
Research Article

Balint Eles, Paul Rouquette, Jan Siegel, Claude Amra, Julien Lumeau, Antonin Moreau,
Christophe Hubert, Myriam Zerrad and Nathalie Destouches*

Mechanisms driving self-organization
phenomena in random plasmonic metasurfaces
under multipulse femtosecond laser exposure: a
multitime scale study
https://doi.org/10.1515/nanoph-2022-0023
Received January 17, 2022; accepted February 28, 2022;
published online March 18, 2022

Abstract: Laser-induced transformations of plasmonic
metasurfaces pave theway for controlling their anisotropic
optical response with a micrometric resolution over large
surfaces. Understanding the transient state of matter is
crucial to optimize laser processing and reach specific
optical properties. This article proposes an experimental
and numerical study to follow and explain the diverse
irreversible transformations encountered by a random
plasmonicmetasurface submitted tomultiple femtosecond
laser pulses at a high repetition rate. A pump-probe spec-
troscopic imaging setup records pulse after pulse, andwith
a nanosecond time resolution, the polarized transmission
spectra of the plasmonic metasurface, submitted to 50,000
ultrashort laser pulses at 75 kHz. The measurements reveal
different regimes, occurring in different ranges of accu-
mulated pulse numbers, where successive self-organized
embedded periodic nanostructures with very different pe-
riods are observed by post-mortem electron microscopy

characterizations. Analyses are carried out; thanks to laser-
induced temperature rise simulations and calculations of
the mode effective indices that can be guided in the
structure. The overall study provides a detailed insight into
successive mechanisms leading to shape transformation
and self-organization in the system, their respective pre-
dominance as a function of the laser-induced temperature
relative to the melting temperature of metallic nano-
particles and their kinetics. The article also demonstrates
the dependence of the self-organized period on the guided-
mode effective index, which approaches a resonance due
to system transformation. Such anisotropic plasmonic
metasurfaces have a great potential for security printing or
data storage, and better understanding their formation
opens the way to smart optimization of their properties.

Keywords: nanocomposite materials; nanoparticle reshap-
ing; nanoplasmonics; self-organization; thermal modeling;
waveguide.

1 Introduction

Laser processing is a flexible tool for rapidly shaping the
optical response of metallic nanoparticles with micrometer
resolution over large surfaces to create complex meta-
surfaces [1, 2]. The localized surface plasmon resonance
(LSPR) band ofmetallic nanoparticles can be tuned through
alteration of the nanoparticle size and shape distributions,
neighboring interparticle coupling, or surroundingmedium
refractive index. This enables their use in several applica-
tions, such as rewritable media with photochromic Ag:TiO2

films [3–11] or inkless color printing mediated by reshaping
Al [12, 13], Au [14–16], and Ag [17–19] nanoparticles. The
laser-induced formation of self-organized periodic ar-
rangements of nanoparticles also enables the generation of
dichroic spectral responses [20–26], secure diffracting pat-
terns [2], and multiplexed images [1, 27]. The laser-induced
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reshaping of metallic nanoparticles provides an efficient
way for low-temperature, high-resolution fabrication of
electrically conductive nano- and micropatterns without
using expensive vacuum deposition techniques [28–30].
When femtosecond (fs) lasers as used, the light diffraction
limit can be surpassed, and the direct fabrication of metal
nanopatterns smaller than the excitation wavelength be-
comes possible. Owing to the localized heat deposition
properties of ultrashort pulses, submicronmetal patterns on
flexible polymer substrate were demonstrated as well [31].
Efficiently optimizing laser processes for each kind of
application requires the understanding of physical and
chemical mechanisms that follow the absorption of photon
energy and lead to material transformations.

Previous studies revealed the transient characteristics
of nanoparticle reshaping via coalescence/sintering and the
prominent role of nanoparticle melting due to strong
deposited heat energy either by annealing to high temper-
atures [32] or laser treatment [33, 34]. As a result of growth
and neck formation between contacted particles, percolated
networks are generated that enable the realization of the
conductive nano- and micropatterns mentioned previously.
Time-resolved experiments and molecular dynamics simu-
lation revealed the temporal dynamics of nanoparticle
coalescence on thenanosecond timescalewhen subjected to
nanosecond laser irradiation [34]. In the first stage of coa-
lescence process, the solid-phase atomic diffusion possibly
hindered by the adhesion on the substrate occurs. Subse-
quently, the melting of contacted nanoparticles results in a
faster process of merging into a single nanosphere. The
characteristic timescale for the complete coalescence pro-
cess exhibits strong particle size dependence. The first
diffusion process is slower toward bigger particle sizes;
additionally, the coalescence time for already melted par-
ticles is linearly proportional to the particle diameter.

The ultrafast dynamics of reshaping and fragmentation
under fs laser excitation was investigated after a fixed
number of excitation pulses in earlier works for nano-
particles embedded in dielectrics [35, 36] or in suspension in
aqueous medium [37]. As the material transformations usu-
ally require many pulses to reach new physical properties,
such as optical anisotropy, studying the irreversible shape
transformations pulse after pulse is decisive to reveal the
mechanisms driving the reshaping [38, 39]. If most studies
collect ex situ spectral information on the multipulse dy-
namics, in situ characterizations can obviously highlight the
behavioral changes induced by pulse accumulation.

In this work, we characterize pulse after pulse the shape
transformation of silver nanoislands sandwiched between
two TiO2 thin films under fs laser irradiation. The in situ
evolution of the TE and TM polarized transmission spectra is

investigated by means of a high-repetition-rate pump-probe
spectroscopic imaging technique with use of an ultrahigh-
speedcamera. Thenanosecond timescale-resolveddynamics
of the evolving optical anisotropy is characterized
throughout 50,000 pulses. The variety of laser-induced
nanostructures in different ranges of cumulative pulse
numbers sheds light on the interplay between different laser-
induced physico-chemical mechanisms. A chronology of the
mechanisms is proposedby completing the characterizations
by ex situ electron microscopy and involving numerical
modeling of the temperature spatial distribution in the
multilayer stack onmultiple timescales. To explain the origin
of different self-organized periodic nanostructures at
increasing pulse numbers, we calculate the period of the
interference patterns produced by the superposition of
guided modes and the incident beam in the multilayer
stack. These guided modes are excited through scattering
on metallic nanoparticles, and their effective index is simu-
lated from the knowledge of the real characteristics of
nanostructured multilayer after different pulse numbers.
This electromagnetic approach unveils the influence of
the plasmon resonance on the mode effective index and the
self-organized grating period. Coupled with temperature
simulations, the article also highlights the predominant
role of different mechanisms, such as ionization, atomic
diffusion, coalescence, or Ostwald ripening, in different
temperature ranges on the overall transformation of the
system. Better understanding such mechanisms is a key to
optimize multilayers and laser processing to reach specific
optical properties and develop new applications.

