surface gratings (as shown in Figure SSb,c).

Before delving into the investigation of how NP gratings
influence dichroism and diffraction, let us first conduct a more
comprehensive analysis of the surface morphology and NP
gratings of these samples. This will enable us to gain a deeper
understanding of the impact of the structural parameters of
quasi-random plasmonic metasurfaces on their optical proper-
ties.

To make this analysis comprehensive, we propose studying
their evolution when varying only one laser parameter. We
choose to display the evolution of the surface topography and
metallic NPs with the scan speed for metasurfaces generated at
low fluence (87 mJ/cm?), high repetition rate (600 kHz), and
strong overlapping between laser lines (dy = 2 um), where the
surface profiles vary strongly, leading to very different
diffractive and dichroic properties of the induced metasurfaces,
as a function of scan speed. As illustrated in Figure 2, at low
speed, these metasurfaces exhibit diffraction with grating
parallel to the laser polarization (#1) and dichroism (#2 and
#4) (Figure 2a). Then, when speed increases, only dichroism is
observed (Figure 2b,c) before disappearing (Figure 2d). At the
highest speed, diffraction by a grating perpendicular to the
laser polarization (#3) occurs (Figure 2f). The combination of
SEM and AFM images gives insight about the main features
that characterize the metasurfaces, namely, their surface
topography and the distribution of metal NPs (Figure 2a—
g). At 300 mm/s, the self-organized gratings perpendicular to
the laser polarization (#3) are surface gratings whose period is
slightly lower than that of the laser wavelength, in which Ag
NPs are small enough not to be clearly observed by SEM.
When decreasing the scan speed (160 mm/s), i.e., increasing
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the deposited energy per unit area, the surface topography
homogenizes, the grating disappears, and Ag NPs grow within
a correlated disorder (homogeneous distances between NPs).
From 20 to 5 mm/s, NPs tend to organize along grating lines
parallel to the laser polarization while growing up to reach sizes
that exceed 100 nm. The reduced particle count observed at a
scanning rate of S mm/s can be attributed to the presence of
tiny particles or particles deeply embedded along the grating
lines that could not be detected. At the lowest speed, Ag NP
gratings are associated with a surface grating that follows the
NP lines (same orientation, same period). The period of the
NP gratings is a fraction of the laser wavelength, and the
divider is expected to be the effective refractive index of the
photonic mode that can propagate within the layer (as
explained in Supporting Information Section S1).

These results highlight the strength of diffraction through
the brightness of diffractive colors shown in triangles #1 and
#3. The measurement conditions in diffraction are detailed in
Section S2 of the Supporting Information. Color is observed in
triangle #1 when a diffraction grating is formed parallel to the
laser polarization and in triangle #3 when the diffraction
grating aligns perpendicularly to the laser polarization. Then,
the higher the diffraction efficiency, the higher the brightness
of the colored triangle. A change in the grating period results in
a change in the triangle hue. Based on these experimental
results, it appears that the diffraction efficiency may be due to a
surface grating or an NP grating embedded in the layer or to a
combination of both. The NP grating contributes to diffraction
through coherent far-field coupling, and its diffraction
efficiency is weakened by heterogeneity in the NP arrangement
and broad size distributions.” Conversely, in these experi-
ments, dichroism appears to be primarily associated with self-
organized NP gratings rather than surface gratings, as evident
in Figure 2 with the metasurface at a scan speed of 20 mm/s.
Strong dichroism is observed due to NP self-organization
(Figure 2c), even in the absence of a surface grating, as
confirmed by the associated AFM characterizations (Figure
2h,m). This dichroism is expected to originate primarily from
two mechanisms: the near-field coupling between NPs aligned
along the same line and the far-field coupling between the
localized surface plasmon mode through the excitation of a
delocalized photonic mode propagating perpendicular to the
grating lines.*” In the following sections, we will elucidate the
underlying mechanisms in the optical responses of laser-
induced quasi-random plasmonic metasurfaces. Our inves-
tigation will encompass both as-fabricated samples and regular
samples (periodic structures with a single NP size). We will
explore the influence of structural parameters of laser-induced
NP gratings on the diffractive and dichroic properties of
metasurfaces.

