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Abstract

:

The continuously growing demand for functional plasmonic devices or systems urges the implementation of economical and accelerated nanostructuring techniques. Laser annealing represents a promising approach to address this challenge, given its widespread usage in industry and research, as well as its unique advantages. This study proposes a scalable, rapid, versatile, and cost-efficient method to grow self-assembled nanostructures on metallic ultrathin films and multilayers, with high precision and patterning freedom. By employing industrial-grade equipment, specifically a 1070 nm nanosecond fiber laser and magnetron sputtering system, we directly grew self-assembled nanoparticles on Ag ultrathin films and AgPd multilayers deposited on Corning glass, via laser annealing at ambient conditions. The self-assembled nanoparticles were formed in designated areas by varying several laser parameters and exhibited intense localized surface plasmon resonances. Optical and structural characterization were realized via UV–Vis spectroscopy and atomic force microscopy, respectively. The plasmonic characteristics were found to depend on the initial film thickness and laser annealing parameters. Laser-treated films exhibited remarkable plasmonic behavior, demonstrating that this method does not lack nanostructuring quality while offering scalability and practicality. Further optimization of the laser settings can refine the process and result in an even faster, cheaper, and more qualitative nanostructuring method.
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1. Introduction


Plasmonics is a continuously evolving field that has attracted a lot of research interest in recent years, finding numerous applications in various fields such as optics and photonics, photothermal therapy, energy harvesting, biological and chemical sensing, catalysis, and SERS, as described in [1,2,3,4,5,6,7,8,9,10] and references therein.



More specifically, scientific studies concentrate on plasmonic nanoparticles, which are metallic nanoparticles with diameters much smaller than the wavelength of visible light. These nanostructures exhibit remarkable optical behavior that involves confinement of light and substantial amplification of the local electric field [4,5,6,7,8,11,12,13,14,15,16,17,18].



After irradiation by electromagnetic waves, plasmonic nanoparticles’ free electrons oscillate collectively at a resonant frequency, resulting in a phenomenon known as localized surface plasmon resonance (LSPR). LSPR strongly depends on the composition, size, shape, distribution, and refractive index of the surrounding dielectric environment of plasmonic nanoparticles [1,3,7,8,9,10,11,12,13]. By controlling these structural parameters, one can achieve the desired tuning of LSPRs, but this constitutes a rather challenging process.



One of the most explored noble metals for plasmonic-based applications is silver, due to its low optical losses, its stability in nanoparticle form, and its intense LSRP absorption in the visible spectrum [9,19,20,21]. Additionally, silver has a low cost compared to other noble metals, thus making it an excellent candidate for plasmonic applications [9,22]. Although Au and Ag are mainly considered for their LSPR properties, studies on novel materials in the areas of hydrogen technology and catalysis have also implemented Pt and Pd nanostructures [15,23,24,25,26,27].



The great demand for functional devices and systems that incorporate plasmonic nanostructures requires the development of rapid and cost-efficient plasmonic nanostructuring methods. Various techniques have been used to grow ([28] and references therein) and tune plasmonic nanostructures, with annealing of sputtered thin metallic films being well-established for this purpose [8,11,12,14,15,29,30,31]. However, this method presents significant drawbacks, such as high energy consumption, prolonged treatment time, and minor nanopatterning precision.



An efficient nanostructuring method is laser irradiation or laser annealing of noble metallic thin films [21,28,32,33,34,35,36,37,38,39]. It is a simple, fast, and flexible technique, which provides accurate and adjustable patterning that enables precise plasmonic writing even in 3D specimens. Additionally, this process supports the use of low-cost substrates due to the minimal thermal influence on them (cold process) [9]. With the aforementioned method, nanoparticles can be formed by self-organization due to laser-induced dewetting, a mechanism described thoroughly in the literature [18,40,41,42,43,44,45]. Additionally, it is possible to tune the size and morphology of plasmonic nanoparticles and their LSPR properties (LSPR intensity and position) to some extent, by only configuring the laser parameters [16,21,28,32,33,34,36,37,38,39,46]. Last but not least, laser annealing is an industrial-friendly technique that could potentially support large-scale manufacturing.



Laser annealing by means of an industrial near-IR ns fiber laser can provide faster and more efficient plasmonic nanostructuring in terms of cost and manufacturing practicality, compared to other commercial lasers (CO2, Nd YAG, excimer), without compromises in patterning quality. Fiber laser systems are compact and easy to use, have a high beam quality, wide tunable range, high writing speed, and relatively high output efficiency, and can generate even ultra-short pulses. In addition, optical fibers’ high surface area-to-volume ratio provides great heat dissipation, allowing continuous operation at high-power levels. Fiber lasers are also very reliable, have a long useful life, and require almost no maintenance [47,48,49,50,51].