2 Results

The initial sample (30 nm TiO2/15 nm-thick randomly ar-
ranged non-spherical near-coalescence Ag nanoislands/
30 nm TiO2) is exposed to 190 fs s-polarized laser pulses at
515 nm wavelength and 75 kHz repetition rate, focused un-
der 45° incident angle to an elliptical focal spot whose hor-
izontal and vertical 1/e diameters are 63 μm and 45 μm,
respectively,measured by themethod described in [40]. The
pulse-to-pulse evolution of the polarized transmission
spectrum measured in situ, with the setup described in the
Experimental section, up to N = 50,000 pulses, is shown in
Figure 1. Columns (a) and (b) show the results for polariza-
tion states of the probe laser incident at 0°, respectively
parallel or perpendicular to the pump laser polarization.
Row 2 displays the spectra for selected pulse numbers N,
extracted from the 2D plots, as shown in row 1. The delay
between each fs pump pulse and the first probe pulse is set
to 15 ns, in thisfigure. Each fs pulse, beginning from the very
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first one, causes a permanent change in the sample trans-
mission spectrum. During the first ∼10 pump pulses, the
original absorption of the LSPR band, with a transmission
minimum at around λ = 1000 nm wavelength (Figure S1,
Supplementary Information), is weakened at long wave-
lengths and strengthened at shorterwavelengths.Moreover,
significant differences are observed for the two probe po-
larization states as a result of laser-induced dichroism in the
sample. This trend continues and leads to a flattening of the
spectrum during the next ∼50 pulses, yielding an overall
increase in transmission for both polarizations, with an
average value of about 70% over the whole spectral range
probed. Upon further increasing the number of pulses, the

transmission over the entire spectrum constantly decreases
at a slow rate, up to about N = 1000. Subsequently, up
to N = 6000 pulses, a broad dip emerges, centered at
λ = 530 nm for perpendicular polarization, and λ = 600 nm
for parallel polarization, which sharpens and redshifts until
the end of the recorded evolution (N = 50,000).

Studying the influence of the laser repetition rate
(Figure S2, Supplementary Information) shows that the
overall evolution of the spectrum is fast and does not
depend significantly on the repetition rate before N ∼ 130.
Whereas, for higher pulse numbers, the kinetics of the
spectral changes slows down and becomes very sensitive to
the repetition rate. On this timescale, the increased kinetics

Figure 1: Pulse-to-pulse evolution of polarized transmission spectra recorded in situ at the center of the fs-laser-processed area over the first
50,000 pump laser pulses. The laser fluence is 31 mJ/cm2. (a.1) and (b.1) 2D plots of the transmission spectra versus the fs laser pulse number
N for a probe polarization parallel or perpendicular, respectively, to the pump laser polarization. A logarithmic scale is used for the pulse
number. (a.2) and (b.2) Extracted spectra from (a.1) and (b.1) at characteristic pulse numbers N.
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with the repetition rate is a signature of thermal accumu-
lation and of the role of temperature rise on the sample
evolution. The investigation of the sample evolution over
the first hundreds of nanosecond (ns) after each pumppulse
has also been carried out by exploiting the 15 ns temporal
resolution of the experiment. Figure S3 in the Supplemen-
tary Information shows that the transmission coefficient at
λ = 530 nm remains constant from 15 ns to 1 μs, indepen-
dently of the pulse number N, for which we plot the time
variations. This implies that all significant permanent
transformations in the sample occur in less than 15 ns.

Laser-induced changes have been investigated by
scanning electronmicroscopy (SEM) andhigh-angle annular
dark-field scanning transmission electron microscopy
(HAADF-STEM) in laser-processed regions, resulting from a
static laser exposure at characteristic pulse numbers N, as
well as in line regions drawn by moving the sample at con-
stant speed upon laser irradiation. In the last case, the
scanning speed V is chosen to correspond to an effective

number of pulses Neff calculated as V = 2rf
Neff

, with r and f

indicating the horizontal 1/e spot radius and laser repetition
rate, respectively. A comparison of SEM characterization of
nanostructures produced upon dynamic or static irradiation
confirms their similarity in terms of nanoparticle sizes, but
differences regarding their which self-organization is found
to be more regular in lines, as explained in a following sec-
tion. Characteristic SEM images of laser-processed samples
are shown in Figures S4–S6 in the Supplementary
Information.

The first 10 pump laser pulses decrease the silver filling
factor from 70% to 47% (Figure S4). The SEM images of the
laser lines at higher pulse numbers (Figure S5; and
Figure S6 for the SEM images of the static exposures) evi-
dence migration of silver toward the surface after typically
Neff = 17, where it forms small (diameters between 7 nmand
30 nm) silver nanoparticles with rather circular shape.
Their density and size slightly increase with pulse number,
before disappearing at aroundNeff = 1016. Thepresence of a
self-organized grating sandwiched between the TiO2 layers
can also be observed in the same range of effective pulse
numbers (from Neff = 17 to Neff = 1016). The fringes of the
grating are aligned parallel to the fs laser polarization, and
the grating period is 525 ± 40 nm. This grating is formed by
the localized growth, reshaping, and self-organization of
the silver nanoislands into larger and more ellipsoidal
nanoparticles embedded in the TiO2 film within each half-
period, as confirmed by HAADF-STEM and EDS charac-
terizations at Neff = 58 (Figure 2). At Neff = 1016, the nano-
particle shapes and locations are very similar to the
previous ones, except that the overall silver nanoparticles
appear larger, the fringes seem less regular and begin to
merge, and the distance between the two TiO2 films is
smaller. At Neff = 6000, the grating and all nanoislands
have disappeared to make way for larger and more ellip-
soidal nanoparticles, homogeneously dispersed in a single
layer. The two TiO2 layers have merged. The large nano-
particles have a prolate shape with an average nano-
particle aspect ratio close to 1.28 (Figure S8, Supporting

Figure 2: STEM characterizations of the center of laser-written lines for Neff = 58, 1016, 6000, and 50,000.
(a) Plane-view HAADF-STEM images and (b) HAADF-STEM images of the corresponding cross-sections and EDS chemical mappings indicating
Ag (green), Ti (blue), and Si (red).
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information). At the very end of the laser exposure, after
50,000 pulses, another type of self-organized grating
emerges. Its orientation is also parallel to the laser polari-
zation, it is less regular, and in some areas its period is
235 ± 20 nm. It seems to originate from amodulation of the
nanoparticle density in grating lines. Compared to the case
of Neff = 6000, the cross section is very similar, but the
nanoparticle size distribution is more heterogeneous. It is
worth noting that no modulation of the upper TiO2 layer
topography is observed, whatever the pulse number is.

