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ABSTRACT.

Nanocomposite thin films incorporating silver nanoparticles are emerging as photosensitive
templates for optical encoding applications. However, a deep understanding of the fundamental
physicochemical mechanisms occurring during laser-matter interactions is still lacking. In this
work, the photosensitivity of AIN:Ag plasmonic nanocomposites is thoroughly examined and a
series of UV laser annealing parameters, such as wavelength, fluence and the number of pulses
are investigated. We report and study effects such as the selective crystallization of the AIN
matrix, the enlargement of the Ag nanoparticle inclusions by diffusion of laser-heated Ag and the
outdiffusion of Ag to the film’s surface. Detailed optical calculations contribute to the
identification and understanding of the aforementioned physical mechanisms and of their
dependency on the laser processing parameters. We are then able to predetermine the plasmonic
response of processed AIN:Ag nanocomposites and demonstrate its potential by means of

optically encoding an overt or covert cryptographic pattern.
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1. Introduction

The interaction of low intensity light with non-percolating metal nanoparticles (NP) inside a
dielectric host is dictated by the Localized Surface Plasmon Resonance (LSPR), a collective
oscillation of the metal’s conduction electrons manifesting within a narrow spectral band around
a resonance frequency.! The LSPR traits are strong light absorption, scattering and light field
focusing on the NP surface, and are the keystone of the emerging field of plasmonics®*2 which
promises radical breakthroughs in optical storage and transport of information. Strong intensity
laser light, on the other hand, interacts with the metal NPs in many more complex ways, which
include the self assembly of particles from individual metal atoms,® particle reshaping,*4-?°
melting and recrystallization,?*?> metal growth,?® and even structural alteration of the dielectric
matrix.2’ This photosensitivity is a property of the composite metallodielectric system and
depends on the fine details of both the initial NP/host structure and the laser source. Laser
processing thus emerges as a novel plasmonic formation tool, offering exceptional flexibility in
controlling the shape, size and environment of plasmonic NPs, and thus their optical response.
As a consequence, this type of processing is now being intensively investigated as a promising

route for optical storage of information.?% 27-34

We have recently demonstrated?’ that an intense single pulse of a UV laser (ArF, 193 nm)
drastically alters the structure of plasmonic AIN:Ag templates at the nanoscale, causing Ag NP
enlargement and reshaping within a concurrently recrystallizated AIN matrix. These structural
changes render a strong reflectance contrast between treated and untreated regions, and as a
result, a color-sensitive optical encoding scheme was proposed.?’” However, the fundamental
mechanisms and fine-tune process details dictating the involved laser-matter interactions are not

yet fully understood, limiting our ability for structure optimization and design. In this work, we



develop plasmonic AIN:Ag templates by sectored-target pulsed laser deposition (PLD)?"*>% and
we performed an extensive, thorough and in depth investigation of the laser-matter interactions,
considering the laser wavelength (193 and 248 nm), fluence (200-600 mJ/cm?) and number of
pulses, in terms of microstructure, surface chemistry and optical properties, characterized by
scanning and transmission electron microscopy (SEM/TEM), X-ray photoelectron spectroscopy
and X-ray-excited Auger electron spectroscopy (XPS/XAES) and optical reflectance
spectroscopy. The experimental results are complemented by detailed Finite Difference Time
Domain calculations targeted to identify and quantify the fundamental light-matter interactions
and to obtain insights on the basic mechanisms of morphology change and on the design of
selective absorption at specific template sites. We finally use the latter to demonstrate an
AIN:Ag-based optical encoding technology that can provide selective overt or full-band (i.e. full

visible range) covert patterns.

The paper is organized as follows: in section 2 we present the details of the experimental and
computational methods used in this work, in section 3 we analyze the effects on the laser
processing of the: (a) absence of Ag NPs from the film, (b) laser wavelength, (c) number of laser
pulses, and (d) laser fluence. In section 4 we present the application of our process to optical
encoding and in section 5 we conclude. In the online supplementary data, further details of the
numerical calculations and durability tests of the encoded patterns in various chemical

environments are shown.

2. Experimental and Computational Methods

The 70-100 nm thick AIN:Ag nanocomposite films were grown on two types of commercial

substrates: i. Czochralski-grown n-type c-Si(100) prime wafers of 1-10 Qcm resistivity, and ii.



c-cut (0001) double-side polished sapphire (Al203) wafers. Growth was done by Pulsed Laser
Deposition (PLD) in an in-house-built high-vacuum system (Pp<5x10"® mbar) using the third
harmonic of a Nd:YAG laser (LAMBDA-PHYSIK; 6 ns pulse duration, fluence 30 J/cm? and 10
Hz repetition rate) and rotating sample and target holders.?"3>3® The substrates were first cleaned
in ultrasonic baths of tetra—chloro—ethylene, acetone and methanol, rinsed by de-ionized water
and dried by dry N2 gas shower. Then, they were chemically etched with HF prior to deposition.
The substrates were placed 30 mm away from the PLD target. A thin (< 3 nm) bond and cap
layer of pure Al was first grown by PLD directly on the substrate. This layer was then
transformed to AIN by in-situ exposure to Nitrogen plasma for 2 min.?” The target for the PLD
growth of AIN:Ag was a sectored one (standard KURT J. LESKER 2"x1/4" cylindrical Al
sputter target, 99.99%, with Ag sectors, KURT J. LESKER 0.5 mm thick Ag foil, 99.99%,
attached on the Al target and covering 25% of its area). PLD took place in a flowing N> ambient
(N2 purity=99.999%, Pn2=8x10"2 mbar, N2 flow was 50 sccm controlled by an electronic mass
flow controller system). The partial cracking of N2 was achieved by applying a -50 V dc bias to

the sample during growth.

The laser annealing apparatus comprises of a light source (20 ns duration, unpolarized ArF or
KrF laser), a variable attenuator for controlling the laser power, a beam homogenizer (EXITECH
Ltd., type EX-HS-700D, providing 80% throughput and uniformity better than 2% throughout
the square laser spot), a field lens, stainless steel mask stage for pattern creation, a projection
lens (x5 or x7), the thin film sample and a X-Y translation stage by NEWPORT. The attenuator
and projection lens conditions have been selected such as to provide the desired laser fluence on
the samples surface, for the 193 nm and 248 nm laser beams. The laser patterns into AIN:Ag

were either 3x3 mm? squares (for using them for spectroscopic and structural analysis) or



micron-scale bits and stripes for encoding information; in the later case appropriate masks and

the X-Y stage were used.

The optical properties of the samples have been studied by spectroscopic reflectance and

transmittance measurements at normal incidence (250-780 nm spectral range) using a white light
deuterium-halogen source, a co-axial fiber-optic assembly, a high line density grating and a CCD
detector (AVANTES); the reflectivity spectra were normalized using two reference mirrors made

of silver and gold.