Concerning laser sources, both pulsed and continuous-wave lasers have been employed to grow self-assembled plasmonic nanoparticles on noble metal thin films (mainly Au and Ag), by utilizing excimer and Nd:YAG lasers operating in the UV, visible, and near-IR spectral region [18,32,33,36,37,44,45]. CO2 lasers operating in the mid-IR range have also been considered, but in these cases, nanoparticle growth occurred due to the thermal energy absorbed initially by the substrate [21,28,34,35]. To our knowledge, there are only two studies [38,39] that have employed near-IR ns pulses by a fiber laser source to directly fabricate plasmonic nanoparticles on noble metallic films and, more specifically, Ag ultrathin films.



In the context of annealing metallic films using pulsed lasers, it is important to consider the principles governing laser–metal interaction with short (ns) and ultra-short (ps or fs) pulsed laser sources. When the intense laser pulse impinges on the metal target, the generated heat that causes the melting of the material is diffused in an area in the vicinity of the molten material, creating the so-called heat-affected zone (HAZ). Upon laser radiation with short pulses (ns), the deposited energy on the material via linear absorption is transferred to the lattice by the excited electrons at the time scale of the laser pulses. During the interaction with the short pulses, the electrons and lattice are in equilibrium. The linear absorption process leads to large melt depths and an extended heat-affected zone. On the other hand, ultra-short pulses (ps or fs) transfer energy from the material via nonlinear processes to the electrons, rather than the lattice, with consequent limited heat conduction and a suppressed HAZ compared to short pulses. Hence, ultra-short pulse (ps or fs) lasers are ideal for the micro/nanofabrication of a wide range of materials in a research environment. On the contrary, in short pulse (ns) lasers, the thermal process dominates the laser pulse—material interaction with a pronounced extended HAZ. Therefore, short pulse lasers (ns), such as the one employed in this work, are the optimal approach to achieve annealing over large areas. Moreover, their lower complexity and cost make them a more practical option for large-scale applications.



In this facile study, the feasibility of an almost unexplored alternative approach was investigated. Here, we demonstrate a laser technique that exploits the capabilities of an industrial ns fiber laser for efficient large-scale plasmonic nanostructuring. More precisely, self-assembled plasmonic nanoparticles were formed directly onto sputtered ultrathin Ag films and AgPd multilayers after nanosecond laser annealing. The process took place at ambient conditions, avoiding intermediate sample preparation and the need for sophisticated equipment that would increase the total manufacturing costs. The plasmonic characteristics of the laser-annealed films and multilayers were examined as a function of the laser frequency, fill spacing, and number of laser passes. Intense plasmonic resonances were obtained, whose positions could be tuned to a certain extent, while the LSPR intensity showed a greater response to variation in the laser settings. Atomic force microscopy revealed self-assembled nanoparticles grown in the irradiated areas whose diameters depend on the initial film thickness and laser settings. For completion purposes, we carried out comparative thermal annealing experiments just for the AgPd multilayers. Finally, in some cases, the laser-annealed films and multilayers exhibited very intense and narrow LSPRs, comparable or even superior to those of other studies that utilized films (or multilayers) of similar thickness [14,15].




2. Materials and Methods


Ultrathin Ag films with thicknesses between 6 and 13.5 nm were deposited via direct-current (DC) magnetron sputtering on Corning glass, at room temperature. The base pressure of the sputter coater device (modified Balzers Union model SCD040, Oerlikon Balzers, Balzers, Liechtenstein) was 2.6 × 10−2 mbar, achieved using a dual stage rotation pump. During deposition, argon was inserted in the chamber, and the total pressure was kept at values of about 5 × 10−2 mbar. Concerning the two AgPd multilayers, more precisely the 7.5 nm trilayer and 12.3 nm five-layer multilayers, detailed information on their deposition is provided in [15].



Laser annealing was performed at ambient conditions using a 1070 nm pulsed ytterbium master oscillator power amplifier fiber laser source developed by Sisma SpA, which can deliver 12.5 kW peak power. The laser beam was delivered onto the sample by means of a galvo mirror scanner with a rigid housing and an f-theta lens (f = 100 mm). The laser beam diameter was 15 μm and was defocused by 4.16 mm to avoid thermal damage on the specimens. The irradiated area was 13 × 3.5 mm2. The laser power and pulse duration were 100% and 200 ns, respectively, while the scanning speed was set to 200 mm/s for all cases. The repetition rate (laser frequency), scan line spacing, and laser passes varied. Table 1 shows, in detail, the laser settings for each treated film.



Furthermore, thermal annealing of the AgPd multilayers was carried out in a furnace in atmospheric air. The annealing temperature was 460 °C for all cases, while the annealing time was 5 and 10 min for AgPd #1 and 20 and 40 min for AgPd #2. A muffle furnace was used for the annealing (model Linn elektronik VMK 22).



