Engineering plasmonic nanostructured surfaces by pulsed laser deposition
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Abstract

The synthesis and the optical response of gold nanoparticles (NPs) and thin nanostructured films grown
by pulsed laser deposition (PLD) are here studied. Different PLD process parameters —including background gas
pressure and the number of laser shots as well as post-deposition annealing treatments — have been varied to
control the growth of Au NPs and films, thus tuning the surface plasmon characteristics. The mechanisms of
NPs and film growth have been explored performing a morphological characterization by Scanning Electron
Microscopy (SEM) and Atomic Force Microscopy (AFM), and the correlation with the optical behavior is
investigated. We show that the size distribution and the morphology of the as deposited Au NPs depend on
growth mechanisms which are controlled by tuning the deposition process, while the optical behavior is
strongly affected by the average size and surface density of NPs or by the length of percolated Au domains.
Furthermore, nucleation in gas phase has been reported at high (1000 Pa Ar) background pressures, enabling
independent control of NP size and coverage, contrary to surface driven NP growth by diffusion and

aggregation on substrate.
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1. Introduction

Metallic nanoparticles (NPs) have been used in colored glasses since the ancient times as witnessed by
the famous case of the Lycurgus cup [1]. In recent years, the potential use of metallic NPs in advanced
applications has attracted the attention of the scientific community because of tunable optical properties
including plasmonic effects [2]. The size confinement of metallic NPs at the nanometer scale enables the
activation of the localized surface plasmon resonance (LSPR), resulting in a collective electron oscillation
triggered by the selected light frequencies [3]. The LSPR wavelength depends on the NPs size distribution,
density, shape as well as on the surrounding dielectric medium [2-4]. Nanoengineered NPs enable to tune
specific LSPR wavelengths as requested by several applications in the fields of optoelectronics [2], sensors [2,
5], catalysis [6, 7], nanomedicine [8, 9] as well as substrate development for Surface Enhanced Raman
Scattering (SERS) [10, 11]. Furthermore, the integration of plasmonic NPs within wide band gap semiconductor
oxides (such as TiO, and ZnO) is a promising field as well, with the possibility to improve photoelectrocatalytic
performances by minimizing electron/hole recombination, while increasing visible light absorption [2, 6, 12].
Here, applications span in the field of thin film photovoltaics [2, 13], solar fuel production with hydrogen
generation (solar water splitting) [14] as well as photocatalysis [6].

Metallic NPs are often produced by liquid phase chemical techniques involving nucleation and growth
phenomena [15]. These techniques enable the possibility to produce different metallic NPs (Au, Ag, Cu etc.)
with a good control of the size distribution and shape [2, 15]. NPs produced by liquid phase have been
integrated in wide band gap semiconductors [16]. For instance, Au and Ag NPs were successfully infiltrated in
TiO; thin films by Valverde et al. [16] and Qi et al. [17] in order to improve the photoconductivity of thin film
photovoltaic devices (i.e. Dye Sensitized Solar Cells, DSSCs). Similarly, Chen et al. [18] infiltrated chemically
produced Au NPs within vertically aligned ZnO nanorods again for photovoltaic applications. However, a main
drawback of this methodology is represented by the use of aggressive solvents [15], which can induce
damaging especially for delicate applications involving polymeric substrates [2]. In addition, a two-step

procedure — namely the synthesis of thin film followed by the NPs infiltration — combined with the presence of
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contaminants (i.e. the reaction products) represents a further limitation of this technique [2, 13, 16, 17] in
terms of integration efficacy and available morphologies.

Surface supported metallic NPs have been synthetized by vapor phase techniques involving thermal
evaporation [7, 19], electron beam evaporation [12], reactive sputtering [20] as well as atomic layer deposition
[21]. The advantages are represented by the possibility to produce highly pure NPs without the presence of
chemicals, while providing a good control of the size distribution resulting in a fine tuning of the optical
behavior [2, 19]. For these reasons, vapor phase produced NPs have been integrated within wide band gap
semiconductors, especially TiO; [7, 12]. Awazu et al. [7] and Mubeen et al. [12] integrated thermal evaporated
Ag and Au NPs in TiO,, respectively, to improve the photocatalytic behavior and for hydrogen production using
solar energy. Nevertheless, the integration of metallic NPs produced by vapor phase within semiconductors is
often limited by surface diffusion or by the presence of a heating step, especially for thermal and electron
beam evaporation when NPs are produced by dewetting of continuous thin (< 10 nm) films [7, 12, 19].
Moreover, sputtering and atomic layer deposition do not enable a sufficient flexibility to tune the NPs size and
shape distribution, thus reducing the application range in terms of the optical behavior [20, 21].