TEM studies were performed using a 200 kV JEOL 2011 microscope (Spherical aberration
coefficient Cs=0.5 mm, point-to-point resolution 0.19 nm). Specimens for conventional TEM and
high-resolution (HRTEM) observations, in plan-view and cross-section geometry, were prepared
by mechanical thinning followed by Ar* ion milling. Identification of crystalline phases at the
nanoscale has been accomplished by studying the spatial frequencies obtained after fast Fourier
transform (FFT) of the HRTEM images. Secondary electron images (SEI) were recorded in a

JEOL-JSM5260 scanning electron microscope (SEM) using a W-filament.

X-ray Photoelectron Spectroscopy (XPS), imaging XPS experiments and X-ray-excited Auger
Electron Spectroscopy (XAES) observations and spectra were acquired in an Axis Ultra DLD
system by KRATOS. A monochromated Al-K, X-ray beam was used as the excitation sources
for XPS and XAES. The pass energy was 160 eV for the XPS imaging experiments and 20 eV

for the spectroscopic XPS/XAES experiments, respectively.

The spatially resolved optical absorption of the considered nanocomposite AIN:Ag films were
studied by Finite Difference Time Domain (FDTD) calculations of representative model systems.

FDTD solves the exact 3D full-vector Maxwell’s equations on a computational grid.3’ For the



dispersive bulk Ag and Si index we perform Drude-Lorentz fits to the experimental complex
dielectric functions®® and the corresponding polarizability equations are solved in lock-step with

Maxwell’s equations®® To account for small Ag nanoparticles we adjust the free-electron

relaxation time raccordingto z*=z" +v_/r, where V. isthe Fermi velocity and r the
bulk F F

nanoparticle radius.*® The refractive index for the AIN matrix in the presence of the Ag
nanoparticles is indirectly obtained from spectroscopic ellipsometry measurements of the as-

grown samples, by performing a Maxwell-Garnett effective medium fit (see Fig. S1).

3. Results and Discussion

3.1 The effect of number of laser pulses

Previous works?’ have shown that the outdiffusion of Ag to the AIN:Ag surface during single-
pulse laser annealing is substantially reduced compared to thermal annealing*'. However, the
potential gradual outdiffusion of Ag, when successive laser pulses are implemented, was not
studied so far. Therefore, as a starting point in our research we consider the effect of the number
of pulses used for laser annealing, which may be a crucial parameter that can affect the Ag
diffusion processes and can be used to control the plasmonic response of the AIN:Ag templates.
In order to investigate this, we considered the optical response of processed AIN:Ag by spectral
reflectivity measurements and optical microscopy observations, and we evaluated the Ag
outdiffusion by surface-sensitive XPS and XAES measurements. In particular, we processed an
AIN:Ag template by the following laser annealing conditions: 1, 2 and 5 pulses at 193 nm and
two different fluences (200 mJ/cm? and 400 mJ/cm?, i.e. just above the annealing threshold and
just below the ablation threshold) and 1, 2 and 5 pulses at 248 nm and 400 mJ/cm? (i.e. the

fluence providing the best plasmonic response for this processing wavelength, as we eill show



later). Note that the pulse repetition rate is below 1 Hz, which eliminates any possibility for
transient thermal phenomena, and thus each successive pulse interacts with a perfectly relaxed

AIN:Ag film at room temperature.

The optical reflectivity spectra after various numbers of pulses are presented in Fig. 1. In the case
of the 193 nm wavelength and at low fluence (200 mJ/cm?) (Fig. 1a) each successive pulse leads
to a cumulative LSPR enhancement, in terms of the integral strength of the LSPR band
indicating that the cumulative Ag diffusion results in shape and size improvement of the
plasmonic nanoparticles; the Si substrate’s Es critical point*? is also gradually emerging with the
number of pulses due to the film’s transparency, possibly because of the crystallization of AIN
and the partial outdiffusion of Ag as we will discuss in more detail in the following paragraphs.
On the contrary, for laser annealing at 193 nm and high fluence (400 mJ/cm?) (Fig. 1b), the
evolution of the reflectivity spectra with the number of laser pulses exhibits severe changes. The
effect of one pulse at 400 mJ/cm? to the plasmonic response of the AIN:Ag system is more
pronounced compared to that of 5 pulses at 200 mJ/cm?; this indicates that the structural
modifications taking place during the 193 nm laser annealing process are better associated with
the laser fluence than with the total laser energy delivered. We will come back to this in the next
section where we discuss the effect of laser fluence. For two pulses the LSPR band is
substantially broader indicating an exceptionally broad size distribution of Ag nanoparticles that
can only be explained by Ag outdiffusion. Finally, for 5 pulses the reflectivity spectrum is
characteristic of a homogeneous Ag layer on top of the AIN:Ag film indicating that none of the

remaining Ag has the form of nanoparticles.

In the case of laser annealing of AIN:Ag, using the 248 nm wavelength and fluence of 400

mJ/cm?, the picture is quite more complex. At the first laser pulse (Fig. 1c, circles), the pre-



existing LSPR band (Fig. 1, diamonds) is eliminated, possibly by dissolving of overheated,
unstable Ag nanoparticles, whose constituent Ag atoms do not have the required diffusion time
to reform into bigger Ag particles. The latter is, however, observed after the second pulse
resulting in intense LSPR (Fig. 1c, up triangles). If we combine the low photon energy at 248 nm
and the fact that the pulse duration is shorter than the time required for Ostwald ripening in a
cold environment*3, and the fact that for the 248 nm wavelength the AIN environment is indeed
relatively cold because the 248 nm beam is not absorbed by the AIN matrix due to its
highfundamebtal gap (as we will also show later by detailed FDTD calculations), we may
conjecture that the conditions are right for the Ostwald ripening process to take place in two
steps: dissolution of particles for the first pulse and reforming of bigger particles close to the
surface for the second pulse. Finally, the optical reflectivity spectrum for 5 pulses of 248 nm
(Fig. 1c, down triangles) exhibits a broad LSPR band, resembling the broadening of the LSPR
band for 193 nm at 2 pulses (Fig. 1b, up triangles), and blue-shifted compared to the band for
two pulses of 248 nm. This indicates a surrounding medium that is less optically dense than AIN;
a reasonable assumption to explain this could be that Ag has partially outdiffused and formed

nanoparticles surrounded by air.

In order to quantify the gradual outdiffusion of Ag with the number of laser pulses, we acquired
XAES spectra from the various regions of AIN:Ag surface treated by 1,2, and 5 laser pulses
using a 900 um? acquisition area (for XAES raw data refer to online supplementary data). The
Agmnn doublet is manifested for emitted Auger electrons’ kinetic energies lying between 350
and 360 eV; this low kinetic energy renders an exceptionally short escape depth of four
monolayers* for the Agmnn electrons. Consequently, XAES is the appropriate technique to

investigate the outdiffusion of Ag with exceptional sensitivity, because the strength of the



measured Agmnn XAES signal is associated with the amount of Ag on the surface, for Ag
coverage below six monolayers®. Indeed, there is gradual increase of the peak to peak strength
of the Agmnn XAES signal with the number of pulses at 193 nm and 248 nm and 400 mJ/cm?
providing robust evidence of Ag outdiffusion during laser annealing of AIN:Ag (for XAES raw

data refer to online supplementary data).