The optical properties of the treated films and multilayers, both thermally and laser-annealed, were investigated via ultraviolet–visible (UV–Vis) spectroscopy using the Perkin Elmer λ-35 spectrometer instrument working at room temperature in the wavelength range of 200–1100 nm. Eventually, their microstructure was studied via atomic force microscopy (AFM), utilizing a Multimode Microscope with a Nanoscope IIIa controller and a 120 μm × 120 μm magnet-free scanner (Model AS-130 VMF) developed by Digital Instruments (Chapel Hill, NC, USA). The microscope was operated in the non-contact (tapping) mode.




3. Results


The plasmonic characteristics and microstructure of the laser-annealed Ag films and AgPd multilayers were studied. Across the variation in the laser parameters, namely, the fill spacing, laser frequency, and number of laser passes, significant LSPR intensity enhancement and slight tunability were achieved. AFM images revealed the nanostructuring of irradiated areas in different stages. For the AgPd multilayers only, a comparison between thermal and laser annealing was carried out, investigating the influence of both methods on their plasmonic characteristics and microstructure. This comparison is mentioned for completion purposes as well as evidence of fiber laser annealing’s nanostructuring versatility, along with its overall manufacturing practicality and scalability benefits.



3.1. UV–Vis Spectra


UV–Vis spectra were analyzed through background subtraction and subsequent Gaussian fittings of the LSPRs. The background was corrected by subtracting a straight line. Two of the results are indicatively shown in Figure 1a,b. Additionally, the insets show the LSPR position (xc), intensity of the plasmonic response (A), amplitude of the plasmonic resonance (Height), and full width at half maximum (FWHM) of the fitted experimental data, along with their standard errors.



3.1.1. Ag Ultrathin Films


Fill Spacing Variation


Figure 2 illustrates the UV–Vis absorbance spectra of a 13.5 nm Ag film (Ag #1) plotted as a function of the photon energy for various fill spacing values.



The decrease in the fill spacing resulted in a greater overlap of the laser beam and a greater amount of thermal energy being delivered to the film. Absorption curves with one prominent peak around 2.1 eV and one smaller blunt peak around 3.25 eV were observed. With the fill spacing decreasing from 0.075 mm to 0.050 mm, there were no noteworthy changes in the absorption curve, while the further decrease to 0.025 mm led to a slightly higher LSPR amplitude. The LSPR positions for those three fill spacing values were almost identical, with only minor variations present. However, a value of 0.0125 mm induced significant enhancement of the LSPR amplitude for the main peak and resulted in narrower absorption peaks (Figure 3a). Figure 3b,c clearly illustrate this substantial alteration. Furthermore, a minor blue shift was observed for both peaks. Figure 3a–c and Table 2 show the effect of the fill spacing on the LSPR position, amplitude, and full width at half maximum (FWHM) for both peaks. Additionally, in the 0.0125 mm absorption curve, three small peaks are visible in the region of 3.3–3.6 eV. Similar phenomena were observed in all Ag films, and further reference will be made to them in the Discussion section.




Frequency Variation


For the same 13.5 nm film (Ag #1), the effect of the laser frequency on its plasmonic behavior was also examined. Due to the limited space on the film, only one comparison is discussed in this case. Specifically, for a 0.05 mm fill spacing, the laser frequency was decreased to 50 kHz and resulted in a blue-shifted absorption curve, with two pronounced peaks, as shown in Figure 4. The LSPR amplitude was slightly lower for the first peak, while it was higher for the second peak. The lower laser frequency caused the thermal energy to penetrate deeper into the film surface, revealing a bimodal distribution of nanoparticles, which accounts for the two broad absorption peaks.



At this point, it should be mentioned that for the rest of the analysis, the fill spacing value was set to 0.0125 mm, as shown in Table 1.



Figure 5a shows the plasmonic behavior of a 12.5 nm Ag film (Ag #2) as a function of the laser frequency. With increasing frequency, the absorption curves demonstrated a blue shift that was consistent with the main resonance. Additionally, the lower-frequency curves exhibited a minor blue shift (data table shows the opposite; we should consider the errors) as well as a slightly higher LSPR amplitude regarding their secondary peaks. All main peaks were of similar amplitude, with the 40 kHz and 50 kHz peaks exhibiting the lowest and highest values, respectively. It is noteworthy that for all cases, a minor third peak appeared around 3.25 eV. This was more apparent for the two lower frequency values.



For a silver film of similar thickness (Figure 5b), the effect of the frequency on the plasmonic characteristics was further investigated. Once again, minor third peaks around 3.25 eV were evident. Regarding the LPSR position, the main resonances were located at higher energy values for the extreme frequencies (50 and 130 kHz), while for the intermediate frequencies, they were nearly identical at around 2.21 eV. Likewise, the secondary peaks followed this behavior, but with smaller fluctuations in their values. Concerning the LSPR amplitude, for the main peaks, the rising frequency initially increased it, reaching a maximum at 70 kHz. However, the further increase in the frequency resulted in a continuously declining LSPR amplitude. The secondary peaks did not show a clear frequency dependence.