3 Discussion

Following the pulse-to-pulse evolution of the transmission
spectrum of these plasmonic layers and comparing the
morphology and distribution of nanoparticles for a few
selected pulse numbers shed light on the different mecha-
nisms that successively play a role in the laser-induced
transformation and self-organization of silver nanoislands,
when accumulating fs laser pulses. The following discus-
sion first focuses on the laser-induced physical–chemical
mechanisms at the origin of the morphological changes in
the filmbefore dealingwith the optical phenomena involved
in the occurrence of self-organized periodic nanopatterns.

3.1 Origin of morphological changes in the
film

Since TiO2 does not absorb the incident pump laser wave-
length (515 nm), the fs laser-induced mechanisms are trig-
gered by the absorption of light by Ag nanoislands through
their LSPR, which transfers photon energy to the electrons.
Ultrafast electron–electron scattering gives rise to hot elec-
trons that are not in thermodynamic equilibrium with the
Ag lattice [41]. Their ballistic velocity is estimated to be
≈106 m s−1, and their energy lies in the range between 1 eV
and 4 eV [42, 43]. Electrons having high enough energy to
overcome the Schottky barrier (>1 eV) at the metal nanois-
lands/TiO2 interface are injected in the conduction band of
TiO2, leaving behind positively charged ions at the surface of
the nanoisland [44, 45]. This plasmon-induced electron
transfer has been measured to be faster than 240 fs for Au
nanoparticles [46] and is expected to be of the same order of
magnitude for silver nanoislands. The strong repulsive force
between neighboring Ag+ ions can lead to ion ejection,
which has been reported as Coulomb explosion in works
with ultrafast lasers [47] or as ionic release when continuous
wave light is used [48, 49]. The Coulomb explosion occurs
typically over a time scale of 1 ps. The ion ejection results in a

shrinkage of nanoparticles and seems to be the main
mechanism that drives the nanoisland reshaping during the
very first pulses, where a shrinkage is observed (Figure S4).
The latter well explains the pulse-to-pulse decrease of the
broad LSPR (flattening of the transmission spectrum) of the
initial nanoislands, reported in Figure 1. The time-resolved
pump-probe experiments also confirm that during the first fs
laser pulses, the reshaping mechanism occurs in less than
15 ns after each pulse because the transmission remains
constant afterward until the next fs laser pulse.

Hot electrons that do not pass the Schottky barrier
relax via electron–phonon coupling, leading to nano-
particle thermalization in a timescale of a few picoseconds,
according to the literature [50]. The temperature rise in the
nanoislands features a peak value that depends on the
laser fluence and on the initial temperature of the material.
This initial peak temperature is gradually reduced via heat
transfer toward the vicinity by two mechanisms: thermal
conduction across the nanoparticle-surrounding interface
and heat diffusion to the surrounding material [50]. The
transferred heat energy results in a temperature rise in the
thin TiO2 film usually within less than 10 ns [51]. This
temperature rise relaxes over a timescale that depends on
the thermal parameters of the system, the fluence, and the
laser beam diameter on the film. According to the experi-
ments, the relaxation time appears to be longer than the
temporal period between two successive fs laser pulses
(13.3 μs), as the effect of pulse accumulation has been
observed to depend on the laser repetition rate (Figure S2a
in the Supplementary Information).

In order to support the above interpretations of the ex-
periments based on the results reported in the literature,
simulations of the laser-induced temperature rise in the
multilayer system were carried out using a model that is
described in themodeling section at the endof the article. As
Ag nanoislands cover a large part of the intermediate layer,
which resembles a near-coalescence metallic film, the
model considers ahomogeneous layerwithaveragedoptical
and thermal parameters resulting from a mixture of silver
and air. In this model, the multilayer is excited by laser
pulses whose intensity is periodically modulated, with a
525 nm period, to take into account the interference
phenomenon, which takes place in the film between the
incident wave and a guided wave and which leads to the
self-organized structures, as explained in the next sub-
section. This model does not account for the film trans-
formations pulse after pulse, but it helps to estimate the time
during which thermal modulation induced by light modu-
lation sustains in the film after each pulse and the effect of
thermal accumulation in this multipulse process. The
transmission coefficient considered for the simulations is
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very close to the one of the initial film at 515 nm, i.e., 69%.
According to Figure 1, after few 100 pulses, the transmission
coefficient of the film at the pump laser wavelength de-
creases below this value, and thefilm absorbsmore incident
photons. It is thus reasonable to consider that the following
simulated temperature rise underestimates the real tem-
perature rise in the film. However, the simulation results
shownhereafter are consistentwith changes observed in the
sample. Figure 3(a) illustrates the time variations of the
temperature simulated at four points of the multilayer
located either in the middle of the Ag layer or at the TiO2/
glass interface at two locations, where the intensity in the
film is assumed to be either maximum or minimum (as

described in the modeling section, a 10% contrast of the
interference signal is used for these simulations). If the
temperature increases very rapidly in the absorbing Ag
layer, it reaches a maximum at the TiO2/glass interface
located 30 nm away from the Ag/TiO2 interface after about
10 ns, which is consistent with the literature [48]. The
maximum temperature reached at the bottom interface is
much lower than the maximum temperature reached in the
Ag layer, and the temperature gradient induced by the in-
tensitymodulation in theAg layerdoesnot exist at thebottom
interface. The simulations after the first fs laser pulse
(Figure 3(a) and (b)) show that the temperature rise in the
absorbing layer varies between 400 K and 600 K over one

Figure 3: Simulation of the temperature rise at different positions and times in the multilayer system.
(a) Time variations of the temperature increase simulated after the first fs laser pulse in the middle of the Ag/air layer where the modulated
intensity ismaximum (Tmax,c) orminimum (Tmin,c) andat the TiO2/glass interface,where the intensity ismaximum, (Tmax,i) orminimum, (Tmin,i). The
sketch in the inset shows the location of the four points in the multilayer system. (b) 2D color map of the temperature in themiddle of the Ag/air
layer as a function of time and space along the direction of modulation of intensity. (c) Pulse-to-pulse evolution of the maximum values of Tmax,c

and Tmin,c (curves TMmax,c and TMmin,c), the temperature rise in themiddle of thefilmafter 1 nswhen Tmax,c already equals to Tmin,c (curve T1ns,c), and
theminimum value of Tmax,c = Tmin,c just before the next pulse (curve Tminmax,c). A laser repetition rate of 75 KHz is assumed in the calculations, as
used in the experiments. (d) Synthetic diagramof themain physical–chemicalmechanisms driving the nanoparticle reshaping pulse after pulse.
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period of the interference pattern. However, the temperature
modulation in this layer vanishes after about 1 ns, when the
maximum and minimum temperatures converge to a tem-
perature rise below 100 K. This confirms that the time for
atoms to move due to thermal energy is short during the first
pump laser pulses. This is consistent with the time-resolved
measurements (Figures S2 and S3, Supporting information),
which do not detect any change in thematerial between 15 ns
and the next pulse.