In order to compare quantitatively the Ag outdiffusion phenomena for the two wavelengths used

for laser annealing, we report the relative strength of the derivative Agmnn XAES peak

(W) vs. the number of pulses for the same fluence (400 mJ/cm?) in Fig. 2. For one and
as grown

two pulses there is a substantial increase of the Agmnn peak providing solid evidence for the
gradual outdiffusion of Ag to the surface of AIN:Ag; the Ag outdiffusion is found to be more
pronounced for the 248 nm wavelength, in agreement with FDTD calculations which indicated
higher optical absorption and subsequently stronger overheating of the nanoparticles. For five
laser pulses the relative strength of the Agmnn peak is reduced, possibly indicating the intense
surface diffusion of Ag and Ostwald ripening of Ag islands*®. This effect is more pronounced for

the 193 nm laser because of its higher photon energy.

3.2 The effect of laser wavelength

The produced AIN:Ag/Si samples consist of an amorphous AIN matrix with Ag inclusions of
near spherical shape with an average size of ~3 nm following a very narrow size distribution, as
it can be seen in Fig. 3a,b at different magnifications (for quantitative size distribution see Ref.
47). Exceptionally sharp AIN/Si interfaces, without any damage of the Si substrate can be seen in
Fig. 3c. Selected area electron diffraction and HRTEM observations confirmed that the

nanoparticles, depicted as darker regions in Fig. 3a,b, have the Ag crystal structure, i.e., there
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was no intermixing between Ag and AIN. Measurements, using the Si substrate as reference,
clearly verified the Ag {111} and {200} d-spacings. The untreated films give no trace of
crystalline AIN; their density and refractive index of the AIN matrix have values inferior to
crystalline w-AIN,*® thus, confirming the amorphous nature of the matrix. The amorphous
character of the AIN matrix is of paramount importance for practical applications, because its
crystallization upon laser treatment may result in substantial spectral shift of the LSPR

increasing the signal to noise ratio for optical encoding applications.?’

A major factor affecting the laser annealing process of is the laser wavelength, due to the
different absorption coefficient values of the amorphous AIN matrix and the Ag NPs. We will
study the annealing performance of two laser wavelengths, 193 and 248 nm. Cross section
HRTEM images of the laser treated areas displayed in Fig. 3 reveal significant structural
modifications for both wavelengths. In particular, laser annealing at 193 nm (Fig. 3d,e,f) leads to
agglomeration of Ag nanoparticles and formation of larger nanoparticles close to the surface of
the film. This enlargement of Ag nanoparticles can be described as an Ostwald ripening
phenomenon, i.e. a thermodynamically-driven process whereby smaller nanoparticles are
dissolved due to the instability resulting from the high surface-to-volume ratio, and the obtained

atomic Ag is re-deposited on the surface of the more stable larger nanoparticles.

Another important feature of the 193 nm LA process is the structural modification of the AIN
matrix material around the enlarged nanoparticles, and in particular, the partial crystallization of
the AIN matrix into the wurtzite structure. w-AIN domains attached to Ag nanoparticles were
observed by HRTEM in some regions of the samples (Fig. 3f), as verified by FFT analysis.?’ It is
important to note that this structural change of AIN is observed only in the AIN:Ag

nanocomposite films and not in pure PLD-grown AIN (for more details refer to online
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supplementary data); therefore, the existence of Ag nanoparticles is essential for the
crystallization of the matrix, and for the photosensitivity of the nanocomposite as a whole, not
only due to their LSPR functionality, but also due to their physicochemical effects that will be

described in the following in more detail based on FDTD calculations.

Similar results, but to a lesser extent, occur after the 248 nm laser treatment (Figs. 3g,h,i). This
can be attributed to the lower delivered photon energy, which is below the AIN fundamental gap
(6.2 eV), resulting in interaction solely with the Ag nanoparticles. As a result, the delivered
energy to the substrate is higher than in the case of 193 nm LA, and thus the AIN/Si interface is
significantly damaged. By the same token, the crystallization of the matrix is less likely to occur

due to the lower effective temperature during laser annealing.

To get an insight into the light absorption dynamics inside the film during laser annealing, we
performed FDTD simulations of a 60 nm thick nanostructured AIN:Ag film, where Ag consists
of 3 nm diameter inclusions at 15% volume filling ratio randomly distributed inside the AIN
matrix (extended details about the simulation formulation and as well as other simulated systems
can be found in the online supplementary data). Laser light at 193 nm and/or 248 nm is normally
incident on the AIN:Ag film. Part of it is reflected, part of it is absorbed inside the film, while the
rest is absorbed by the Si substrate. The absorption percentage per nm of length for the two
wavelengths is shown in Fig. 4a, where several configurations of randomly distributed Ag
inclusions were averaged. We note that the difference between the two wavelengths with regard
to the total film absorption is small, with the 193 nm illumination being slightly more absorbed.
Evident in the figure is also the different standing wave patterns produced by the two

wavelengths within the 60 nm film.
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Of great importance is the distribution of absorbed light power among the different materials.
This is shown in the histogram of Fig. 4b. Considering that the Ag nanoparticles are dispersed at
only 15% by volume, it is apparent that they are the stronger absorbers in both cases. However,
we find a significant difference between the two annealing wavelengths: for 193 nm, a much
more balanced absorption between AIN and Ag occurs, with minimal light energy reaching the
Si substrate. In contrast, for 248 nm, most of the absorption in the nanostructured film occurs
within the Ag inclusions, while at the same time more light energy finds its way to the Si
substrate causing significant damage. Color coded absorption distribution maps for these two
cases are shown in Fig. 4c, for a slice of one of the different randomized configurations
considered. The fact that Ag nanoparticles act as absorption centers explains why AIN
crystallization occurs only within a few nanometers from the nanoparticles surface and not
anywhere else. Furthermore, the more balanced absorption distribution in the film, as well as the
minimal absorption by the Si substrate, qualitatively explains the superior annealing performance
at 193 nm. On the other hand, for the 248 nm wavelength the AIN matrix remains at lower
temperature and the Ag nanoparticles are overheated; as a result substantial diffusion of Ag is
expected, which can explain the observed outdiffusion of Ag in the 248 nm case (XAES data of

Fig. 2).

In Fig. 5 we plot the cumulative absorption in each different material as a function of Ag particle
size for the two annealing wavelengths. Ordered Ag NP arrays are considered here only for
simplicity. The superior performance of the 193 nm laser is apparent: stable performance for all
particle sizes, more balanced absorption between matrix and inclusions, slightly stronger overall
film absorption, smaller substrate absorption. The semi-open circles at 20 nm size correspond to

the nanoparticles having a non-absorbing 2.5 nm crystalline AIN (n=2.1) shell around them.
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They result into a small decrease in matrix absorption only, apparently the result of removing
absorbing material and replacing with a non-absorbing one. The effect of shell creation thus is
towards the direction of limiting the film’s overall absorption, although it does not seem to be

large enough to qualify as a self limiting factor for the annealing process.