Figure 6 shows the absorption spectra of a 6 nm Ag film with various laser frequencies. Once again, two resonance peaks were observed for all cases, but in different positions compared to the thicker films studied above. It must also be noted that around 1.75 eV, a broad curve could be detected, similar to the third peaks identified in the previous Ag films.



As for the LSPR position, the main LSPRs for the intermediate frequency values (80–120 kHz) were located around 2.85 eV. For the two lower frequencies (40, 60 kHz), the LSPR could be found around 2.9 eV, while the highest frequency (140 kHz) promoted a slight red shift. Furthermore, the increase in the laser frequency initially enhanced the main LSPR amplitude, reaching its maximum at 80 kHz. However, thereafter, a continuous decrease was observed. The secondary resonance peak showed an inversely related dependence on the laser frequency, as revealed by the declining amplitude.



Figure 7a–f graphically display the influence of the laser frequency on the LSPR characteristics for every examined film, and Table 3 provides detailed data thereof.





3.1.2. AgPd Multilayers


The UV–Vis absorbance spectra plotted in Figure 8a,b concern two AgPd multilayers with thicknesses of 7.5 nm and 12.3 nm, respectively, whose compositions are illustrated in the insets. Detailed data of the comparison between thermal and laser annealing of the AgPd multilayers are presented in the table below. No graphic illustrations are presented for these specimens since there are little data available. Both annealing methods resulted in single-peak LSPRs and delivered self-assembled AgPd nanoparticles, as shown in the AFM images. As expected, the LSPRs in this case were broader compared to those of the Ag nanoparticles due to the presence of Pd.



Thermal annealing was realized in a furnace in air at 460 °C for 5, 10, 20, and 40 min depending on the multilayer thickness. For the thinner multilayer (AgPd #1), laser annealing for 20 and 25 laser passes was able to introduce similar or even better LSPRs in terms of intensity and absorption peak width compared to thermal annealing. The LSPR positions of the laser-annealed areas were found at lower energy values, and their amplitude was slightly higher compared to that of the thermally annealed areas.



However, regarding the thicker multilayer, as clearly depicted in Figure 8b, laser annealing resulted in remarkably narrower and more intense LSPRs. The plasmonic resonance intensity was notably higher for the laser-annealed areas, while the LSPR position was found to be almost the same for all cases, as shown in Table 4.



This plasmonic behavior is quite impressive since, along with the aforementioned results of the Ag films, it is verified that the nanosecond fiber laser used can produce qualitative plasmonic nanomaterials while providing manufacturing speed, practicality, scalability, and cost effectiveness. Additionally, considering that Pd is susceptible to oxidation when annealed in air at temperatures needed to obtain self-assembled nanoparticles [52], laser annealing did not induce any obvious signs of oxidation. On the contrary, it introduced noteworthy LSPRs, indicating that this nanostructuring method could be useful for various plasmonic materials and alloys or multilayers thereof.





3.2. Microstructure Analysis


In this section, we present selected AFM images that depict the surface morphology of the thermally and laser-annealed areas, as well as their nanoparticle size distributions.



3.2.1. Ag Ultrathin Films


Figure 9a,c,e show 2D and 3D AFM images and the nanoparticle size distribution diagram for the 13.5 nm Ag film (Ag #1), depicting the laser-annealed area with a fill spacing of 0.05 mm. The distribution of distinct particles, agglomerates, filament-like structures, and droplets can be observed, indicating that the fluence induced into this area was not sufficient to cause complete nanostructuring. Further analysis of this phenomenon is beyond the scope of this paper and will not be discussed. Figure 9b depicts the surface microstructure for an area of the same film, laser-annealed with a 0.0125 mm fill spacing. This area shows the largest LSPR amplitude in Figure 2, probably due to its dense nanoparticle distribution. In this case, more distinct and well-defined nanoparticles are present, as most of the filament-like structures formed distinct nanoparticles. However, the presence of some filament-like arrangements is still noticeable. The distribution diagrams reveal that the mean particle diameter is larger for the 0.0125 mm fill spacing, while the presence of a greater amount of agglomerates for 0.05 mm is evident as well.



Figure 10 corresponds to the same 13.5 nm Ag film (Ag #1) but illustrates an AFM image of the area irradiated with a frequency of 50 kHz and a 0.05 mm fill spacing. In contrast to Figure 9a, which shows the morphology of the area irradiated with the same fill spacing (0.05 mm) but a different frequency (60 kHz), one can see a bimodal distribution of scattered nanoparticles without any agglomerates. This indicates that complete nanostructuring took place under those laser settings. The lower frequency seems to have induced thermal energy deeper in the sample, leading to a bimodal distribution of both larger and smaller scattered nanoparticles.