In order to unveil the optical mechanisms at the origin of
dichroism in the laser-induced metasurfaces, we propose to
simulate the electromagnetic far-field response of an as-
fabricated sample that mimics a dichroic experimental sample
as well as its closest regular sample (periodic and single NP
size), which exhibits similar spectral features. Investigating the
near-field of the regular sample will demonstrate the origin of
collective resonances and serve as a guide to finding similar
resonances in the as-fabricated sample. Some features that are
specific to the realistic samples will finally appear to strongly
contribute to the dichroism too.

https://doi.org/10.1021/acsaom.3c00395
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Figure 3. Experimental vs simulated results of the as-fabricated sample. (a) SEM image of the considered nanostructure induced by laser processing
at 600 kHz, 116 mJ/cm? 80 mm/s', and dy = 2 um, with the image Fourier transform in inset. (b) Plane view and (c) cross section of the
simulated as-fabricated sample. (d) TEM cross section of the experimental sample. (e,f) Experimental data of transmission (T) and reflection
coefficient (R), and (g) the corresponding loss spectrum (1 — T — R). (h—j) Simulation results of extinction cross section in transmission (Cey 1),
reflection (C,yr), and total extinction (Cey 1 + Ceyr), respectively. Scale bar in SEM (b) is 500 nm. The incident field illuminates from the bottom
at an incidence angle of € = 6° with a vertical incidence plane. The NP grating lines are parallel to the linear polarization of the laser used for

processing the sample (horizontal double arrow in part a).

Figure 3a,d shows the SEM plane-view and TEM cross-
sectional images of a dichroic sample (triangles #2 and #4 lit)
obtained at 600 kHz, 116 mJ/cm? 80 mm/s, and dy = 2 um. A
tridimensional representation of this sample is elaborated by
considering spherical NPs with the same diameter and in-plane
distribution as those measured by SEM, and an in-depth
location compatible with the simulation constraint imposes
that NPs must be located within a single medium. In the
simulation, all NPs are tangential to the top interface inside the
95 nm TiO, layer (Figure 3b,c). As the initial mesoporous
TiO, layer (initial film thickness of ~200 nm as described in
Methods section) has been largely densified by laser processing
and the initial amorphous TiO, has been crystallized into its
anatase phase, a 95 nm anatase TiO, layer with Raman
characterization is created, as shown in Figure S8. To simplify
the analysis, we approximate the refractive index of the
surrounding film, which encompasses anatase TiO, and small
silver particles (as shown in Figure 3d), as 2, while the glass
substrate is assumed to have a refractive index of 1.5. Further
details about the refractive index of Ag NPs and numerical
parameters used for simulations are given in the Methods
section. To reduce numerical errors due to the limited sample
size (and number of NPs), the as-fabricated sample is extended
by duplicating four times the same structure.
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The simulated extinction cross-section spectra in trans-
mission and reflection (Figure 3h,i) of the as-fabricated
sample, which account for losses in the two specular directions,
can be compared qualitatively with the transmission (T) and
reflection (R) coefficients (actually with 1-T and 1-R)
measured on the experimental sample (Figure 3e,f), for two
linear polarizations are parallel (TE) or perpendicular (TM) to
the NP grating lines (themselves parallel to the laser
polarization used during laser processing). The total
experimental losses (Figure 3g) can also be compared to the
total simulated losses (Figure 3j). In both cases, the losses
exhibit a single broad peak for TM polarization and two peaks
for TE polarization.