The aforementioned structural modifications upon laser annealing greatly affect the plasmonic
behavior of the AIN:Ag nanocomposites. Spectroscopic optical reflectance measurements (Fig.
6) reveal the main optical features. In particular, the reflectivity spectra of the as-grown film
(black diamonds), the laser annealed film with one pulse of 193 nm at 400 mJ/cm? (purple
triangles) and laser annealed film with two pulses of 248 nm at 400 mJ/cm? (magenta circles) are
presented. The peak reflectivity for the non-annealed case is at ~410 nm and the peak for the
annealed case is at ~470 nm [note that the reflectivity peak at ~365 nm is associated with the E
critical point (CP) of the Si substrate®!; its strength is an indication of the film’s transparency at
that wavelength]. The spectral shift of the reflectivity peak between the treated and untreated

AIN:Ag is evident for both wavelengths used for laser annealing.

The reflectivity peak at ~410 nm presented by the as-grown sample was verified to be
originating from LSPR by variable angle Spectroscopic Ellipsometry?’. The spectral shift after
LA of the reflectivity maximum is also accompanied by an increase of the absolute value of the
peak reflectivity, which are is consistent with the bigger Ag nanoparticles observed after laser
annealing (Fig. 3e,h). However, the LSPR bandwidth of the annealed sample at 193 nm is
narrower, and the LSPR reflectivity maximum is stronger compared to those of the samples
annealed at 248 nm. This is possibly due to the higher density of Ag nanoparticles and the more
homogeneous size distributions of the bigger, annealed particles for the former case (see also

Fig. 3e,h). This is a consequence of the more limited outdiffusion of Ag that is also implied by
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the presented FDTD calculations for that case (Fig. 4c) showing reduced absorption, hence

reduced heating, at 248 nm, compared to 193nm.

3.3 The effect of laser fluence

The data presented in Figs. 1a,b provide the reasonable suggestion that the laser fluence is an
essential parameter for the laser annealing process and for controlling the plasmonic behavior of
AIN:Ag templates. In order to investigate more systematically its effect, we performed a study
by applying laser annealing with one pulse of 193 nm or two pulses of 248 nm at various
fluences in the range 200-600 mJ/cm?. Note that for the 248 nm wavelength we choose to apply
two pulses based on the observations of Fig. 1c, i.e. two pulses provide the optimal plasmonic

behavior of AIN:Ag.

The optical reflectivity spectra of the laser annealed AIN:Ag vs. the laser fluence for both
processing wavelengths and the corresponding quantitative results are presented in Figs. 7 and 8,
respectively. In the case of the 193 nm wavelength (Figs. 7a, 8a,b), it is evident that increasing
the fluence from 200 mJ/cm? to 400 mJ/cm? induces a spectral shift and a significant
enhancement of LSPR, which are respectively associated with changes of the matrix’s refractive
index and changes of the Ag nanoparticles size, respectively; the bandwidth (full width at half
maximum of the Lorentzian curve used to fit the LSPR band), Fig 7b, is reduced with the laser
fluence, indicating possibly a narrower size distribution of Ag nanoparticles due to the matrix
crystallization, as well as to Ag particle enlargement causing weaker electronic confinement.
Finally, at 600 mJ/cm? the reflectivity spectrum resembles that of pure Si proving that this

fluence exceeds the ablation and lift-off threshold due to overheating of AIN:Ag.
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On the other hand, for LA using two pulses at 248 nm the picture is quite different (Figs. 7b,
8c,d). At 300 mJ/cm? (Fig. 7b, magenta diamonds) the reflectivity spectrum is similar to the one
pulse at 248 nm and 400 mJ/cm? (Fig. 1c), which is characterized by the absence of LSPR,
indicating that the provided energy is not enough to cause ripening of Ag and only dissolution is
observed. For fluences exceeding 400 mJ/cm?, there is a consistent blue-shift of the LSPR, which
can be explained only by the reduction of the refractive index of the surrounding medium,
supporting the Ag outdiffusion to the free surface and the formation of Ag nanoparticles

surrounded by air.

The experimental reflectivity spectra were fitted with a three-phase model (air/film/substrate).
For the Si substrate we used the data of Palik®®, while the optical constants of the AIN:Ag films
were modeled by the Maxwell-Garnett effective medium approximation*® (MG-EMA\); although
MG-EMA might be considered as a simplified approach of this complex system, which
incorporates surface and interface roughness and elongated Ag particles, provides
straightforward results that are not affected by numerical issues that might affect more complex
models of many variables. The MG-EMA fit consists of a single or double Lorentz model for the
AIN matrix (the one Lorentzian describes the interband transition of AIN and the second is
emerging only for laser annealed samples with high fluence of 193 nm; it is located at 3.2
eV/390 nm and can be associated with very small Ag nanoparticles outdiffused to the surface of
the sample based on previous reports that the LSPR of Ag nanoparticles with size of less than 10
nm is manifested at 390 nm®°), and a Drude-Lorentz model for the Ag inclusions, which is
however corrected for the reduced electron relaxation time zdue to surface scattering,

. 51-53 T_1=Tb_1|k+AUF/r . . .
approximated b : u , where A is a unit-less phenomenological constant of

order 1 accounting for different scattering conditions at the nanoparticle surface and/or interior
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of the nanoparticle. Note that the A can be also an account of particle enlargement after laser
annealing; in fact, A adds contributions from the interfacial conditions and the Ag particle size as
well, therefore, any deviation from reported values of A% can be attributed mostly to Ag particle
size variations. In our fit for the as-grown AIN:Ag we found A=1.1. After fitting the reflectivity
results and analyzing the extracted parameters, we report a quantitative analysis regarding the
LSPR spectral position (Fig. 8a,c) and bandwidth (Figs. 8b,d) and the refractive index of the
dielectric matrix and the electron scattering parameter A of the metal in Figs. 9a,b. For the cases
of laser annealing with the 193 nm laser (purple circles in Fig. 8) there is systematic red-shift due
to the increase of the refractive index of the surrounding medium (see Fig. 9a, red open squares)
because of the AIN crystallization around the Ag nanoparticles, in accordance with Ref. 27 and

the FDTD results of Fig. 4c.