In comparison to the aforementioned techniques, pulsed laser deposition (PLD) is known for high
deposition rate with high kinetic energy species resulting in a promising approach to produce either NPs or
continuous metallic and oxide films [22-26]. The former studies belong to Gonzalo et al. [22], Donnelly et al.
[23] and Domingo et al. [24] with the deposition of small (< 5 nm) Au NPs as SERS substrates, without
investigating the effect of the numerous PLD parameters. Similarly, Agarwal et al. deposited Au NPs by PLD for
SERS applications [27] and investigated the growth mechanism of PLD deposited Au thin films [10]. The
integration of PLD deposited Au NPs — with a controlled size distribution — within thin VO, films has been
successfully carried out by Orlianges et al. [28], while Konda et al. [29] deposited Au NPs at the interface of n-
CdSe/p-Si heterojunction diodes to improve their optical absorption. The study of the effect of PLD parameters
has been carried out by Alonso et al. [30] evaluating the plasmonic response as a function of the laser shot

number which influences the average size of Ag NPs as well as the formation of percolating structures before
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the film growth. Verma et al. investigated the optical behavior of NPs produced by PLD by varying the substrate
heating [31], the target-to-substrate distance [32], the laser fluence [32] as well as changing the composition,
i.e. studying Ag-Au NPs [33] and they reported the formation of large NPs (diameter > 50 nm) only if the
substrate is heated at T = 150 °C during deposition. Finally, by exploiting in-plume cluster nucleation
phenomena at high pressures, PLD offers the possibility to deposit NPs whose size distribution is independent
of the substrate, with clear advantages when dealing with multiple substrate depositions [34].

Nevertheless, a complete study related to the effect of PLD key process parameters involving the
number of laser shots and background gas pressure together with a thorough structural and optical
characterization has not been performed yet, while in-plume cluster nucleation of metallic NPs has barely
explored from experimental point of view for plasmonic applications. Furthermore, the influence of PLD
process parameters on film growth mechanisms and on the structural and optical properties still demands a
detailed comprehension. The understanding of these phenomena is fundamental to develop as-deposited
devices based on metallic nanostructures (i.e. NPs and thin films) exhibiting the desired morphological and
optical properties, as opposed to the most common physical vapor deposition (PVD) approach involving growth
of a continuous film and a post-annealing dewetting process.

In this work, we deposited Au NPs by PLD varying a wide range of process parameters as well as
exploiting post-deposition annealing treatments of percolated nanostructured films. A complete structural
characterization involving Scanning Electron Microscopy (SEM) and Atomic Force Microscopy (AFM) has been
carried out and related with the transmittance optical behavior. We show that: (i) the size distribution and the
morphology of the as deposited Au NPs strongly depend on the number of shots and the background gas
pressure and we show that Au NPs up to 16 nm-diameter can be produced without substrate heating or
annealing treatments; (ii) the optical behavior is strongly affected by the average size of NPs, the average
length of percolated Au domains as well as by the morphological changes induced by the post-deposition
thermal annealing treatment; (iii) in-plume nucleation phenomena occur at relatively high (1000 Pa)

background pressures; (iv) annealing treatments provide the formation of larger (23 nm) NPs. Finally, the
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mechanisms of film growth as a function of PLD parameters involving the formation of NPs as well as of

percolating and continuous films are explored.