Figure 11 and Figure 12 illustrate AFM images of the areas that displayed the largest LSPR amplitudes in the UV–Vis spectra (Figure 5a,b and Figure 6) across the variation in the laser frequency. Figure 11a shows an AFM image for the area of the first 12.5 nm Ag film (Ag #2) that was irradiated with a frequency of 50 kHz. A narrow distribution of large nanoparticles can be observed. Silver nanoparticles are densely scattered and, in some cases, they form aggregates. Some nanoparticles even exceed 300 nm in diameter. The combination of a small fill spacing value with a low laser frequency resulted in a wider energy distribution in the film, resulting in a narrow and dense distribution of large nanoparticles. The filament-like formations seen in the previous cases are not present, as they may have transformed into distinct nanoparticles packed closely to each other. This is probably due to the deeper heating caused by the lower laser frequency. However, in contrast to Figure 10, in this case, a single distribution is observed. The biggest overlap due to the smallest fill spacing may have led to a more uniform annealing, justifying the difference in the nanoparticle distributions.



Figure 11b shows the area of the second 12.5 nm film (Ag #3) with the largest LPSR amplitude irradiated with a frequency of 70 kHz. In this case, a very dense distribution of nanoparticles with minimal spacing between them is observed. Their average diameter and height are smaller than those of the previous specimen.



Regarding the thinner film Ag #4 (6 nm), Figure 12 depicts the area irradiated with a frequency of 80 kHz, resulting in a very dense but wider distribution of nanoparticles with a smaller diameter and height, compared to the thicker films. This is attributed to the lower initial thickness of the film. Additionally, the nanostructures of this film present an elongated, spherical shape, possibly due to the smaller agglomerated particles forming bigger ones.



The nanostructures obtained using this technique show excellent plasmonic behavior, with intense and narrow LSPRs. It is noteworthy that, even in this facile study, we were able to obtain plasmonic resonances of equivalent or even better quality compared to thermally annealed Ag films of similar thickness [14].




3.2.2. AgPd Multilayers


The following figures illustrate 2D and 3D AFM images and nanoparticle size distribution graphs of the thermally and laser-annealed AgPd multilayers.



Concerning the thinner AgPd #1 multilayer, Figure 13a shows its surface morphology after annealing at 460 °C for 5 min, and Figure 13b shows a laser-annealed area with 20 passes. The thermally annealed AgPd presents a distribution of mostly separated nanoparticles, while some agglomerates can also be observed. On the contrary, the laser-annealed area shows a very dense distribution of nanoparticles with a smaller average diameter, and some large nanoparticles (diameter > 150 nm) are present as well. The latter may have formed from smaller agglomerated particles.



Figure 14a shows the surface morphology of the 12.3 nm thick AgPd #2 multilayer thermally annealed at 460 °C for 5 min. Many small, agglomerated particles are visible, as well as a limited number of larger nanoparticles whose diameter exceeds 170 nm. Figure 14b depicts the surface morphology of the laser-annealed area with 20 passes of the same multilayer (AgPd #2). In this case, very large nanoparticles are observed along with some filament-like formations. The much larger average diameter of the nanoparticles might be responsible for the enhanced plasmonic resonance intensity in the laser annealing case.






4. Discussion


The demand for rapid and cost-effective fabrication of tunable plasmonic nanostructures on a large scale has been a significant challenge in the field of plasmonics. In this study, we investigated the feasibility of an industrial-friendly laser technique that utilizes an ns fiber laser for efficient large-scale plasmonic nanostructuring.



Our approach provides a practical solution, exploiting fiber lasers’ strengths to create a simple, fast, cost-efficient, and scalable nanofabrication method. Notably, the use of fiber lasers for plasmonic nanostructuring has been explored to a very limited extent [38,39], making our study a valuable contribution to the field. Moreover, the proposed method involves laser thermal treatment under ambient conditions, which is a distinct advantage when industrial-scale manufacturing is in mind, eliminating the need for specialized equipment and complex sample preparation procedures.



Combining simplicity, speed, cost efficiency, and scalability with the strengths of the fiber laser used, our approach offers a viable alternative to established fabrication options, such as thermal [8,11,12,14,15,29,30,31] or laser annealing of metallic films with conventional laser sources (excimer, Nd:YAG, CO2, etc.) [9,13,16,17,18,19,20,21,28,32,33,34,35,36,37,40,41,42,43,44,45,46]. Overall, our findings demonstrate the potential of using fiber lasers for large-scale plasmonic nanostructuring and suggest new possibilities for the field.