Significant insights can be extracted from the data presented in Fig. 9; to better visualize the
data, we split them in two families, the single pulse family and the multi-pulse family. The
common x-axis for both is total incident energy. It is worth noting that larger single-pulse energy
causes a higher index change from that caused by multi pulses, even if their total energy exceeds
that of the single pulse. This is very well understood taking into account the FDTD results (Fig.
4¢) and the melting point of AIN (2750 °C)>*: single pulse processing delivers higher absolute
energy during the pulse, resulting into a higher temporal temperature which might reach the
melting point of AIN and cause recrystallization. For multi-pulse processing, on the other hand,
the effective temperature during the pulse is lower, and thus the index enhancement due to AIN
crystallization is more moderate. These findings open the pathway for employing other nitride
matrices with similar melting points, such as BN and GaN®3 and the index-sensitive AlxGai-xN

alloys, for similar plasmonic applications. On the other hand, the Ag electron scattering factor A
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is scaled with the total delivered energy and not with the maximum intensity of the laser beam;
we attribute this behavior to the relative low melting point of Ag (961 °C)%°, that can be reached
even by low fluence annealing; then, the diffusion-based enlargement of Ag, which is associated
with the Ag particle diameter, will be a cumulative result of the total energy delivered to the
system. Note also, that the particle enhancement is considered vertically to the direction of the
propagation of the laser beam, i.e. parallel to the film surface and to the axis of the electric field
of laser. Thus, even elongation of particles along these axes, as observed in the TEM image of

Fig. 3e, will have similar optical effect.

The dominant effects of index enhancement and particle enlargement are accompanied by a
secondary peak at 390 nm manifested for high fluence (400 mJ/cm?) at 193 nm. This is due to
outdiffusion of Ag and the formation of very fine (<10 nm) nanoparticles, showing that the
outdiffusion of Ag can take place also by increasing the fluence. The Ag outdiffusion seems also
to be the dominant effect of the 248 nm laser annealing for fluences exceeding 400 mJ/cm? (Fig.
8c, magenta diamonds and magenta arrow), due to overheating of the Ag nanoparticles (Fig. 8c,
magenta arrow). Further evidence for the different fundamental effects occurring during 193 nm
or 248 nm laser annealing is provided by the bandwidth of the LSPR peak (Fig. 8b,d); indeed,
the increasing bandwidth with the fluence for 248 nm laser annealing can be explained by the
size polydispersity of outdiffused Ag, while the reducing bandwidth with the fluence for 193 nm

may indicate that the AIN crystallization stabilizes Ag to a narrower size distribution.

3.4 Application — Optical Encoding

The structural modifications introduced by laser annealing in AIN:Ag and the variation of

AIN:Ag’s plasmonic response form clear evidence that the optical behavior of these films can be
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strongly spectrally sensitive. In order to examine this possibility we encoded the patterns
“ALN:AG”, “ALN”, and “AL” onto films of AIN:Ag, AIN and Al, respectively, deposited either
on Si or sapphire substrates, using either the 193 nm or the 248 nm beam for annealing, and their

response to different light colors was investigated using optical microscopy.

The reflectivity contrast AR(=RLa-Runtreated) between the treated and untreated parts of an
AIN:Ag sample demonstrates the level of contrast the human eye can resolve; the spectral
variations of such AR contrasts for 193 nm and 248 nm laser annealing are presented in Fig. 10a
(purple and magenta points, respectively) for all cases of laser treated AIN:Ag deposited on
opaque Si substrates and presented previously in Figs. 1 and 7. It can be seen that depending on
the processing wavelength and laser annealing conditions (fluence and number of pulses),
exceptional flexibility in selecting the required encoding AR contrast over the whole visible
spectral range can exist. In particular, the spectral selectivity is greater when large variations of
AR are manifested in the visible spectrum. For example, for laser annealing using one pulse of
400 mJ/cm? of 193 nm (Fig. 10a, solid purple diamonds) the AR ranges from 5% for red (650
nm) to 35% for blue (475 nm) providing very strong spectral selectivity. This is also
demonstrated in the inset of Fig 10a, where an optical microscopy image under fluorescent light
white illumination of a pattern formed by LA at 193 nm (one pulse of 400 mJ/cm?) using a
standard lithographic mask is shown. Note that the laser annealed area appears in bright blue
where the maximum of AR is observed. These conditions are ideal for spectrally sensitive overt
encoding. On the contrary, covert encoding requires more subtle spectral contrast AR in order the
pattern to be invisible under white light illumination and be revealed only under the colored
illumination in the LSPR region. This can be done by, e.g., laser annealing using two pulses of

500 mJ/cm? of 248 nm (Fig. 10a, solid magenta triangles).
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The potential of the present plasmonic encoding is better demonstrated by optical microscopy
images, where the sample is illuminated by different colored light [for the optical microscopy
demonstration we used the standard components of the RGB scheme: blue/468 nm, green/532
nm, red/655 nm; the corresponding emission spectra of the three illumination sources are shown
in Fig. 10b]. For this demonstration we used AIN:Ag, AIN and Al films grown on transparent
sapphire substrates in order to evaluate both the reflection and transmission reading; the relevant
optical microscopy images are presented in Fig. 11. In particular, images A1-D1 correspond to
covert encoding realized by laser annealing of AIN:Ag at 248 nm in transmission reading. The
pattern (pixel size 60 um) is almost invisible under white light illumination (A1) and it is
revealed only under blue illumination (D1) where LSPR is manifested. Images A2-D2 and A3-
D3 correspond to overt encoding realized by laser annealing at 193 nm in transmission and
reflection reading, respectively. The pixels reflect an average cyan color (A3) but let the red,
which is far away from LSPR, to pass through (A2), thus creating a different appearance in
reflection and transmission reading (this might be seen as the micro-scale equivalent of the
Lycurgus cup). These laser-induced patterns are indeed spectrally sensitive. For example the
‘ALN:AG’ pattern, encoded with the 193 nm wavelength (Fig. 11, images A3-D3), is visible
when blue illumination is used (D3) and barely visible for green (C3), whereas invisible for red
illumination (B3). The spectral sensitivity of the plasmonic patterns (A1-D1, A2-D2, A3-D3)
contrasts the behavior of patterns encoded by laser ablation in AIN (images A4-D4) and in Al
(images A5-D5), which do exhibit similar contrasts for all colors, mostly due to scattering of

light at the pixel edges.

In addition to photosensitivity, AIN:Ag films have a unique combination of assets such as being

harder than steel*®, chemically resistant against organic solvents (they have endured dipping and
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stirring into the most aggressive solvents, see online supplementary data for more details),
almost having pitchless surface?’ and are resistant to temperatures up to 600 °C*'. Although the
presented patterning process was previously demonstrated for minimum feature size around 1.5
um?’, the underlying plasmon-relevant structural changes can be much finer. Indeed, the
diameter of the Ag PNPs is more than fifty times smaller than the diffraction limit of the laser
wavelength used for patterning in this work (193 nm and 248 nm). This provides exceptional
perspectives for overt and covert encoding of durable, spectrally-sensitive, and miniature

patterns that could revolutionize forensics, cryptography and authentication patterning.