According to the periodic shape distribution of nanois-
lands observed in Figure 2(a) after N = 58 laser pulses, the
fringes showing a shrinkage of nanoislandsmust correspond
to the regions where the temperature lies below the melting
point of Ag, whereas it lies above in the regions where the
nanoislands coalesce and reshape to form larger and more
regular nanoparticles. The melting temperature of silver is
known to depend on the radius of curvature of nanoparticles
[52, 53].Around 1000–1200K (dependingon thenanoparticle
shape) for radii larger than 7 nm, the melting temperature
can decrease down to less than 500 K for radii smaller than
2 nm. In this sample, the nanoislands are rather large but flat
and heterogeneous in shape, which may locally lead to very
small radii of curvature. By comparing the experimental re-
sults (Figure 2) with the simulated temperature rise
(Figure 3), it can be inferred that the range of temperature
rises required for Ag nanoparticle reshaping is between
400 K and 600 K in the sample. For our next demonstration,
it is estimated to be around 500 K. During the first tens of
pulses, the maximum temperature rise in the middle of the
Ag layer does not evolve significantly, and the time during
which the temperature rise lies above 500 K after each pulse
is less than 20 ps. The very short time may explain the fact
that only fs laser-induced atomic desorption occurs during
the first fs laser pulses, leading to a slight shrinkage of all
nanoparticles [38]. Thermal reshaping due to TMmax,c > 500 K
is only observed after few tens of pulses in localized periodic
patterns. After almost 1000 pulses of TMmin,c, the maximum
temperature rise in the low-intensity fringes in the middle of
the Ag layer also exceeds for a very short time the melting
temperature of silver. This means that thermally induced
reshaping can start almost everywhere in the Ag layer and
can lead to less regular grating lines.

The higher temperature in the fringes, where the coa-
lescence occurs before 1000 pulses, also promotes ionic
silver diffusion [54, 55] and can explain the higher con-
centration of small Ag nanoparticles on top of the TiO2

surface in these regions, as observed in Figure S5 and
Figure 2. The Ag+ ions released by atomic desorption from
the nanoislands [38] exhibit large diffusion coefficient and
mobility, which increase by orders of magnitude at high
temperatures [56]. Following the chemical potential

gradient in thematerial, Ag tends tomigrate toward the air/
film interface up to few 100 fs pulses. During thefirst tens of
pump pulses, the nanoisland shrinkage tends to decrease
their initial absorption in the infrared, and the growth of
very small particles (<10 nm) on the top surface contributes
to increase the absorption at lowwavelength (<460 nm), as
predicted by Mie theory [57]. These mechanisms lead to a
flattening of the transmission spectrum with a relatively
high average transmission, as observed in Figure 1. Upon
further increase in pulse number, the coalescence and
reshaping of nanoislands into larger nanoparticles is likely
to cause an increase in the absorption observed.

Previous studies investigating nanoparticle coales-
cence discussed that the particle–substrate adhesion
might have an important role in the characteristic time-
scale for the coalescence process. The interaction between
the atoms of the metallic nanoparticles and the substrate
can be described by Lennard–Jones type potential [34].
Taking into account the moderate adhesion, the molecu-
lar dynamic simulations revealed that reduced particle–
substrate interaction results in faster coalescence dy-
namics. The substrate thermal properties also have a
significant impact on the coalescence/sintering process
via heat loss through heat conduction to the substrate. In
general, higher thermal conductivity for the substrate re-
sults in the need for higher processing laser intensity. This
was demonstrated by the numerical comparison of sin-
tering dynamics of silver nanoparticles on boron-doped
silicon wafer and glass [30]. The results revealed that
considerably longer time is needed to reach the sintering
temperature (about 6.5 times longer) on silicon wafer due
to its high thermal conductivity (90.76 W/m/K).

Owing to the low thermal conductivity of TiO2

(2.5 W/m/K) in this study, the sintering/coalescence of
nanoparticles is triggered efficiently and finishes in less
than ∼15 ns, as confirmed by the time-resolved measure-
ments. Additionally, it is important to note that the non-
wettability of theAg/TiO2 interface related to the roughness
of TiO2 and the cohesion between theAg atoms being larger
than the adhesion between Ag and TiO2 further promote
efficient merging process of the melted nanoparticles.

From about 6000 fs pulses, the periodic nanopatterns
disappear, and larger and regular nanoparticles are being
formed over the whole film rather homogeneously.
Figure 3(c) and (d) show that after few thousand pulses,
TMmin,c largely exceeds 500 K, which explains why the
nanoparticle shape homogenizes everywhere in the film.
The high temperature and the thermal diffusion toward the
substrate trigger another atomic diffusion mechanism
involving the substrate. High temperatures at the sub-
strate/film interface promote Na+ diffusion toward the film
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and reverse diffusion ofAg+ from the top surface toward the
substrate [56–58]. EDS chemical maps for Neff = 6000
indicate the presence of Nawithin the TiO2 layer (Figure S7,
Supporting Information). At this stage, silver nanoparticles
are concentratedwithin the TiO2film that hasmerged into a
single layer.

After about 20,000 pulses, Tminmax,c also exceeds
500 K (Figure 3), meaning that the temperature rise never
decreases below the melting point of silver between two
successive fs laser pulses. This allows the emergence of
another periodic pattern in the Ag layer (Figure 2). Lateral
gradients of light intensity can govern the physical–
chemical mechanisms. In such a configuration, ionization
and Ag+ ion ejection can be invoked, but mostly in the
fringes of maximum light intensity. Silver ionic diffusion
toward areas where less silver ions are released (lower in-
tensity fringes) can occur. Similarly to theOstwald ripening
mechanism and following the Fick’s laws [59, 60] smaller
silver nanoparticles present in the high intensity regions
begin to disappear. This process also feeds Ag nano-
particles present in the low intensity regions, which
eventually leads to the grating observed after 50,000 fs
pulses. Due to the weak in-plane thermal gradient, the
grating forming process is not efficient and requires such a
high pulse number.