Our method focuses on the direct growth of plasmonic nanostructures on the surface of metallic films, multilayers, or alloys on a large scale, but it could also be used for the embedding of metallic nanoparticles on dielectric matrixes [9,13,17,19,20] and the processing of other materials too.



The proposed laser technique’s ability to achieve tunable, intense, and narrow LSPRs is promising for fabricating functional plasmonic materials. These materials have the potential to find applications in a range of fields, including optoelectronics, photothermal therapy, sensing, surface-enhanced Raman spectroscopy (SERS), catalysis, diagnostic imaging, and energy harvesting [1,2,3,4,5,6,7,8,9,10,16,21,24,25,26,27,36,37,53]. Additionally, the proposed technique could be utilized after suitable adjustment in optothermoplasmonic nanolithography [54], optothermal tweezers, and laser printing for the fabrication of nanostructured materials for photonic and electronic devices [39,55,56,57,58].



By varying the laser parameters, namely, the fill spacing, frequency, and number of passes, we successfully fabricated self-assembled plasmonic nanoparticles of various diameters directly onto magnetron sputtered films and multilayers. As already mentioned, these nanostructures exhibited intense and narrow LSPRs, which are highly desirable for plasmonic-based applications.



In comparison with prior studies that investigated Ag films of similar thickness by means of thermal annealing [14], laser annealing [38], or a combination of both [18,21], the LSPR amplitude of the Ag films presented here was equivalent or even superior, depending on the laser settings. Additionally, we could consistently detect two LSPRs for all Ag films, while the existence of a third or even a fourth peak was evident several times in the Ag absorption curves. These secondary peaks could be the result of multiple scattering inside the films’ microstructure. In several cases, we obtained closely arranged nanostructures or aggregates of various shapes and sizes that could account for this phenomenon. Furthermore, the two observed LSPRs exhibited different plasmonic behaviors across the variation in the laser settings. A possible explanation for their different behaviors could be related to structural variations in the films at the microscopic level. The films are irradiated in different areas as the laser annealing settings change, and since magnetron sputtering deposition does not guarantee absolute uniformity over the entire film, minor structural variations may exist among different irradiated areas. Consequently, the laser beam interacts with a non-identical surface every time, resulting in minor differences in the geometry or interparticle distance of the self-assembled nanostructures. Since the first and second LSPRs are based on nanostructures with different geometries, the behavior of each peak may present differences with varying laser annealing settings. Additionally, Figure 3 and Figure 7 rely on data from Gaussian fittings after background subtraction, whose errors should be taken into consideration as well. The nanoparticle size was found to depend on the initial thickness of the specimen and laser annealing settings. The average nanoparticle diameter was around 150 nm for the highest LSPR amplitudes in the thicker Ag films (Ag #1–3), while for the thinner Ag #4, it was around 95 nm. This is to be expected due to the thicker initial film thickness. The large size of the grown nanoparticles accounts for the high absorbance values. Laser annealing seemed to be effective on every specimen processed; however, the thicker Ag films (Ag #1–3) were slightly more responsive (in terms of the LSPR amplitude) to the laser parameters’ variation than the thinner (Ag #4) film.



Regarding the AgPd multilayers, the LSPRs obtained through laser annealing were superior to those obtained through thermal annealing in the present study, as well as in [15], which utilized thermal annealing exclusively. As observed in the Ag films, the thicker (AgPd #2) multilayer exhibited superior LSPRs compared to AgPd #1. The thicker layer not only showed a higher amplitude—as expected due to its greater initial thickness—but also exhibited more pronounced LSPRs. Additionally, even though the AgPd multilayers were subjected to large amounts of thermal energy in air, no Pd oxidation signs were observed. Laser annealing is known to promote liquid-state dewetting, after achieving melting point temperatures [42]. As already mentioned in the results, Pd is susceptible to oxidation in this temperature range, and the presence of PdO could be detected by a small discontinuity in the absorbance spectra at 2.2 eV [15], but this is not the case here. The absence of oxidation could be attributed to two factors: firstly, the ultra-fast nanosecond annealing, which minimized the material’s exposure time to high temperatures, and secondly, the presence of a thick Ag top layer that may have provided additional protection to the internal Pd layers.



Additionally, the thinner samples of both cases studied (Ag #4 and AgPd #1) exhibited very dense nanoparticle distributions, as shown in Figure 12a and Figure 13b. This finding could be attributed to the lower temperature elevation on the film surface during laser annealing, due to heat diffusion into the substrate. According to [32], thinner films are expected to dissipate heat faster than thicker films. Therefore, the faster cooling rates of the thinner specimens might have promoted dense nanoparticle distributions.



Based on these results, it is clear that the proposed nanostructuring method can be valuable for a wide range of materials, even those which may be challenging to manipulate under ambient conditions. This creates new opportunities for potential mass manufacturing of novel materials with reduced costs and required production times.