5. Conclusions

The photosensitivity of AIN:Ag plasmonic nanocomposites was thoroughly studied and a series
of UV laser annealing parameters, such as the laser wavelength (193 nm or 248 nm), fluence
(200-600 mJ/cm?) and number of pulses (1-5) were investigated. Based on detailed electron
microscopy and spectroscopy experiments, we identified the fundamental physicochemical
processes taking place during laser-driven modifications in AIN:Ag, which was used as an
archetypical example of a composite of a Ill-nitride wide band-gap semiconductor with noble
metal inclusions. We observed the selective crystallization of AIN matrix, that takes place only
in the AIN:Ag nanocomposites and not in pure AIN, demonstrating the important role of the Ag
nanoparticles in the photosensitivity of starting material. Additionally we report the enlargement
of Ag nanoparticle inclusions by diffusion of laser-heated Ag, which can have a dramatic effect
in both tuning and enhancing the LSPR signal observed from the thin film. Crucially and on
demand, this effect can also be limited by choosing appropriate laser processing parameters,
enabling the accurate fabrication of contrasting areas, thus creating a desired image. Finally we

also report the outdiffusion of Ag to the film’s surface, which occurs beyond a certain higher
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level of laser processing (higher fluence and/or number of pulses), as well as a critical lower
level of laser processing required for the onset of the induced changes. Based on MG-EMA fits
of the optical reflectivity spectra, we identified that the matrix crystallization scales to the laser
power, while the Ag diffusion effects scale to the total laser energy delivered to the sample. This
discrimination between the matrix and Ag open the way for implementation of other transparent
I11-nitrides with similar melting points such as BN, GaN and AlxGai-xN, which might provide
even more versatility in the tuning of matrix’s index. Detailed FDTD calculations performed
revealed the paramount role of all components involved (AIN host, Ag nanoparticles and Si
substrate). All calculations have contributed to the identification and understanding of the
aforementioned physical mechanisms, and thus enlist them in the production of a proof-of-
principle demonstrator of an image optically encoded in an AIN:Ag nanocomposite. We
demonstrated the novel photosensitivity of inorganic nanocomposite films which can be
engineered to provide two views of the same image with complementary colors in reflection and
transmission (overt in white light), or alternatively an image that is resolved to the human eye

only when illuminated with a specific color light source (covert in white light).
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FIGURE CAPTIONS

Figure 1: Optical reflectivity spectra for 1, 2 and 5 successive pulses for laser annealing using:
(a) 193 nm wavelength, 200 mJ/cm? fluence, (b) 193 nm wavelength, 400 mJ/cm? fluence, and

(c) 248 nm wavelength, 400 mJ/cm? fluence.

Figure 2: The relative intensity of the derivative Agmnn XAES peak vs. the number laser pulses

used for annealing for the two used wavelengths.

Figure 3: Cross section TEM images of increasing resolution of AIN:Ag/Si: (a,b,c) as-grown,
(d,e,f) laser annealed with one pulse of 193 nm/400 mJ/cm?, and (g,h,i) laser annealed with two

pulses of 248 nm/400 mJ/cm?.

Figure 4: (a) Absorption distribution as a function of depth for a 60 nm thick
AIN:Ag(15%vol)/Si system. (b) Absorption percentages for each material within the AIN:Ag/Si
system. The rest of the energy to 100% is the reflection (c) Color coded absorption distribution

maps.

Figure 5: Absorption percentage within each material as a function of nanoparticle size, for (a)
193 nm and (b) 248 nm laser annealing wavelengths. The semi-open circles at 20 nm size
correspond to the nanoparticles having a non-absorbing 2.5 nm crystalline AIN (n=2.1) shell
around them. Note that only ordered arrays of Ag NPs are considered here for simplicity, and so

there may be a small numerical difference from the results of Fig. 3 regarding the 3 nm Ag NPs.

Figure 6: Optical reflectivity of AIN:Ag: as grown (black diamonds), LA with a 193 nm-400

mJd/cm? pulse (purple triangles), and LA with two 248 nm-400 mJ/cm? pulses (magenta circles);
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the optical reflectivity of the Si substrate is demonstrated by the black line for comparison

purposes, especially for the E; critical point (CP) manifested at ~365 nm.

Figure 7: Optical Reflectivity spectra with respect to laser fluence for LA at (a) 1 pulse at 193

nm and (b) 2 pulses at 248 nm.

Figure 8: The results of the quantitative analysis based on MG-EMA regarding the (a) LSPR
spectral position, and (b) LSPR bandwidth for 193 nm LA and (c), (d) for 248 nm LA,

respectively; the lines are guides to the eye.

Figure 9: The two optical parameters of AIN:Ag that strongly vary with the laser annealing: (a)
the refractive index of the AIN at 532 nm (center of the visible spectrum), and (b) the electron

relaxation time parameter A for Ag.

Figure 10: (a) Spectral reflectivity contrasts (AR) for laser annealing of AIN:Ag on Si (opaque
substrate) at 193 and 248 nm (purple and magenta lines, respectively) for various number of
pulses and fluences demonstrating the flexibility in selecting the required encoding contrast; the
inset shows an optical microscopy image under fluorescent white light illumination of a pattern
formed by LA at 193 nm (1 pulse of 400 mJ/cm?) using a standard lithographic mask (note that
the laser annealed area appears in bright blue where the maximum of AR is observed). (b) The
emission spectra of the three Red-Green-Blue (RGB) light sources used for optical microscopy

observations.

Figure 11: Optical microscopy images of AIN:Ag, AIN, Al on sapphire using A. white, B. red, C.
Green, and D. blue illumination, in transmission (1,2) or reflection (3,4,5) mode on sapphire for

248 nm (1), and 193 nm (2-5) laser annealing, respectively.
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1. Laser annealing of AIN/Si

We show here that the reported photosensitivity is a property of the composite AIN:Ag system and
cannot be reproduced by the host alone. To do so, we study the interaction of the laser beam with a
pure AIN film deposited by PLD on a Si(100) substrate, and evaluate the potential structural and
morphological changes upon laser annealing. Figure S1a shows the optical reflectivity spectra of an
as-grown AIN/Si sample (solid black circles) together with the after-laser annealing spectra using
the 248 nm laser beam (magenta up- and down-triangles for 400 and 500 mJ/cm? respectively,

denoted as LA@248 nm) and the 193 nm laser beam (purple up- and down- triangles and diamonds

Page 1



for 100, 300 and 400 mJ/cm? respectively, denoted as LA@193 nm). It is evident that for low
fluence (LA@193 nm 100 mJ/cm?) the changes in the optical reflectivity spectra are minor and may
be attributed to the Si interface roughening and amorphization due to direct laser energy delivery to
the substrate, consistent with the laser beam not interacting with the AIN layer itself because of its
relative transparency; note that the fundamental gap of our AIN was found by spectroscopic
ellipsometry to be above E¢g=6.2 eV (photon energy at A=193 nm is ~6.42 eV), a value that is in
good agreement with other reported literature (see W.M. Yim et al , J. Appl. Phys. 1974, 44, 292-

296 and J. Li et al, Appl. Phys. Lett. 2003, 83, 5163-5165).