In Figure 4, we compare the far-field spectra and near-field
intensity distribution of the as-fabricated sample with those of
a regular sample in which all NPs are 71 nm in diameter and
periodically spaced with a 300 nm period along the x direction
and a 180 nm period along the y direction [Figure 4a(i)]. This
regular sample exhibits narrower resonances and homogeneous
near-field maps that make interpretation easier [Figure 4a(ii)].
If the period along the x direction is similar to the average
period that can be measured between lines of the as-fabricated
sample, the periodicity along the y direction is a stronger
simplification since it does not exist in the realistic sample.
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Figure 4. Near-field maps in xz and xy planes of the regular and as-fabricated samples in TE polarization. Plane view of the (a(i)) regular and
(b(i)) as-fabricated simulated samples. Image (b(i)) contains the Fourier transform of the plane view in insert. Spectral variations of the total
extinction for the (a) regular and (b) as-fabricated samples for TE and TM polarizations. Multipole decomposition of the total extinction for the
(a(iii)) regular and (b(iii)) as-fabricated samples for TE polarization. (a(iv)—(vii),b(iv)—(vi)) Cross section and plane view of the near-field
intensity for TE polarization at selected wavelengths that are identified by disks with different colors in (a(ii),b(ii)), respectively. The plane-view
near-field maps are calculated along the white dashed—dotted lines drawn in the cross-section maps and correspond to the areas limited by a white
rectangle in (a(i),b(i)), respectively. The cross-section near-field maps are calculated along the red dotted lines drawn in plane-view maps. The
black dashed lines show the layer interfaces. Illumination from the bottom side was performed with an incidence angle 6 = 0°.

However, the regular sample has strong enough similarities to For TM polarization, the regular sample exhibits a main
provide a useful comparison with the as-fabricated sample. peak at 545 nm for the dipolar mode [Figures 4a(ii) and S10].
378 https://doi.org/10.1021/acsaom.3c00395
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For TE polarization, the main peak of the dipolar mode red-
shifts at 622 nm and is accompanied by a second peak at 442
nm [Figure 4a(iii)]. A quadrupolar mode is added at 470 nm.
The long-wavelength peak results from the far-field coupling of
the localized surface plasmons of the individual NPs. For an
appropriate period of the NP grating, the field scattered by the
NPs arrives in a phase with the LSPR induced by the incident
field on adjacent particles, thereby reinforcing the resonance
[Figures 4a(vii) and S11g]. This effect is known as a hybrid
plasmonic photonic resonance, which leads to an extinction
enhancement at 622 nm and a short-wavelength peak with
lower amplitude. In this hybrid coupling, the photonic mode is
associated with the guided mode resonance supported by the
TiO, layer. Similar behavior of the hybrid resonances is also
reported in some articles.”"** In our layered system, the field
enhancement at 442 nm is maximum on the bottom side of
NPs and along the TE incident field [Figure 4a(iv)]. For TE
polarization (along the y-axis), we can also highlight at ~518
nm the guided mode excited through diffraction by the NP
periodic array that propagates along the x direction 7 out-of-
phase with the incident field on metallic NPs.** The
destructive interference of the propagating mode with the
incident field on the NPs considerably reduces the NP
absorption and leads to a low extinction. The near-field
enhancement on the NP surface is thus low, and the near-field
maxima occur in the dielectric layer between NPs [Figure
4a(vi)]. At 470 nm, the quadrupolar mode exhibits four lobes
in the cross-section plane parallel to the incident polarization
[Figures 4a(v) and Slle].

In comparison, the as-fabricated sample exhibits a much
broader main dipolar peak than that of the regular sample, but
its maximum also largely red-shifts from 500 to 634 nm when
rotating the polarization from TM to TE [Figures S10b(iii)
and 4b(iii)]. The second dipolar peak at the lower wavelength
for TE polarization is less obvious, and it seems to interfere
with the quadrupolar mode. The latter is less sensitive to the
incident polarization, is broader than that for the regular
sample, and occurs at 490 nm. The near-field intensity map on
the cross section at 534 nm, where total extinction is the
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lowest, evidences a reduced field enhancement at the NP
surface and a field maximum between NPs [Figure 4b(v)].
This behavior tends to evidence the destructive interference
between the incidence and the waveguide mode although the
corresponding effect is limited by the size heterogeneity and
the spatial disorder of NPs. Indeed, as shown in the plane view
of Figure 4b(v), some NP sizes resonate at 534 nm (red NPs).
And, spatial disorder introduces phase variations between the
field scattered by NPs along the x direction that reduce the
coupling efficiency in the guided mode. Size heterogeneity and
spatial disorder are thus limiting factors to observe the field
enhancement at the long-wavelength peak in these laser-
induced samples.