2. Experimental

Au NPs and films have been deposited by ablating an Au (99.99%) target with a ns-pulsed laser (Nd:YAG,
2nd harmonic, A = 532 nm, repetition rate 1 Hz, pulse duration 5-7 ns). The laser fluence on the target was set
at about 2.0 J/cm? and the laser pulse energy was 100 mJ. Si (100) and soda-lime glass were used as substrates
after delicate cleaning in ultrasonic bath with isopropanol. The substrates have been mounted on a rotating
sample holder at a fixed target-to-substrate distance (d:s) of 50 mm. All the depositions have been carried out
at room temperature within a pure Ar background gas, varying the pressures (from 10 up to 1000 Pa) as well as
the number of shots (from 50 up to 1000) to explore different coverages and thus the film growth mechanisms
and the subsequent change of the optical behavior. For the 1000 Pa pressure, samples have been produced
with 75 and 250 shots as well, to explore in-plume cluster nucleation. Post-deposition annealing treatments
were performed in air in a Lenton muffle furnace with 4 °C/min heating ramp and 2 h dwell at 500°C and 650°C.
The morphological characterization was carried out using a field emission scanning electron microscope (FEG-
SEM, Zeiss Supra 40) for NPs and films deposited on Si (100) substrate. The obtained micrographs were
analyzed by Image J software to extract the size distribution and the coverage. Furthermore, selected samples
have been investigated by atomic force microscope (AFM, Thermomicroscope Autoprobe CP Research) imaging
in tapping mode using TESP-SS tips with a 2 nm curvature radius. The total optical transmittance spectra (in the
range 250 — 2000 nm) were evaluated with a UV-vis-NIR PerkinElmer Lambda 1050 spectrophotometer with a
150 mm diameter integrating sphere. All the acquired spectra were normalized with respect to glass substrate

contribution by setting equal to 1 the intensity at the glass/Au interface.

3. Results and discussion

3.1 Morphology of as deposited Au NPs and films



Figure 1 is a collection of SEM images displayed as a function of the background gas (Ar) pressure and
the number of laser shots. Increasing the number of shots at fixed 10 Pa pressure, we observed that the
morphology changes from NPs (50 and 100 shots) to extended percolating domains (500 shots), up to a
continuous film in which crystalline grains are clearly visible (1000 shots). As reported by Alonso et al. [30] and
Agarwal et al. [10], the increment of the number of shots induces the deposition of a larger material quantity
(i.e. increment of the coverage) favoring the extension of crystalline domains and leading to film formation.
Conversely, if the shot number increases at larger pressures (500 and 1000 Pa), a continuous film is not formed
even at 1000 shots, rather showing long percolating domains (see also Figure 2b). This is attributed to the
lower kinetic energy of the ablated species as well as to the larger plume confinement, which induce lateral
dispersion of the species and smaller deposition rate at the substrate (as well as gas phase cluster nucleation,
see below). Furthermore, evidence of the growth of a second NPs layer is visible at 1000 shots as the presence
of brighter zones on top of the percolating domains (see the magnified Figure 2b). On the whole, for our
experimental conditions, we found that NPs are formed only at 50 and 100 shots regardless of the pressure
range, while long percolating domains or films are deposited at 500 and 1000 shots (Figure 1 and Figure 2). An
increment of the background pressure — at fixed shot number — prevents the formation of a continuous film,
leading to shorter percolating domains, while influencing the average size of NPs. As a matter of fact, it can be
observed that the largest (~16 nm diameter) NPs are obtained at 100 shots, 100 Pa (see also Figure 3 b). NPs
have a rounded shape in agreement with most of the literature dealing with PLD deposited NPs [10, 27, 32, 35].
A similar shape is found for other NPs (Figure 1 at 50 and 100 shots). A Gaussian distribution profile of
diameters has been observed for all NPs (an example is reported in Figure 3a for the 10 Pa, 100 shots) in
agreement with literature results by Verma et al. [32]. Specifically, NPs deposited at 10 Pa, 100 shots have an

average diameter equal to 9 nm with a maximum of 16 nm (Figure 3a).



Figure 3b shows the evolution of the Au NPs diameter as a function of the background pressure for 50
and 100 shots, respectively. The NPs size reaches a maximum at a pressure equal to 100 Pa. For this condition,
in plume cluster nucleation phenomena combined with a large kinetic energy when landing on the substrate
induce the formation of larger NPs (large surface diffusion). At higher pressures, the average NPs size
decreases because of the formation of a less directional ablation plume, leading to higher dispersion within the
deposition chamber. On the other hand, at lower pressures (i.e. 10 Pa) in plume cluster nucleation phenomena
are reduced promoting growth phenomena only by surface diffusion and coarsening [36, 37]. Hence, NPs
growth is controlled by two different mechanisms, namely in-plume cluster nucleation and surface diffusion,
which respectively dominate at high (> 300 Pa) and low (< 300 Pa) pressures. Increasing the shot number from
50 up to 100 induces an increase of the average NPs size because of the larger amount of deposited material
(surface coalescence). However, at large pressures (500 and 1000 Pa) both trends converge toward an average
size of 6 nm. Here, in plume clustering effects prevail over the substrate diffusion. Figure 3c shows the
coverage as a function of the number of shots. The coverage increases when increasing the number of shots as
visible also in Figure 1 in which the morphology evolves from NPs toward a continuous film. When increasing
the pressure at fixed shot number, the coverage is reduced because of the large lateral dispersion, see Fig. 1.