For higher fluences that are comparable to the laser damage threshold of Si (which has been
reported to be about 350 mJ/cm? when a 248 nm laser beam was used, see F. Beaudoin et al, J. Vac.
Sci. Technol. A 1998, 16, 1976 and H. Aoshima et al, Phys. Stat. Sol. C 2012, 9, 753-756), the AIN
film is removed exposing the underlying Si, as it is shown by the characteristic Si-relevant
reflectivity peak at about 330 nm (Fig. S1a) and in the secondary electron plane-view images (Fig.
S1b,c). The chemistry of the treated and the untreated areas has been evaluated in the SEM by
energy dispersive X-ray spectroscopy. Given the AIN film transparency, it is evident that the lift-
off*® mechanism involves the damage of the underlying Si and the thermal and pressure build-up at
the AIN/Si interface. On the contrary, the AIN:Ag/Si samples endured the laser irradiation (193 nm,
300 mJ/cm?), as shown in the plane view secondary electron image of Fig. S1d, with no AIN:Ag
removal observed (the horizontal red line denotes the border between the treated and untreated areas
of the sample’s surface); the film remained intact and only its reflectivity changed after laser
annealing. This is because the Ag nanoparticles absorb and scatter the incoming laser reducing thus
the light intensity delivered to the Si substrate below its damage threshold. This will be discussed in

more detail in the following sections.

Finally, for even higher laser fluences (500 mJ/cm? at 248 nm and 400 mJ/cm? at 193 nm) besides

the AIN removal, a broadening of the Si peak at 330 nm is observed, due to Si damage and
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amorphization to a larger extend. As an overall conclusion, the radiation of pure AIN by intense UV

pulsed laser beams does not alter the structural features of the films, because the damage threshold

of the Si substrate is below the corresponding annealing threshold of AIN and hence it cannot be

reached without totally ablating the film.
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Figure S1: (a) Optical reflectance spectra of AIN/Si as grown, LA@193 nm and LA@248 nm vs.

laser fluence, (b) a secondary electron image from an AIN/Si sample where the pattern ‘ALN’ has

been lift-off by a 193 nm/400 mJ/cm? laser beam, (c) a detail from a pixel of the previous pattern,

clearly showing the lift off of AIN in the treated region, (d) a secondary electron image from an

AIN:Ag/Si sample that endured the laser treatment (193 nm/300 mJ/cm?).
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2. The effect of number of laser pulses: Optical microscopy and XAES spectra

The visual appearance of the treated AIN:Ag will depend on the number of pulses, as expected by
the variation of the reflectivity spectra and as confirmed by optical microscopy images shown in
Fig.S2a-c. In particular, the samples are , illuminated by (a) white, (b) blue, and (c) red light, while
the regions A, B, and C correspond to laser annealing with 2, 1 and no pulse (untreated area),
respectively. It is noteworthy that region B is color-sensitive, i.e. it can be visually discriminated
from the untreated area C when illuminated with blue light (Fig. S2b), but not for the red one (Fig.
S2c). The same area can be also visually discriminated when white light is used (Fig. S2a), due to
white light containing the spectral range where the LSPR manifests. This observation is quite well
understood taking into account the reflectivity enhancement of AIN:Ag at 450 nm after laser
annealing with one pulse of 193 nm and the spectrally localized character of the LSPR band.
Contrariwise, region A is less color-sensitive and can be easily visually discriminated (even though
the reflectivity contrast at red —Fig. S2c- is fainter), in perfect accordance with the enhanced
reflectivity of AIN:Ag over almost all the visible spectrum after laser annealing with 2 pulses,

possibly due to partial outdiffusion of Ag.

Although the Ag outdiffusion is an undesired side-effect, its study would contribute to the
understanding and design of optical encoding processes. In order to quantify the gradual
outdiffusion of Ag with the number of pulses, we acquired XAES spectra from the three regions A,
B, C of the sample using an 900 pm?acquisition area, shown in Figs. S2d,e,f. Indeed, there is
gradual increase of the peak to peak strength of the Agmnn XAES signal with the number of pulses
at 193 nm and 400 mJ/cm? (Figs. S2d,e,f) providing robust evidence of Ag outdiffusion during laser

annealing of AIN:Ag.

The conclusions drawn from the study of the optical reflectivity spectra are supported by optical

microscopy images and XAES measurements, similarly to the case of the 193 nm laser. In
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particular, Figs. S3a,b,c show the optical microscopy images under white, blue, and red
illumination, respectively, from an AIN:Ag sample after laser annealing with 2 (region A) and 5
pulses (region C) of 248 nm; region B is untreated. The untreated area (region C) is darker in
accordance with the corresponding reflectivity values. The region C processed with five 248 nm
laser pulses under white illumination (Fig. S3a) is bluer in appearance compared to the region A
processed with two pulses. This confirms the observed blue-shift in the corresponding reflectivity
spectra; the blue-shift after 5 pulses is also confirmed by the bright reflection of region C under blue
illumination (Fig. S3b) which is much brighter than the reflection of the same region under red

illumination (Fig. S3c).

Ag,y AN/AE (Arb. Units)

340 350 360 340 350 360 340 350 360

Kinetic Energy (eV)
Figure S2: Optical microscopy images of an AIN:Ag sample laser annealed at 193 nm and 400
mJ/cm? under (a) white, (b) blue, and (c) red light illumination. The regions A, B, and C correspond
to laser annealing with 2 or 1 pulse and untreated area, respectively. The Auger Agmnn Spectra are

also shown for the regions (d) A, (e) B, and (f) C.
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XAES spectra from the as grown and laser processed regions (Figs. S3d,e,f) identified a gradual
increase of the peak to peak strength of the Agmnn Spectra with the number of 248 nm and 400
mJ/cm? laser pulses, providing again robust evidence of Ag outdiffusion during laser annealing of
AIN:Ag; this is also supported by the corresponding topographic XPS image (Fig. S3g) where the

counts per second of the emitted Ag-3d photoelectrons for the regions A,B, and C are recorded.