However, a strong dichroism is observed in these as-
fabricated samples due to the difference between the main
dipolar peaks obtained for TM and TE polarization. This
dichroism is actually reinforced by another phenomenon that
does not occur in the regular sample and that is highlighted in
Figure 5: the near-field coupling between close NPs. The plane
view of the near-field intensity at 634 nm in Figure 4b(vi)
shows that different pairs of close NPs, found along the
irregular lines, resonate at this wavelength (white rectangles).
This near-field coupling leads to hybrid modes whose
resonance frequencies are polarization-dependent and for
which the high-frequency mode is usually a dark mode.”*~*
As shown in Figure 5, NP dimers embedded in a high index
layer and tangent to the top interface, as described in Figure
3¢, exhibit a dipolar resonance for TE polarization (the bright
hybrid mode), the position of which red-shifts when the
distance between NPs decreases. The narrow peak at around
470 nm that corresponds to a quadrupolar resonance also
slightly red-shifts. As the gap decreases, the coupling between
NPs increases and the near-field enhancement in the gap rises.
Conversely, the resonance positions for TM polarization
remain nearly unchanged, and the corresponding near-field
map (Figure Se,f) shows no indication of coupling between the
resonance modes. These simulations demonstrate that the
broad dipolar resonance of the as-fabricated samples that peaks
at a low wavelength for TM [Figure S10b(iii)] and at a high
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Figure 6. Influence of metasurface structural parameters on the diffraction. Plane view of the realistic (a(i)) and regular samples (b(i)). Scattering
cross section in reflection side of realistic (a(v)) and regular (b(v,ixxiii,xvii)) samples. Cross-section views of realistic (a(iivi)) and regular
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wavelength for TE [Figure 4b(iii)] is not only due to the size
dispersion but also due to the variable distances between
particles that lie along the same grating line. Many shoulder
peaks appear in the TE polarization of the realistic sample
[Figure 4b(iii)] attributed to the near-field coupling of NPs
with different size and interparticle distance. Note that the
small peaks at the shoulder of the broad dipolar resonances in
TE polarization only appear when the NPs are embedded in a
layer system, as shown in Figure S12. This small peak can be
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attributed to the interaction of the coupled dipolar resonance
with the close air—TiO, interface. This small peak is not
observed in the realistic sample because of the heterogeneous
broadening of the dipolar resonance.

To summarize, the dichroic behavior of the extinction cross
section of realistic samples results from two optical
mechanisms. The first one originates from the near-field
coupling between the LSPR of close NPs that can be found
along the grating lines. It leads to mode hybridization with a
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resonance position that is strongly dependent on the distance
between close NPs and their respective diameter as well for TE
polarization. The second one originates from the far-field
coupling between the LSPR mode of NPs through the
excitation of a photonic mode that interferes constructively
with the incident field on the NPs at a specific wavelength that
depends on the grating period. While carried out on specific
samples, these results can be generalized to all metasurfaces,
where self-organized NP gratings are observed.

Diffraction by the laser-induced metasurfaces shown in Figures
1 and 2 results either from surface topography gratings or from
coherent scattering by self-organized NPs. While diffraction by
periodic surface corrugation has been investigated in literature
studies,>**® it is worth investigating the influence of some
parameters of the NP arrays on diffraction. The study is based
on the analysis of the spectral variations of the scattering cross
section and the angular variations, in the incidence plane, of
the differential scattering cross section (defined in Methods) at
selected wavelengths. A sample is described in Figure S9 and is
selected from Figure 1b based on its diffraction properties and
the absence of surface modulation grating. This sample exhibits
Ag NPs that are semiembedded at the top surface. An as-
fabricated sample, modeled in Figure 6a, is created from the
SEM plane view and TEM cross section and compared to the
closest regular sample presented in Figure 6b in which 44 nm
wide spherical NPs are separated by a period of 325 nm along
the x direction and 100 nm along the y direction. As the
semiembedded NPs cannot be simulated with the used
modeling, two configurations are considered, with Ag NPs
supported either on the TiO, surface or inside the TiO, layer
where the biggest particles are tangent to the top interface (the
relative positions of particles are kept unchanged in the two
configurations).