AFM measurements have been performed to estimate the height of selected NPs and to provide
information about their aspect ratio. Figure 4 shows the NPs formed at 50 and 100 shots at 1000 Pa on Si
substrate, reporting an average height of ~6 nm, see the line profile on selected NPs in Figure 4c. Similar results
have been obtained carrying out AFM measurements on glass substrate (not reported). As a matter of facts,
the similar surface chemistry between the SiO; native layer on Si and glass is expected to enable the formation
of NPs whose size distribution and shape are similar, see Ref. [38]. At this pressure NPs have an almost
spherical shape since the diameter, measured by SEM, is equal to ~4 nm (Figure 3b). Furthermore, AFM images
report an increment of the NP coverage as function of the number of shots (as in Figure 3c), while showing that
the average height is independent on the number of shots, in agreement with in-plume cluster nucleation

phenomena at high pressures, as discussed more in detail below (Section 3.2c). For a different growth regime
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(100 Pa) and 100 shots, AFM analyses reveal the formation of NPs with irregular shape as provided by surface
aggregation phenomena (Figure 1), whose average height is around 7-8 nm, indicating flattening occurring at

low pressures.

3.2 Optical properties

This section is organized focusing first on the effect of the shot number at fixed pressure and on the
background pressure at fixed shot number; then, in-plume cluster nucleation phenomena are explored,
providing a complete understanding of the optical behavior.
a) Effect of the number of shots at fixed pressure
The study of the surface plasmon resonance (SPR) characteristics of Au NPs and films has been carried out by
performing optical transmission measurements. Figure 5a-b shows the transmission spectra as a function of
the number of shots for two different growth regimes, respectively 10 Pa and 1000 Pa. At 10 Pa pressure, the
optical properties abruptly change depending on the presence of NPs (50 and 100 shots) or a film (500 and
1000 shots), Figure 5a. Specifically, when NPs are formed the optical behavior clearly shows the presence of a
SPR peak (the position of the transmittance minimum was determined by Gaussian fitting) and located in the
visible range at 562 nm and 606 nm, respectively for 50 and 100 shots. The redshift of the SPR wavelength is
related to the increment of NPs size, which changes from 5 nm to 10 nm on average (Figure 3b), in agreement
with the literature [30, 32]. Furthermore, the reduction of the average transmittance in the visible range upon
increasing the number of shots can be related with an increase of the coverage, Figure 3c. On the other hand,
the transmission spectra of continuous films produced at 500 and 1000 shots do not show any distinct dip in
the visible range, as for NPs, while displaying a transmittance peak located at around 560 and 520 nm,
respectively. This kind of optical response is related to the development of continuous or percolating films, as
shown in Figure 1. Specifically, the observed decreased transmission at wavelengths larger than 500 nm is
attributed to free electrons response of the Au films promoting absorption in the IR [39] as well as by the large

(~80 %) reflectance value for continuous film obtained at 1000 shots (Figure 5a). On the other hand, at lower
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wavelengths (< 500 nm) the decrement of transmission is attributed to bound electrons response or inter-band
transitions [39], as proven by the relatively low reflectance values (<20%). Furthermore, it can be noted that
the 1000 shots film exhibits a lower transmittance as provided by the larger coverage, Figure 3c. At 1000 Pa
there is no formation of a continuous film or with extended percolated domains even at large shot number
(Figure 1), for this reason the transmission spectra reported in Figure 5b show a plasmonic peak in the visible
range. The redshift observed upon increasing the number of shots is related to the progressive formation of
longer percolating structures without leading to a continuous film, Figure 1 and Ref. [30]. Specifically, it can be
observed that the surface plasmon resonance wavelength (Asez) linearly increases from 540 to 685 nm, when
increasing the size of the NPs and percolating domains (Figure 5c), while an almost negligible (<10%)
reflectance is observed even for the 1000 Pa, 1000 shots percolated film. The SPR broadening was determined
from full width at half maximum (FWHM) in the transmission dip with reference to the transmission at inter-
band edge near 500 nm (see inset of Figure 5b). This enables to determine the SPR response by avoiding the
change in overall transmission due to different coverage of the films. In Figure 5b it can be qualitatively
observed that the full width at half maximum (FWHM) increases at larger number of shots, being possibly
connected with the larger size dispersion occurred in the percolating domains (Figures 1 and 3c). Finally, Figure
5c shows that the optical transmittance decreases from 97 % down to 68 % because of the larger coverage
(Figure 3c).