In several cases, agglomerates or filament-like structures were observed. This highlights the importance of finely tuning the laser settings to achieve full control of the annealing process and nanostructuring in general. It should be emphasized that, in order to configure the optimal laser settings, one has to take into consideration the properties (thermal conductivity, melting point, etc.) of both the irradiated material and its substrate, as well as their interaction.



An improved laser configuration is expected to accelerate this technique even more and provide a wider tunability range and higher precision. All of the above, along with the compactness, operational benefits, and freedom of patterning that the fiber laser source provides, could potentially render this straightforward method a platform for large-scale plasmonic applications.



Future research should focus on fine-tuning the industrial laser source to achieve full control over the nanostructuring process and even exploit its capability to induce nanostructures that exhibit multiple LSPRs. This could lead to high-quality tunable plasmonic materials that can provide multiple selectivity for energy harvesting, sensing, or catalysis applications. Testing the performance of the fiber laser in various environments (e.g., under vacuum) is necessary, as the environment greatly affects the properties of the grown nanostructures [36]. Finally, more materials, as well as their oxidation behavior, could be studied.




5. Conclusions


In conclusion, this work demonstrated rapid and efficient plasmonic nanostructuring of metallic ultrathin films and multilayers with laser annealing at ambient conditions. Additionally, it was possible to tune their LSPR characteristics by only configuring the laser parameters, such as the fill spacing, laser frequency, and number of passes. The plasmonic behavior of the laser-annealed Ag ultrathin films and AgPd multilayers was remarkable, showing intense and narrow LSPRs whose characteristics depended on the initial film thickness and laser settings. Furthermore, Ag and AgPd nanoparticles of various diameters were obtained, and a comparison with thermal annealing was also carried out for the AgPd multilayers in order to emphasize the feasibility, versatility, and potential of this method.



The proposed method can deliver plasmonic nanostructures of satisfactory quality while simultaneously providing advantages in patterning design, scalability, and overall manufacturing practicality. The laser used in this study is an industrial nanosecond fiber laser source that is fully compatible with typical streamlined industrial processes. Therefore, this methodology paves the way towards efficient large-scale plasmonic nanostructuring with high-resolution patterning. Ultimately, further optimization of the laser parameters could improve this method in every aspect and expand its application to more plasmonic materials.
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Figure 1. Indicative absorbance spectra and Gaussian fittings of the LSPRs for Ag films and AgPd multilayers after background subtraction. (a) The area of the Ag #1 (13.5 nm) film irradiated with a fill spacing of 0.05 mm at 50 kHz; the inset concerns the area of the same film irradiated with a fill spacing of 0.0125 mm at 60 kHz. (b) The area of the AgPd #1 (7.5 nm) multilayer irradiated with 20 laser passes. LSPRs are shown to follow a Gaussian curve. Ag films exhibited two main LSPRs, and in some cases, three or even four peaks were visible, as depicted in the inset of (a). This will be discussed further below. AgPd multilayers, however, exhibited only one LSPR, as shown in (b). The LSPR position (xc), intensity of the plasmonic response (A), amplitude of the plasmonic resonance (Height), and full width at half maximum (FWHM) are also presented as insets in both figures. 
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Figure 2. Absorbance spectra for areas of a 13.5 nm Ag film (Ag #1) irradiated with various fill spacing values at 60 kHz. 
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Figure 3. Graphic illustrations of the LSPR characteristics of a 13.5 nm Ag film (Ag #1), as a function of the fill spacing. The main figures show the data for the main peaks, while the insets show the data for the secondary peaks. (a) LSPR position; (b) LSPR amplitude; (c) FWHM. No FWHM data could be extracted for the secondary peaks. 
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Figure 4. Absorbance spectra for areas of a 13.5 nm Ag film (Ag #1) irradiated with different laser frequency values. 
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Figure 5. Absorbance spectra for areas of two 12.5 nm Ag films, Ag #2 (a) and Ag #3 (b), irradiated with various laser frequency values. 
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Figure 6. Absorbance spectra for areas of a 6 nm Ag film, Ag #4, irradiated with various laser frequency values. 
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Figure 7. Graphic illustrations of the LSPR characteristics for all Ag films treated with various laser frequency settings: Ag #1 (13.5 nm), Ag #2 and Ag #3 (12.5 nm), and Ag #4 (6 nm). (a,c,e) Data for the main (first) peaks; (b,d,f) data for the secondary peaks. The LSPR position is shown in (a,b), while the LSPR amplitude and FWHM are depicted in (c,d) and (e,f), respectively. 
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Figure 8. Absorbance spectra of two AgPd multilayers with thicknesses of 7.5 nm (AgPd #1) (a) and (b) 12.3 nm (AgPd #2). Their compositions are shown in the insets. These multilayers were thermally annealed at 460 °C in a furnace in air and laser-annealed for 20 and 25 passes. Detailed data are shown in Table 4. 
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Figure 9. Two- and three-dimensional AFM images and nanoparticle size distribution diagrams for two areas of a 13.5 nm Ag film (Ag #1): (a,c,e) the laser-annealed area with a fill spacing of 0.05 mm; (b,d,f) the area irradiated with a 0.0125 mm fill spacing. 
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Figure 10. (a) Two- and (b) three-dimensional AFM images and nanoparticle size distribution diagram (c) for the area of the Ag #1 (13.5 nm) film irradiated at a frequency of 50 kHz with a 0.05 mm fill spacing. 
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Figure 11. Two- and three-dimensional AFM images and nanoparticle size distribution diagrams for the areas of the 12.5 nm Ag films (Ag #2 and Ag #3), which showed the greatest LSPR intensity. (a,c,e) The area of Ag #2 that was laser-annealed with a laser frequency of 50 kHz; (b,d,f) the area of Ag #3 irradiated with a laser frequency of 50 kHz. 
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Figure 12. (a) Two- and (b) three-dimensional AFM images and nanoparticle size distribution diagram (c) for the area of the Ag #4 (6 nm) film irradiated at a frequency of 80 kHz. 
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Figure 13. Two- and three-dimensional AFM images and nanoparticle size distribution diagrams (a,c,e) for the area of the AgPd #1 (7.5 nm) multilayer that was thermally annealed at 460 °C for 5 min, and (b,d,f) for the area of the same multilayer that was laser-annealed with 20 passes. 
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Figure 14. Two- and three-dimensional AFM images and nanoparticle size distribution diagrams (a,c,e) for the area of the AgPd #2 (12.3 nm) multilayer that was thermally annealed at 460 °C for 20 min, and (b,d,f) for the area of the same multilayer that was laser-annealed with 20 passes. The multilayer was cut into two pieces so that both annealing methods could be carried out. 
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Table 1. Laser settings for all laser-annealed films and multilayers.
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Specimen Thickness