3.2 Optical mechanisms involved in the
formation of self-organized periodic
nanopatterns

In this section, we consider the optical mechanisms that
occur at the same time as the physical–chemical mecha-
nisms, and which lead to modulate the incident light in-
tensity in the multilayer. The multilayer acts as a
waveguide, and the effective index of its guidedmodes can
be calculated by searching the complex poles of the
reflection coefficient of the system, as described in refer-
ences [61, 62]. The field of the guided mode can be
described as:

E(x, z) = A(z)exp(jβx) = A(z)exp(jβ′x)exp(−β″x) (1)

where β = β′ + jβ″ is the complex propagation constant,
β′ = 2π

λ Re(ne), with Re(ne) the real part of the effective in-
dex, and 2β″ the attenuation coefficient. Here, two effective
indices are successively estimated by considering the
optogeometrical parameters given by STEM characteriza-
tions after 58 and 50,000 pulses (details in the Experi-
mental section), which are the stages where the two
gratings are observed, respectively.

After 58 pulses, the inverse of the reflection coeffi-
cient of the structure exhibits a sharp and pronounced
minimum value for a complex propagation constant equal

to β = 2π
λ (1.750 + j 7.430∗10−4) (Figure 4(a.1)). The distri-

bution of the modal intensity along the z direction
(Figure 4(a.2)) for this propagation constant confirms the
presence of a fundamental mode with a maximum in-
tensity located in the TiO2 bottom layer, few nanometers
from the Ag interface. Assuming the excitation of this
guided mode by means of scattering on the metallic
nanoislands in the direction perpendicular to the TE inci-
dent polarization, its interference with the incident wave
impinging under incident angle θi = 45° gives rise to in-
tensity modulations in the film along the direction
perpendicular to the incident polarization (Figure 4(c)),
whose period is

Λ = λ
Re(ne) ± sin θi

(2)

where −sin θi corresponds to the case where the projection
of the wave vectors of the excited mode and incident wave,
on the sample plane, is in the same direction, and +sin θi in
the case of opposite directions. During static exposures,
both directions can be excited equally, leading to two
different periods that superimpose. This is probably the
reason for theweaker self-organized nanopatterns observed
in this case. By contrast, writing lines bymoving the sample
favors the mode excited in the forward direction, i.e., the
translationdirection, and leads to awell-definedperiod [63].
Indeed, after initiating the sample movement, the grating is
formedunder the laser beamandmainly extends in the front
edge of the focused spot. While the guided mode is excited
to the right and left directions perpendicular to the grating
lines under the Gaussian beam, only the mode that propa-
gates to the forward direction accumulates in the beam front
edge (Figure 4(d)). Therefore, the interference pattern that
fixes the grating period in the front edge results from the
interference of the incident beam with the forward mode.
Moreover, while the sample is moving, the interference
pattern remains fixed relative to the sample. This interesting
phenomenon originates in the way the modes are excited.
The latter are excited through scattering, and their phase
depends on the position of scatterers (Ag nanoparticles).
The phase of the wave that forms the forward-guided mode
consequently changes continuously when translating the
sample under the laser beam and makes the interference
pattern fixed relative to the sample. The latter extends over
the laser beam. The scan direction therefore determines the
sign before sin θi in Eq. (2), and together with the fs laser
wavelength, the incident angle and the modal distribution
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of the structure fix the grating period. Once formed, the
grating of periodΛ is responsible for efficiently coupling the
incident light into the guided mode by diffraction and not
just by scattering (Figure 4(c)). In other words, the scattered
are noworganized, and the scatteredwaves originating from
different periods constructively interfere in the direction of
the guidedmode. Thismeans that the grating emerging from
the excitation of the guided mode contributes to its own
enhancement during the film transformation. This positive
feedback mechanism is at the origin of the term self-
organization in our study. Finally, we should mention that

what is called the guided mode here should be more pre-
ciselynamed leakymodebecause thismode isalso scattered
on Ag nanoparticles and cannot propagate very far in the
film.

We initially assumed that the scattering by metallic
nanoislands was mostly in the direction perpendicular to
the incident polarization. This angle selection actually re-
sults from the positive feedback, namely the diffraction by
grating, which is much more efficient when the incident
laser polarization is parallel to the grating lines and which
filters the direction in which the feedback is stronger [64].

Figure 4: Optical mechanisms involved in the formation of self-organized periodic nanopatterns (a.1) Inverse of the reflection factor after
Neff = 58 (inset from Figure 2). It exhibits aminimum for a particular real part of the effective index of the structure. The parameters of the latter
are defined from the HAADF-STEM characterizations. The presence of a minimum means that a mode with the corresponding effective index
(highlighted by the yellow circle) can be guided in the structure. (a.2) Intensity profile of the corresponding guided mode as a function of the
depth inside the multilayer stack. Blue vertical lines indicate the interfaces of the sample with z = 0 nm being the air/TiO2 interface. (b) After
50,000 pulses (inset, same as in Figure 2), Ag nanoparticles progressively diffuse in the TiO2 whose layersmerge in a single layer. Calculation
of the effective index of the guidedmode for two volume fractions of Ag nanoparticles in a single layer whose refractive index is varied to show
the presence of a resonance at the pump wavelength λ when the nanoparticles diffuse from a low-index medium to a high-index one. (c)
Condition for coupling the pump light in the forward guided mode with a grating period Λ under an incident angle θi. (d) Illustration showing
the increasing intensity of each excited mode on one side of the beam. This explains why the mode excited in the forward direction mainly
contributes to the formation of the self-organized grating, which extends on the front edge of the beam in translation.
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In the experiments, all lines are written in the forward
direction and should lead, when introducing Re(ne) = 1.75
in Eq. (2) to a grating period of 494 nm. This periodmatches
well with the grating period, 525 ± 40 nm, measured in the
lines written at Neff < 6000. At 50,000 pulses, the three
initial layers have merged, and Ag nanoparticles are
embedded in a single TiO2 layer whose thickness is slightly
larger than the sum of the two initial TiO2 layers (Figure 2
and the Experimental section for an estimate of the
measured parameters). Consequently, the TiO2 layer may
be expected to be less dense than the initial layers, and its
refractive index lower than the one considered up to now
for this material. The filling factor of Ag inside TiO2 is also
less easy to estimate because the nanoparticles are not
aligned in the same plane but distributed in a 70 nm thick
layer. For these reasons, we consider the variations of the
real part of the mode effective index with the matrix
refractive index for twoAg filling factors. Figure 4(b) shows
that the real part of the mode effective index encounters a
resonance when the matrix refractive index varies around
2.2–2.3. The latter is due to the LSPR of Ag nanoparticles,
which reaches the fs laser wavelength when the matrix
refractive index increases to a value larger than 2 (merging
of the two TiO2 layers). According to Figure 4(b), it appears
reasonable that the real part of the mode effective index
can reach the value of 2.89, which leads, according to
Eq. (2), to the period of 235 ± 20 nm observed experimen-
tally. The main reason for explaining the smaller period of
the grating pattern that forms after a long exposure time is
therefore the merging of the two layers, which results from
a temperature rise that exceeds the melting temperature of
silver at any time between the fs laser pulses.