103
CPS

340 350 360 370340 350 360 370340 350 360 370

Kinetic Enegry (eV)

dN/dE (Arb. Units)

Figure S3: Optical microscopy images under (a) white, (b) blue, and (c) red illumination; XAES
spectra of regions (d) A, (e) B, (f) C, respectively, and (g) Ag-3d imaging XPS, from an AIN:Ag
sample after laser annealing with 2 (region A) and 5 pulses (region C) of 248 nm; region B is

untreated. The same scale bar applies to images (a), (b), (c), and (g).
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3. FDTD simulations

The optical reflectance spectra and absorption distribution of the considered nanocomposite
AIN:Ag films were studied by Finite Difference Time Domain (FDTD) calculations. FDTD solves
the exact 3D full-vector Maxwell’s equations on a computational grid, including material
dispersion. For the bulk Ag and Si index we perform Drude-Lorentz fits to the corresponding
complex dielectric functions (we use data from E.D. Palik). These fits are shown in Fig. S4c-d. To
account for small Ag nanoparticles we in addition need to adjust the free-electron relaxation time ¢

according to ' — 7' +v./r, where v, is the Fermi velocity and r the nanoparticle radius. The
9 F F

index for the AIN matrix in the presence of the Ag nanoparticles is indirectly obtained from
ellipsometric measurements of the as-grown samples, by performing a Maxwell-Garnett effective
medium fit. The fit yielded a film thickness of 60nm, a Ag nanoparticle size of 3 nm, and a 15% by
volume distribution. All these are in excellent agreement with the experimental measurements. The
resulting AIN index is shown in Fig. S4b. The measured effective index along with the fitted index

for the composite are shown in Fig. S4d.
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Figure S4: FDTD results.
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4. Light absorption in the AIN:Aqg/Si system

We study how the size of the Ag nanoparticles affect the absorption distribution within the AIN:Ag
film. First, in Fig. S5a we plot the absorption for the random distribution of the 3 nm nanoparticles
(solid lines) along with the absorption from an AIN film without the nanoparticles. Evident in all
cases are the standing wave patterns created in the 60 nm thick film. Surprisingly, the latter is not
significantly less than what we get for the nanostructured case, especially for the 193 nm case. This
shows that there is a strong “competition” between matrix and inclusion absorption in the
nanostructured film. We stress here that this does not hold a real bulk AIN/Si system. What we
examined is a fictitious case: we use the AIN matrix obtained for the AIN:Ag nanostructure in a
“bulk” configuaration, i.e. without the Ag nanoparticles. We note that experimentally in the absence
of nanoparticles the AIN appears much less absorptive -by about an order of magnitude, and thus in

reality the bulk AIN absorption is going to be insignificant.

In Fig. S5b-e we examine the effect of different nanoparticle sizes: 3, 6, 10 and 20 nm respectively.
To better facilitate our comparison we assume the nanoparticles are ordered in a cubic lattice. This
way the regions where we have nanoparticles and the regions where there is clear matrix become
evident due to the Ag strong absorption. Remarkably, the nanoparticle size does not seem to
significantly modify the overall absorption. Also, in all cases the overall standing wave pattern is
well reproduced. In comparing the two different wavelengths, is clear that the 193 nm annealing
results into a stronger and better balanced absorption within the nanostructured film. Finally, in Fig.
S5f we plot the 20 nm Ag nanoparticle case with a nonabsorbing crystalline (n=2.1) AIN shell
around it of 2.5 nm thickness. Marginal differences with the corresponding bare Ag nanoparticle

case are found.
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Figure S5: Optical absorption profiles of assemblies of Ag nanoparticles in AIN of size and order
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5. Validity of MG-EMA

Comparison of two different effective medium approximations (EMA). Extraction of effective
medium parameters by a full vectorial solution of Maxwell’s equations by the FDTD method, and
Maxwell-Garnett EMA. In the FDTD approach an exploration of the effects of disorder is possible.
Generally all three fairly good agreement. The filling ratio assumed is 11% and the background a
dielectric with n=1.5 (no absorption). These indicate that in order to get exact fits with the
experimental results we should use the FDTD on a disordered case, but this however would be
prohibitively expensive computationally. In all out fittings above we used the MG EMA (it is closer

to the experimentally-relevant disordered case).
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Figure S6: Comparison of MG-EMA results and exact FDTD calculations.
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6. Detailed MG-EMA Calculations of the reflectivity of the AIN:Ag/Si system

In order to get insights on the optical effects, which are associated with the experiments and optical
encoding presented in the main body of the paper, and to identify the dominant factors that would
dictate the spectral reflectivity of the AIN:Ag/Si encoding templates, we performed and present
detailed MG-EMA calculations. In particular, we employed extended MG-EMA calculations, which
go one step ahead of the ordinary Maxwell-Garnett theory by incorporating characteristics of Mie
scattering in the corresponding formulas for the effective dielectric function, as it is described
thoroughly by Yanopapas [Phys. Rev. B 75, 035112 (2007)]. The reference dielectric function for
the AIN matrix used for the MG-EMA calculations is extracted from the corresponding
ellipsometric data presented in Ref. 27 of the main body of the paper. The reference dielectric
functions of Ag nanoparticles used in MG-EMA were calculated by considering the dielectric
function of bulk Ag [Johnson and Christy, Phys. Rev. B6, 4370 (1972)] and modifying their Drude

broadening following the Kreibig’s formalism presented in the main body of the paper.
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Figure S7: MG-EMA calculations of the reflectivity of AIN:Ag/Si of varying film thicknesses for

various Ag particle radii and filling ratios 15% and 35%.
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Figure S7 shows extended MG-EMA calculations of the reflectivity of AIN:Ag/Si of varying film
thicknesses for various Ag particle radii (2,4,8 and 16 nm) and filling ratios 15% (upper panels) and
35% (lower panels). In all cases, there is a LSPR band around 400 nm whose optical characteristics
are quite thickness-independent. On the contrary, thickness-dependent interference fringes manifest

for wavelengths longer than 500 nm (presented as blue and green alternating bands).
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Figure S8: MG-EMA calculations of the reflectivity of AIN:Ag/Si of varying Ag particle radii for

various filling ratios and film thickness 80 nm and 200 nm.

Figure S8 shows extended MG-EMA calculations of the reflectivity of AIN:Ag/Si of varying Ag
particle sizes for filling ratios (15, 35, and 55 %) and film thickness 80 nm (upper panels) and 200
nm (lower panels). In all cases, there is a LSPR band around 400 nm; this band is slightly shifted to
red with increasing Ag particle size. However, this redshift is to weak and cannot explain in its own
merit the experimentally observed redshift. Therefore, the matrix change observed for the 193 nm
LA by TEM is essential in achieving high reflectivity contrasts between treated and untreated
regions AIN:Ag/Si. The increase of filling ratio beyond the 16% (which is similar to our

experimental case) broadens and shifts to red the LSPR band. The broadening of the LSPR would
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deteriorate the spectral sensitivity of the optical encoding, not to mention that such high filling

ratios are not realistic for experimental fabrication, due to percolation of the Ag particles.

7. Durability test of encoded patterns

In order to evaluate the durability of the produced plasmonic patterns we implemented laser
annealing with one pulse of 400 mJ/cm? of 193 nm and a lithographic mask in order to produce a
clearly overt pattern in a AIN:Ag/sapphire template. Then we got white light optical microscopy
images of the as patterned sample and after dipping and sonication in acetone, toluene and
tetrahydrofuran (THF). Figure S9 shows that the sonication in the organic solvents did not damage

the pattern at all. Dipping in HF for a few seconds clearly damaged the pattern, possibly by

i

As patterned

attacking the underlying sapphire.
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Figure S9: Optical microscopy images of an AIN:Ag plasmonic pattern after dipping to various

chemical environments.
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