b) Effect of the background gas pressure at fixed number of shots

Figure 6 shows the evolution of optical transmittance as a function of the pressure for a fixed shot number
equal to 50, 100 and 500 shots, respectively in Fig.6a, b and c. When Au NPs are formed (namely low number
of shots, Figure 6a-b), the pressure plays a role on the control of the optical transmittance as well as on the
position of the Aspr. Specifically, we found that the pressure affects the average NPs size distribution as
reported in Figure 3b and discussed above. Decreasing the pressure, the NPs size is reduced leading to a red

shift (increment) of the Aspr. However, a maximum size is found in correspondence of the 100 Pa deposited



specimens in which we have shown the formation of larger NPs. Figure 6¢ shows the evolution of the optical
properties as a function of the pressure at fixed 500 shots; from Figure 1, we can observe in this case the
formation of percolating domains whose average size increases when decreasing the pressure down to 10 Pa
where an almost continuous film is formed. Optical properties evolve as well, specifically they change from NP-
like (1000 Pa) showing the presence of a SPR dip toward a progressive reduction of the transmission in the
infrared range combined with the enhancement of a transmittance peak around 500 nm. This behavior is
related with the formation of even longer percolating domains, see Ref. [39]. At 10 Pa the film is almost
continuous (Figure 1), thus reporting a bulk metallic behavior with the absence of a SPR and enhanced
absorption/reflection above and below the transmission peak, see Section 3.2a and Refs. [32, 39].
Furthermore, it can be observed that the broadening effects are enhanced when decreasing the pressure from
1000 Pa down to 100 Pa. This is related with the larger variability in size and shape of the percolating domains.
The above observations highlight the empirical effect of varying the PLD process parameters on the
optical properties and can be practical utility; however, in order to find a correlation with the intrinsic NPs
properties, the main optical properties have been plotted as a function of the NPs average diameter obtained
at different pressures (Figure 7). Figure 7a shows (for a fixed number of shots, i.e. 100) that the As linearly
increases for large diameter NPs from 540 up to 630 nm, see also Refs.[32, 35]. Furthermore, an SPR
broadening effect occurs when changing the pressure, Figure 6a,b. A quantitative analysis carried out from
Figure 6b and reported in Figure 7 shows that SPR broadening increased monotonically with average NPs
diameter evolving from of 100 up to 200 nm [32]. As it can be qualitatively observed in Figure 1, the diameter
size and shape dispersion (which has a maximum at 100 Pa) mainly contribute to the overall broadening as also
reported in Ref. [30]. Other than the SPR wavelength and its broadening, the transmittance dip evolves as a
function of the pressure, Figures 7b and 7c. Specifically, it can be observed that in all the cases transmittance
decreases for the larger diameters which, at the fixed number of shots, correspond to the larger amount of
deposited materials and to the larger coverage (Figure 3c). This has been also observed in Figure 5c increasing

the shot number at fixed pressure.
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Finally, Figure 7d shows the evolution of the Aspr as a function of coverage for percolated films showing a
increment from 610 nm up to 760 nm. This trend is related with the increased dimension of the percolated
domains obtained at lowest pressures (Figure 1).
¢) In-plume cluster nucleation phenomena
The effect of the background gas pressure at large pressures has been investigated in order to explore in-plume
cluster generation phenomena. As a matter of fact, the large background gas pressure induces plume
confinement, leading to cluster formation before landing on the substrate [25, 36, 40] as schematically
illustrated in the inset of Figure 8b. Specifically, the number of shots has been finely varied from 50 up to 250
at 1000 Pa, and then an analysis of the average size of NPs, coverage and optical transmittance has been
carried out. Figure 8a shows the evolution of the average diameter and coverage as a function of the number
of shots. It can be observed that upon increasing the number of shots (up to 250, i.e. before occurrence of
coalescence or formation of percolated structures, see Fig.1) the average diameter of NPs is almost constant
and around 4-5 nm, while the coverage increases from 8 up to 27 % and the deposited mass per unit surface —
estimated by assuming the NPs as spherical caps — varies from about 4 up to about 13 ng/mm?. The optical
behavior shows that the Aspr does not vary with the number of shots being constant and equal to 542 nm
(Figure 8b). These results prove the in-plume cluster nucleation phenomena at large pressure, while showing
negligible NPs growth by surface diffusion and coarsening on the substrate. Specifically, the large background
gas confinement coupled with the small kinetic energy of the ablated species induces the formation of in-
plume clusters, with reduced substrate mobility, thus inducing the deposition of NPs with constant average size
(Figure 8a). On the other hand, the coverage increases with increasing number of shots, affecting the optical