Few remarks can be added to better describe themodes
supported by the structure. For matrix refractive index
values varying from 2.16 to 2.30, two guiding modes are
supported by the structure. In our calculations and in
Figure 4(b), only the fundamental mode having a single
maximum in its depth intensity profile was considered. The
first-order mode exhibits two maxima located near the in-
terfaces. The variation in the real part of the fundamental
and first-order guided modes effective indices with the
matrix refractive index for two Ag filling factors is reported
in Figure S9 in the Supplementary Information. The cor-
responding spatial intensity profiles of the two guided
modes at fixed matrix effective indices are reported in
Figures S10 and S11 in the Supplementary Information,
respectively, for the fundamental and first-order modes.

The formation of self-organized structures for Neff > 17
is certainly at the origin of the polarization-dependent
transmission spectrum of the sample observed in Figure 1

up to about N = 1016, which leads to a blueshifted reso-
nance for the TE polarization compared to the TM one.
While the grating structure vanishes at higher effective
pulse numbers, the dichroism is reinforced. At Neff = 6000,
the nanoparticles grow in size and transform into prolate
spheroids aligned along the linear laser polarization, as
shown in Figure 2. Correspondingly, two LSPR bands
emerge in the transmission spectra (Figure 1), which
correspond to the major and the minor axes of the
spheroid. The optical response of nearly spherical silver
nanoparticles with average diameters of tens of nm
embedded in TiO2 matrix is dominated by the absorption
via LSPR centered in the visible wavelength range. Such a
shape anisotropy upon fs laser irradiation has also been
reported in works of Stalmashonak et al. [38, 65]. Upon
further increasing the pulse number, the evolving grating
features a sharpening and slight redshift of both reso-
nances, a process that continues up to N = 50,000 pulses.

4 Conclusions

By combining in situ and ex situ characterizations with
simulations of the temperature rise and guided-mode
effective indices in the multilayer, the study unveils
different mechanisms that successively drive the reshaping
and self-organization of Ag nanoparticles embedded be-
tween two TiO2 layers. During the very first fs laser pulses,
photo-oxidation and atomic desorption mechanisms shrink
the nanoparticles. Between about 10 and 1000 pulses, self-
organized gratings form, resulting from essentially two
mechanisms. First, the presence of a spatially modulated
intensity distribution due to the interference of the incident
wavewith the forward-guidedmode excited by scattering on
the nanoparticles. Second, a resulting transient spatial
temperature modulation in the Ag layer, whose maximum
exceeds the melting temperature of silver while the mini-
mum stays below, leading to local reshaping and coales-
cence of Ag nanoparticles within sub-micrometric periodic
fringes. After a few thousands of pulses, the temperature
modulation in the film now transiently exceeds the melting
temperature of Ag everywhere, including where it is mini-
mum, and leads to a homogeneous spatial distribution of
larger ellipsoidal nanoparticles. Anisotropic nanoparticle
shapes arise from the interaction with the strong electric
field of the ultrashort laser pulses and the limited time of the
temperature increase. After tens of thousands of pulses, the
temperature rise is permanently higher than the melting
temperature of silver. The Ag nanoparticles disperse in the
TiO2 layers thatmerge, and their LSPR approaches thepump
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laser wavelength. The increased effective refractive index of
the guided mode results in a small period of interference
pattern. Thehigh temperature at any timeand everywhere in
the film then promotes Ostwald ripening mechanisms that
very slowly form low-period gratings where Ag nano-
particles grow in the low-intensity lines and shrink in the
high-intensity lines. Overall, following the pulse-to-pulse
evolution of plasmonic materials appears as a powerful
strategy to unravel the complex material transformation
pathways, thus providing key information for process opti-
mization by parameter tuning, aimed at identifying specific
dichroic and spectral properties for a range of application,
including laser-induced printing of multiplexed images.

5 Experimental section

5.1 Preparation of the Ag:TiO2 nanocomposites by
physical vapor deposition

The three-layer structures composed of a 15 nm-thick layer of
nonspherical near-coalescence Ag nanoislands sandwiched between
two 30 nm-thick TiO2 layers were obtained by using a Bühler SYRU-
Spro 710 machine. The Ag layers were obtained from the Ag granules,
and the TiO2 layers from the pure TiO2 material. A focused electron
beam was used to heat up the material with a typical current of a few
tens ofmA for bothmaterials. A specific e-beampatternwas developed
in order to ensure uniform evaporation of the material. Samples were
placed onto a rotating calotte, situated at a distance of about 600 mm
from the crucible, to achieve layers with good uniformity over the an
area of ∼15 cm2 on a microscope slide substrate. Depositions were
carried out at room temperature at an initial pressure of about
10−6 mbar. Ag was deposited at a low rate of 0.1 nm/s and TiO2 at an
even lower rate of ∼0.01–0.02 nm/s. The layer thicknesses and
deposition rates were controlled with a quartz crystal microbalance.

The Ag/TiO2 nanocomposite material was investigated due to its
recently demonstrated excellent performance in laser-printed image
multiplexing [1, 27]. These two materials form an ideal couple to get a
large variety of colors by laser processing and also to create very
particular optical properties that enable image multiplexing. Among
noble metals, silver is the one that gives rise to the largest color range
with nanoparticles smaller than 100 nm, thanks to the spectral shift of
the LSPR in the visible range. TiO2 is chosen for two main reasons.
First, its high refractive index allows to sustain a guided mode with a
relatively low overall thickness (taking into account the two layers).
Second, the electrochemical response of Ag/TiO2 couple efficiently
contributes to silver nanoparticle growth via ultrafast electron transfer
into the TiO2 conduction bandand subsequent ionic silver reduction in
the matrix.

The thickness of the Ag layer was empirically adjusted in order to
obtain a layer of nanoislands during the physical vapor deposition.
Toward thicker Ag layer, the transition from separate nanoparticles
into homogeneous film layer was observed resulting in the disap-
pearance of the LSPR.

5.2 Description of the experimental setup

The high-repetition-rate pump-probe arrangement consists of two
laser sources and an ultrahigh-speed camera, electronically syn-
chronized with the former by means of an electronic delay generator
(Figure 5).