The samples are illuminated by a TE-polarized plane wave
under 60° of incidence (6,) from the top (air), with the
incidence plane being perpendicular to the y-axis. The
scattering cross sections in reflection of the realistic and
regular samples exhibit similar spectra for both configurations,
where Ag NPs are either in or out of the TiO, layer [Figure
6a(v),b(v)]. For particles inside the TiO, film, the main peak,
corresponding to a dipolar mode, dominates the (orange)
spectrum at 507 nm for the as-fabricated sample and 524 nm
for the regular sample, while this dipolar peak blue-shifts in the
violet region at 374 nm, respectively, when NPs are on top.
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Considering the period A = 325 nm for the as-fabricated and
regular samples and using the grating equation sin (6,,) = sin
(6) — A/A, one can calculate the first diffraction angle at
—43.9° for 507 nm, —48.3° for 524 nm, and —16.5° for 374
nm wavelength. These angles are actually the angles at which
the maximum scattering efficiency is found on the left-end side
of the angular scattering diagrams in Figure 6. It is interesting
to note that the amplitude of the scattering cross-section
maximum is almost the same for the as-fabricated and regular
samples (slightly higher for the latter). However, the maximum
diffracted intensity in the first diffraction order is 30—40 times
higher in the regular sample than that in the as-fabricated
sample if we compare the on-top configurations in the violet
region and the inside configurations in the green region. This
huge difference results from the heterogeneity of the as-
fabricated sample that scatters a lot of light in a +20° angular
range around the specular direction, regardless of the
wavelength. Note that as expected from the scattering spectra,
the diffracted intensity in the violet first order is much higher
for the on-top configurations than that for the inside
configurations and vice versa in the green first diffraction order.

As observed from the characterizations of Figure S9, Ag NPs
of the real sample are rather like Janus particles, with their top
half located in the air and their bottom half located in the
TiO,. This sample is then expected to exhibit a maximum
diffraction efficiency between violet and green. In fact, pictures
(triangle #1) were taken with a diffraction angle of —28° to
capture blue diffracted light, allowing for the visual observation
of high diffraction intensity. One can also note that the
exposure time of the camera was increased by 40 between the
recording of diffraction images and the pictures recorded in the
front side reflection mode. Our simulations thus fairly well
match the experimental observations.

Simulations also allow for the study of the influence of some
sample parameters individually. Figure 6b(ix)—(xii) shows that
dividing the NP size by 2, from 44 to 22 nm, reduces the
maximum diffraction intensity in the green first order by a
factor 10. Increasing the TiO, thickness by 25% [Figure
6b(xiii)—(xvi)] or its refractive index by 10% [Figure
6b(xvii)—(xx)] slightly reduces the maximum diffraction
efficiency in the green first order by a factor of 1.5.

To summarize the results about diffraction by NP gratings,
one can keep in mind the following information. The grating
period is fixed by the laser wavelength and the type of

resonance excited during laser processing; the grating period
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determines the diffraction angle. The disorder that affects the
spatial distribution of self-organized Ag NPs strongly reduces
the diffraction efficiency, which, however, remains observable
by the naked eye. The diffraction efficiency is significantly
enhanced in the visible range when the Ag NPs are embedded
in the top layer. Additionally, the higher the refractive index or
thickness of the top layer, the lower the diffraction efficiency.