transmittance at Aspr Which decreases form 99 % down to 92 % for 50 and 250 shots, respectively.

3.3 Effect of the annealing treatment
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Post-deposition annealing treatments of percolating films have been carried out in order to evaluate the
formation of Au NPs, with the aim to obtain larger NP sizes. In the literature, similar approaches have been
used for evaporated films exploiting dewetting phenomena to form of NPs starting from a few nm-thick films,
Refs. [38, 41-43]. Figure 9a is a SEM image of a 1000 Pa, 1000 shots as deposited film in which long percolating
domains can be observed covering the entire surface. After an annealing treatment at 500 °C and 650 °C in air
(Figure 9b,c) separated NPs with irregular shape are formed with an average lateral size of about 23 nm,
reaching even 70 nm as a maximum diameter. Hence, we show that annealing treatment favors the formation
of larger NPs, providing a possible way to expand the applications of deposited films. Moreover, the irregular
shape of NPs can be related with the surface chemistry of the SiO, native layer covered Si substrate, as
reported by Tanyeli et al. [38] for Ag NPs obtained after annealing on a thermally grown SiO, layer. AFM
investigations carried out for the 500 °C annealed specimen (Figure 9d-e) show the presence of separated NPs
with an average height of ~20 nm, providing an aspect ratio (equivalent diameter/height) almost equal to 1, in
agreement with literature studies for evaporated films after thermal treatment, Refs. [41-43].

Figure 10a shows the evolution of the coverage and the NPs average diameter as a function of the
annealing temperature. The diameter slightly increases from 23 nm up to 30 nm, increasing the annealing
temperature from 500 °C up to 800 °C. This suggests that the control of the NPs size mainly depends on the
quantity of the deposited material on the substrate rather than on the annealing temperature. To verify this
claim annealing treatments (at 500 °C) have been performed on two different percolating films, namely 500 Pa,
1000 shots and 1000 Pa, 500 shots (not shown) reporting a different coverage and average length of percolated
domains (see Figure 3c). In the former case, the average NPs diameter was 38 nm (with a maximum of
100 nm), while in the latter case it was 20 nm. As a matter of facts, the larger coverage (i.e. quantity of
deposited material) at 500 Pa, 1000 shots provides the formation of larger NPs after annealing. Finally, as
expected (Figure 10a), the coverage decreases from as-deposited percolated film to NPs because of the

increase of the height combined with a larger inter-particle distance (Figure 9b,c).
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Figure 10b shows the comparison of optical properties between the percolated as-deposited films and
the NPs produced by annealing of a 1000 Pa, 1000 shots film (Figure 9a). Even though possible differences can
be present between the NPs produced on annealed Si and glass substrates due to the different thermal
conductivity, see Ref. [38], we believe that the same surface chemistry induces similar NPs size distribution and
shape, as supported by the irregular shape of the NPs observed on Si as well. Figure 10a shows that the
percolating film has a broad dip due to its long and irregular percolating domains (Section 3.2), the NPs exhibit
a sharper dip located at 536 nm with no significant difference with respect to the annealing temperature. The
SPR peak narrowing when moving from the percolated as deposited film to NPs can be related to the sharper
size distribution of the surface nanostructures after annealing, Ref. [41]. Furthermore, form Figure 10b it can
be observed that the NPs have an almost 100 % transmittance in the infrared region, which is not the case for
the percolating film whose behavior starts to resemble that of the continuous films (Section 3.2).