The pump laser system (PHAROS fromLight Conversion) is based
on a mode-locked oscillator with regenerative amplifier providing
laser pulses of 190 fs duration at 1030 nm fundamental wavelength.
The laser pulses are frequency doubled to 515 nm–190 fs by a com-
mercial harmonic generator system (HIRO from Light Conversion)
based on a BBO crystal to work in the visible wavelength range. The
pulse energy is adjusted by a half-wave plate and polarizer combi-
nation, and the polarization incident on the sample is controlled by an
additional half-wave plate. The laser beam is focused with a 30 cm
focal length lens at the sample surface under a 45° incident angle,
resulting in an elliptical focal spot. The pump laser fluence of 31 mJ/
cm2 is used to exceed the fluence threshold of the irreversible nano-
particle shape transformation.

A New Wave (Leukos) supercontinuum (SC) source equipped
with a tunable filter (BEBOP filter, Leukos) is used as an unpolarized
quasi-monochromatic (10 nm spectral width) probe laser with 800 ps
pulse duration and a tunable wavelength in the range of 450 nm–
700 nm. Probing in the visible wavelength range is necessary to
spectrally resolve the transformation of the final LSPR. The beam is
weakly focusedwith a 50 cm focal length lens in order to illuminate the
entire fs laser excited area.

The fs laser-induced changes in the material are studied by the
probe laser in transmission, imaging the sample surface by means of
an infinity-corrected objective (Mitutoyo, NA=0.42 andM= 20×) anda
tube lens (f = 200 mm) onto the CMOS detector of the ultrahigh-speed
camera (Phantom v1212). A Notch filter is used to block the scattered
pump light, and a polarizing cube in a rotation mount to measure the
different polarized transmission spectra. The pixel size of the CMOS
detector is 28 μm, yielding a detector-limited spatial resolution of
1.4 μmof the sample image. The image acquisition rate is 600 kHz, that
is, themaximumrepetition rate of the ultrahigh-speed camera, and the
dimensions of the recorded images are 179 μm and 44 μm in the hor-
izontal and vertical directions.

The synchronization of the three main parts is controlled by a
delay generator (Berkeley Nucleonics; Model 577), which is triggered
externally by the TTL signal synchronized to the laser pulses of the SC
source. One output signal of the generator synchronizes the camera at
the same repetition rate, resulting in one probe pulse per acquired
image (recorded with a typical exposure time of 600 ns). Another
output signal is used to synchronize the laser pulses of the pump laser.
The frequency of the probe laser is divided by eight to obtain a 75 kHz
repetition rate for the pump laser. This value is used to achieve the
heat-accumulation effect promoting the nanoparticle growth mecha-
nism. A third, low-frequency signal synchronized to the master fre-
quency is shared between the pulse picker of the fs laser and the
camera’s trigger input, and used to start the data acquisition of the
camera and initiate the fs pulse train.

The overall jitter between the pump and the probe laser pulses
originating from the sum of the individual jitters (both lasers and the
delay generator) was measured to be 15 ns at the plane of the sample,
using a fast photodiode. This value corresponds to the temporal res-
olution in our experiments.
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5.3 Data acquisition

The workflow starts with fixing the repetition rate of the probe and the
pump laser pulses. The repetition rate of the probe is always divided
by an integer value to reduce the pump laser frequency and thus

record multiple frames between two consecutive pump pulses. The
next step is setting the delay between a pump pulse and the first probe
pulse. Onepumppulse is always followedby a probe pulse trainwith a

Figure 5: The experimental setup for the in
situ spectral measurement (a) Sketch of the
high-repetition rate fs pump-SC probe im-
aging arrangement. The fs laser-triggered
mechanisms are probed in transmission by
the SC source, whose output is filtered to a
narrow spectral band and tuned over the
visible spectral range, imaging the sample
surface onto a ultrahigh-speed camera.
Synchronization of the pump and probe
laser pulse trains and the camera frame rate
is controlled by a delay generator. (b) Prin-
ciple of the synchronization of the pump
and probe pulse trains and the camera
frame rate; τP = 1/frep: time between
consecutive pump laser pulses, τPr: time
between consecutive probe laser pulses, τD:
pump-probe delay, τC: time between
consecutive camera frames, τC = τPr. Each
probe laser pulse is synchronized with the
center of the exposure time window of the
camera.

12 B. Eles et al.: Mechanisms driving self-organization phenomena in random metasurfaces



given number of pulses, whose first pulse arrives at a fixed time delay
(with a 15 ns jitter). Finally, the desired probe wavelength is selected
by means of the spectral filtering unit.

A video file containing all probing frames of the laser-excited area
is recorded, beginningwith the xthprobepulse (typically x= 100)before
the first pump pulse and ending by the yth probe pulse after the Nth
pump pulse, with y and N being limited by the physical memory size of
the camera (72 GB). The results were averaged over five video files
recorded within the same conditions in a fresh area of the sample. The
probewavelength scanswereperformedwith theΔλ= 10nmbandwidth
from 450 nm up to 700 nm, by steps of 10 nm. The data evaluation is
composed of image processing routines developed in Matlab environ-
ment and detailed in Note 1, Supporting Information. The quantity that
is shown in the results section corresponds to the absolute transmission
coefficient of the sample in the center of the laser-processed area.

5.4 Sample characterization methods

The unpolarized transmission spectrum of the initial film was
measured using a commercial spectrophotometer (Cary 5000 from
Agilent) with 2 nm spectral resolution in the visible and near-infrared
region (Figure S1, Supporting Information).

An FEI Nova nanoSEM 200 scanning electron microscope with a
helix detector was used in the low vacuum mode to observe the
morphological changes of the film.

HAADF-STEM characterizations were performed with a Jeol Neo
ARM 200F operated at 200 kV on cross-sections and top-view FIB thin
lamellas made using an FEI Strata DB 235 instrument.

5.5 Modeling of the laser-induced temperature rise

The temperature simulations are carried out with a model recently
developed to predict the photoinduced temperature in planar multi-
layer systems illuminated by a pulsed optical source [66]. The tem-
perature is calculated from the Fourier equation, given in Eq. (3):

ΔTi( r→, z, t) − ( 1
ai
)∂tTi( r→, z, t) = −( 1

bi
)Si( r→, z, t) (3)

where Ti is the photoinduced temperature in the medium of index (i)
of the multilayer system, t represents the time variable, r→= (x, y)
the transverse space coordinate, and z is the direction perpendicular
to the multilayer interfaces. The thermal parameters are the diffu-
sivity ai and the conductivity bi. The thermal source in themedium (i)
is named Si and corresponds to the volume density of optical losses.