In this part, we show the degree of fidelity achievable through
laser processing of quasi-random plasmonic metasurfaces in
printing color images. We also demonstrate that targeted
colors can be printed to be observed specifically in some
modes of observation and disappear in other modes. This
property is of interest for security printing. Contrary to ink-
based techniques, which involve limited numbers of primary
colors that are mixed together to create a full color image, laser
processing prints as many primary colors as are present in the
image to print. Each laser processing parameter set creates a
specific type of metasurface that is associated with a given color
in a particular mode of observation. The same laser-processed
metasurface exhibits different colors in different modes of
observation. Once the color databases observed in the different
modes of observation are recorded by varying the laser
processing parameters, one can implement a gamut mapping
algorithm associated with a half-toning technique to print by
laser color images that are as faithful as possible to the original
image.’* The resulting colors originate from the combination
of scattering, absorption, diffraction, and interference. Figure 7
shows two images whose original colors were reproduced with
a good fidelity either in a backside specular reflection
observation mode (Figure 7b) or in a transmission observation
mode involving polarized light (Figure 7c). The configurations
of the observation modes are presented in Figure 7a. The
image size is 13 X 11 mm* with a pixel size of 50 X S0 ym’.
Interestingly, the image in Figure 7b contains metasurfaces that
diffract light in the plane of incidence either when the image is
fixed horizontally on the measurement setup (f = 0°) or when
it is rotated by f = 90°. Different images are then recorded
with a diffraction measurement setup in which different parts
are lit depending on the sample orientation. The combination
of these images can be used to authenticate secured printing.
Whitish areas that occur in the two diffraction images
correspond to metasurfaces that scatter light over a broad
range of wavelengths rather than diffracting it.

Figure 7c demonstrates the ability to reproduce faithfully
different types of colors in a polarized observation mode,
where the sample is placed between two polarizers whose axes
form an angle of 80° and is observed in reflection. The
selection of this specific angle is deliberate and aims to
optimize the hue range in this polarized mode of observation.
In this case, faithful colors are observed for a specific
orientation of the sample between the two polarizers, and as
soon as it is rotated in its plane (different 3 value) or observed
under nonpolarized light, colors vanish. The sample observa-
tions under other modes are provided in Figure S13. These
images indicate the wide variety of metasurfaces that can be
produced by laser and combined to generate secured color
images.

The article demonstrates the great potential of a single-step
nanosecond laser-based technology for the production of
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metasurfaces with a wide range of optical properties. By
variation of the processing parameters, metasurfaces that
exhibit simultaneously or independently diffractive and
dichroic properties can be produced. Using electromagnetic
simulations, the article highlights the contribution of two
optical mechanisms to the observed dichroism, which involve
either the near-field coupling of close NPs located along the
grating lines or the coherent far-field coupling between
periodically spaced NP lines. The former results in the
hybridization of LSPR modes and makes the resonance
position strongly dependent on the distance between the
close NPs for TE polarization only. The heterogeneity in size
and distance of the hybridized pairs broadens the resonance
but does not prevent the polarization sensitivity. The latter
results in a near-field enhancement on the NP surface that is
shifted toward the long wavelength for TE polarization only.
The disorder and size dispersion attenuate the coupling
strength. Furthermore, the observed diffraction originates from
two main self-organization structures: NP gratings and surface
topography gratings. The contribution of the NP gratings to
diffraction is higher when they are embedded. Leveraging the
optical properties of laser-induced metasurfaces, we success-
fully demonstrate the printing of color images, which can be
observed in specific modes but are hidden in other modes.
This technology exhibits great promise for advanced
applications in the fields of security, display, or vision.

The samples are made of mesoporous films of amorphous TiO,
impregnated with silver salt and elaborated by a sol—gel process. The
composition of the sol includes titanium tetraisopropoxide (TTIP,
Aldrich; 97%), acetylacetone (AcAc, Aldrich; 99%), hydrochloric acid
(HCI, Roth; 37%), ethanol (EtOH, Carlo Erba; absolute), Pluronic
P123 ((PEO),,(PPO),o(PEO),, Aldrich; MW: 5000), and deionized
water (H,0) with the molar ratios: TTIP/P123/ethanol/HCI/H,0/
AcAc = 1:0.025:28.5:0.015:29.97:0.5. The mesoporous titania films,
with a thickness of 200 + 30 nm, are formed by dip-coating and
calcination at 340 °C. The films are then soaked in a silver nitrate
solution (0.85 M) for 30 min. After rinsing and drying, the final step is
UV exposure (S min) at 400 UW-cm™? and 254 nm.