The Aspr for NPs produced by annealing can be compared with the as deposited ones (Figure 7a). Here, it
can be observed that annealed NPs, with size ~25 nm, have SPR wavelengths comparable with 5 nm diameter
as-deposited NPs (Figure 7a). This blue shift (and narrowing) of the absorption band is probably related with
the change in the inter-particle distance as reported in Ref. [41], while possible other effects including the NPs
shape and the aspect ratio which can play a role as well [3, 42]. The short inter-particle distance in the as-
deposited sample favors the dipolar interaction between adjacent particles which is known to widen and
redshift the SPR [43]. Annealing treatment at 500 or 650 °C leads to more distant particles, characterized by a

SPR band similar to that expected for isolated Au nanoparticles with clear effects on the optical behavior [43].

Conclusions

Au NPs and films have been deposited by pulsed laser deposition by varying a number of deposition

parameters as well as exploiting annealing treatments, leading to the following set of conclusions:
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The size distribution and the morphology of the as deposited Au NPs depend on the number of ablation
shots and the deposition background gas pressure. Specifically, we show that the coverage increases by
increasing the number of shots eventually leading to the formation of a percolating or continuous films,
while pressure affects the size of NPs reaching a maximum at 100 Pa.

Different optical behaviors are found for NPs, percolated domains and continuous films. In the case of NPs
we show that the optical properties depend on the average diameter enabling to tune the surface plasmon
resonance (SPR). Specifically, we show that there is an almost linear dependence between the average size
of NPs and the SPR wavelength.

In-plume nucleation phenomena have been reported at high (1000 Pa) background pressures, enabling
independent control of NP size and coverage, and thus of NP size and density, contrary to NP growth by
diffusion and surface aggregation occurring at lower pressures.

Annealing treatments have been exploited to obtain larger NPs with a relatively low number density and
coverage (and thus larger inter-particle distance). We show that the average NPs size is controlled by the
quantity of deposited materials, and up to ~40 nm NPs have been obtained.

PLD is a feasible and versatile technique to produce nanostructured surfaces with tailored optical
properties. These systems can be exploited for plasmonic applications in a wide range of potential areas

including SERS detection, biosensors, nano-antennas and light management.
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List of figure captions
Figure 1 — SEM images showing the morphology evolution of Au NPs, percolating domains and films as a
function of the shot number and the background gas pressure. All images are taken at the same magnification.

A continuous red line separates NPs from percolating domains and thin films.

Figure 2 — SEM magnified images showing the morphology of Au NPs (a) and of percolated film (b), obtained at

1000 Pa at 100 and 1000 shots, respectively (a) and (b).

Figure 3 — (a) Diameter distribution of Au NPs produced at 10 Pa and 100 shots. (b) Average Au nanoparticle

diameter and (c) coverage as a function of the number of shots.

Figure 4 — AFM images of Au nanoparticles deposited at 1000 Pa at 50 and 100 shots, respectively (a) and (b).

(c) Line profile of selected NPs — white line in (a) — showing an height ~6 nm.

Figure 5 - (a, b) Optical transmission spectra of Au NPs and films as a function of the shot number for a
pressures equal to 10 Pa and 1000 Pa, respectively. The reflectance for 10 Pa, 1000 shots and 1000 Pa, 1000
shots is reported respectively in (a) and (b). The inset in (b) schematically shows the extraction of FWHM. (c)

Variation of the transmittance and Aser as a function of the number of shots at 1000 Pa.

Figure 6 — (a-c) Optical transmission spectra of Au NPs and films as a function of the background gas pressure

at 50, 100 and 500 shots, respectively.
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Figure 7 — (a-c) Variation of the Aspr, the FWHM and optical transmittance at Aser, as a function of the NPs

diameter at 100 shots. (d) Variation of the Aspr as a function of the coverage for percolated films at 500 shots.

Figure 8 - (a) Average diameter and coverage as a function of the number of shots at a fixed background gas
pressure equal to 1000 Pa. (b) The corresponding optical transmittance spectra. In the inset, a schematic of the

in-plume cluster nucleation phenomenon.

Figure 9 — (a) SEM images of an as deposited percolated film structure (1000 Pa, 1000 shots). (b,c) Effect of the

annealing treatment at 500 °C and 650 °C, respectively b and c. (d,e) AFM images of Au NPs after annealing at

500 °C.

Figure 10 - (a) Average Au nanoparticle diameter and coverage as a function of annealing temperature. (b)

Optical transmission spectra of as-deposited Au films and after annealing treatment at 500 °C and 650 °C.
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