Once the thermal source Si is known, Eq. (3) is solved through a

double Fourier transform versus time t and space coordinate r→. In the
second Fourier plane, thermal admittances and thermal effective
indices [67] in themultilayer are used according to a procedure similar
to that used in optics [61, 68] to calculate the stationary electromag-
netic field in the component. Finally, when the thermal source can be
considered as a volume current, the resolutionmethod is based on that
used for the scattering of light by heterogeneous volumes inmultilayer
systems [69].

Under these conditions, the specificity of the photoinduced

temperature problem lies in the expression of the source Si( r→, z, t).
The expressions are greatly simplified if we assume that the incident
optical source, which creates the absorption and therefore the

temperature rise, is quasi-monochromatic around the temporal fre-
quency f0 = c

λ and only slightly divergent around the spatial frequency

ν→0, which is consistent with our experimental conditions. To take into
account the interference pattern that arises between the incident wave
and a guided wave excited by scattering [62], a sinusoidal spatial
modulation is added to the optical source. This optical modulation
creates a spatial modulation of the thermal source in an ns pulsed
regime. For the sake of simplicity, the period of the optical interference

pattern is defined as λ
2, which is enough to give an order of magnitude

of the thermal fringes lifetime after the pulsed excitation. The contrast
2β
1+β² of this modulation is fixed to a low value by taking β = 0.1 to

simulate a limited coupling of incident light into the guided wave.
Finally, it must be underlined that the time simulations of the tem-
perature rise are carried out by considering that all the system pa-
rameters are fixed, which are obviously a strong approximation. With
these hypotheses, the source (in 2D geometry) writes, for TE polari-
zation, in the first Fourier plane:

S̃i(x, z, f ) = ∂Ai

∂z
( ν→0, z, f0) 2

R{ñ0}(∂W∂S)e−(πτf )22
⃒⃒⃒⃒
ej2πν0xx + βe−j2πν0xx

⃒⃒⃒⃒2
(4)

where ν0x = sinθi
λ , with θi and λ being the incident angle and the

wavelength of the fs laser, ∂W
∂S is the laser fluence, the temporal

Gaussian function that describes the limited pulse duration τ, and

∂Ai

∂z
= (ω

2
)(ϵ″i |Ei(z)|2 + μ″

i |Hi(z)|2) (5)

is the linear absorption density at frequencies (f0, ν
→

0). This source
function is repeated for each τP = 1

frep
. Strictly speaking, the heat

equation must be solved in a 3D geometry at different timescales
ranging from the pulse duration to its repetition rate. However,
because the calculation is time-consuming, in this work, we used a 2D
geometry, so that the temperature may be slightly overestimated with
a slower cooling. Our model was compared with success to other re-
sults of the related literature [70].

The simulations are carried out for a 15 nm-thick absorbing layer
made of a mix of Ag and air sandwiched between two 30 nm-thick
TiO2 layers, the multilayer being supported by a semi-infinite glass
substrate, illuminated at 515 nm wavelength, with 190 fs long light
pulses at 75 kHz repetition rate, modulated with a 525 nm period of
spatial modulation along the x direction. The optical and thermal
coefficient of each medium are assumed to be constant over the
temperature rise and are chosen as follows: nTiO2 = 2.43 [71],
aTiO2 = 8.47*10−7 m2/s [72], bTiO2 = 2.5 W/m/K [72], nglass = 1.52 [73],
aglass = 0.62*10

−6m2/s [73], and bglass = 1.14W/m/K [73]. The refractive
index of the absorbing layer is calculated using the Maxwell Garnett

equation, n = nair

̅̅̅̅̅̅̅̅̅̅̅̅̅̅
n(Air)2+

( 1+2η)( n2
Ag

−n2
air

)
3

n(Air)2+
( 1−η)( n2

Ag
−n2

air
)

3

√√
, with nAg = 0.05 + j*3.2695 [74],

nair = 1; and η the filling factor of Ag equals 0.7, leading to
n = 6.9498 + j*0.5575. While the thermal coefficients of this layer are
defined as the followingweighted averages: a = 0.7 aAg + 0.3 aair with
aAg = 173*10−6 m2/s [73], and aair = 20.5 * 10−6 m2/s [75], leading to
a = 127.3*10−6 m2/s for the diffusivity; b = 0.7 bAg + 0.3 bair with
bAg = 427 W/m/K [73] and bair = 0.025 W/m/K [75], leading to
b = 298.9 W/m/K for the conductivity.
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5.6 Optogeometrical parameters used for calculating
the effective index of the guided modes in the
structures at two different stages

The following parameters are deduced from the analysis of STEM im-
ages of Figure 2. After 58 pulses, the simulated system is composed of
three layers, TiO2/Ag:Air/TiO2, whose thicknesses are 30 nm/15 nm/
30 nm. The Ag filling factor in the middle mixed layer is η = 25 ± 7%.
After 50,000pulses, the simulated system is composedofa single layer,
Ag:TiO2, whose thickness is 70 nm. In the middle mixed layer, the Ag
filling factors of η = 8 ± 2% and η = 4 ± 1% were used. As the two TiO2

layers have merged into a single one whose thickness is 10 nm larger
than the sum of the two initial TiO2 layers, the layer may be less dense
than the initial layers and its refractive index lower than nTiO2 = 2.43.

Supporting Information

The unpolarized transmission spectrum of the initial film is
displayed in Figure S1. Figure S2 shows the evolution of
unpolarized transmission coefficient probed at 530 nm
wavelength for three different repetition rates. The plots
displayed in S2b.1) and Sb.2) show the variation rate of the
transmission coefficient for frep = 75 kHz, over the first and
the last 10 pump pulses of the series. Figure S3 shows the
time-resolved variation of the unpolarized transmission
coefficient measured at 530 nm. In Figure S4, the SEM im-
ages of the initial film and the laser-processed sample after
10 pulses are shown. The SEM images of the laser lines
marked at characteristic Neff values are shown in Figure S5.
Figure S6 demonstrates SEM images of the laser-marked
spots after different number of pulses. In Figure S7, EDS
chemical maps of the laser line marked with Neff = 6000
pulses are shown. Nanoparticle aspect ratio and orientation
histograms of the laser line marked with Neff = 6000 pulses
are reported in Figure S8. The variation of the real part of the
fundamental and first-order guided modes’ effective
refractive indices with the matrix refractive index for two
Ag filling factors after N = 50,000 pulses is reported in
FigureS9.For the samesample structure, the spatial intensity
profiles of the fundamental and the first-order guidedmodes
at fixed matrix effective indices for two Ag filling factors are
reported in Figures S10 and S11, respectively. The image
processing routine is described in Note 1, where Figure S12
demonstrates the effect of the image normalization.
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