A nanosecond fiber laser, with a pulse duration of 1.3 at 532 nm from
IPG photonics, is used to scan on the material surface equipped with a
galvanometric mirror scanner head (Sunny Technology). The laser is
the focus on the sample by using a 16 cm F-Theta lens with a focused
laser spot size of 13.5 pm at 1/e and is linearly polarized using a
Brewster angle polarizer, where the polarization can be controlled by
using a half-wave plate (as sketched in Figure S1). The laser fluences
can be calculated from the relation

2P - O/sz)
frep-ﬂr

where P is the laser power, f,, (Hz) is the repetition rate, and r is the
beam radius at 1/e. The metasurfaces shown in Figure 1 are produced
with a 50 X SO um® pixel size by drawing consecutive laser lines
parallel to the horizontal axis, whose distances between the lines are
dy = 2 and 20 pum. The pictures in Figure 7 are drawn with a 50 X 50
um? pixel size over an area of 13 X 11 mm?* and by the diagonal laser
lines with the interline distance dy = 10 ym (detailed in Figure S2,
Supporting Information).

F =

The simulations are carried out using the T-matrix-based method,*’
written in Python as SMUTHL*® The method allows the optical
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responses to be calculated in near field or far field of an NP ensemble
near or on dielectric surfaces. The extinction cross section usually
refers to the summation of the scattering cross section and absorption
cross section when particles are surrounded by a homogeneous
medium. However, when particles are close to planar surfaces, it is
more convenient to divide the extinction cross section into
transmission side (C,r) and reflection side (C..r) and derived
from the ratio of the time-averaged power lost in the transmitted
direction (P, 1) or reflected direction (P, ) to the incident intensity
(Ip) as CeT = —(P ext,T>/ Ip) Cexr = —(P ext,R>/ 10-49 The differential
scattering cross section, on the other hand, is defined as 6., = I""
d(s..)/dQ, where I is the intensity of the plane wave in top or
bottom interface area, (@) is the time-averaged radiant flux of the
scattered field, and Q is the solid angle. The scattering cross section is
then the integral of the different cross sections over the solid angle o,,
= fdl Qaﬁ,sca'

Notice that, for all the simulations, the NP arrays are reproduced
from the NP distribution of the real sample, and then, the obtained
area is duplicated four times. The duplicated samples are constructed
from the obtained area, where the width and height are w, and h, and
the coordinate in the xy plane is x, and y,, and its three copies with
the same size and the coordinates are x, = xy + h, + 4, y; = yo; %, = %,
Y2 = Yo+ Wy + b; x5 = %0 + h + a, y3 = yo+ w, + b, with a = 300 (nm)
and b = 100 (nm) for the simulations in Figures 3 and 4 and a = 325
(nm) and b = 100 (nm) for the simulations in Figure 6.

Silver permittivity obtained from the modified Drude model

w’e
o(@) = € - ————

w” + jol’

where €, = 3.7¢, is the contribution of interband transition, €, is the
vacuum permittivity, @, is the frequency of plasma resonance with
haw, = 8.89 eV, and I =T'; + Avg/r is the damping constant with I'y =
17.6 meV the damping constant of bulk silver, A = 1 a constant, v; =
1.39 X 10° m/s the Fermi velocity, and r the particle radius.

A FEI Nova NanoSEM 200 scanning electron microscope in a low-
vacuum mode and a helix detector are used to measure the plane
views of the samples. The cross-section view and chemical analysis are
performed using a Jeol 2021 TEM instrument operated at 200 kV.
FIB lamellae are produced with a FIB-FEI Helios 600i instrument.

Sample surface profiles are measured using a Bruker Icon atomic
force microscope (AFM.

The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acsaom.3c0039S.

Additional experimental details (laser setup, description
of laser drawing lines, and color characterization),
description of the origin of self-organized periodic
patterns, additional sample characterizations (SEM,
AFM, TEM, and Raman analysis), near-field map for
TM polarization, and printed images observed in other
modes (PDF)
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