	
Fill Spacing (mm)

	
Frequency (kHz)

	
Laser Passes

	
Scanning Speed (mm/s)

	
Pulse Duration

(ns)






	
Ag #1

13.5 nm

	
0.075

	
60

	
25

	
200

	
200




	
0.05

	
50

	
60




	
0.025

	
60




	
0.0125

	
60




	
Ag #2

12.5 nm

	
0.0125

	
40

	
25

	
200

	
200




	
50




	
60




	
70




	
Ag #3

12.5 nm

	
0.0125

	
50

	
25

	
200

	
200




	
70




	
90




	
110




	
130




	
Ag #4

6 nm

	
0.0125

	
40

	
25

	
200

	
200




	
60




	
80




	
100




	
120




	
140




	
AgPd #1

7.5 nm

	
0.0125

	
70

	
20

	
200

	
200




	
25




	
AgPd #2

12.3 nm

	
0.0125

	
70

	
20

	
200

	
200




	
25
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Table 2. LSPR characteristics as a function of the fill spacing. It must be noted that all measurements presented in the table were carried out at a laser frequency of 60 kHz.
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Fill Spacing (mm)

	
LSPR

Position

(eV)

	
LSPR

Amplitude

(a.u.)

	
FWHM

(eV)

	
LSPR

Position

(eV)

	
LSPR

Amplitude

(a.u.)

	
FWHM

(eV)




	

	
1st Peak

	
2nd Peak






	
0.075

	
2.04638

	
0.40225

	
0.86630

	
3.14680

	
0.16850

	
1.19350




	
0.05

	
2.09135

	
0.42440

	
0.91669

	
3.22159

	
0.17858

	
1.03308




	
0.025

	
2.09015

	
0.47615

	
1.05890

	
3.33536

	
0.19369

	
0.87419




	
0.0125

	
2.14632

	
0.63422

	
0.78141

	
3.39330

	
0.15431

	
0.50410
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Table 3. LSPR characteristics as a function of the frequency. The fill spacing for Ag#1 was 0.05 mm, while for the rest of the films, it was 0.0125 mm.
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Specimen Thickness

	
Frequency (kHz)

	
LSPR

Position

(eV)

	
LSPR

Amplitude

(a.u.)

	
FWHM

(eV)

	
LSPR

Position

(eV)

	
LSPR

Amplitude

(a.u.)

	
FWHM

(eV)




	

	

	
1st Peak

	
2nd Peak






	
* Ag #1

	
50

	
2.32630

	
0.40088

	
0.87673

	
3.3598

	
0.19023

	
0.58545




	
60

	
2.09135

	
0.42440

	
0.91669

	
3.21159

	
0.17858

	
1.03308




	
Ag #2

	
40

	
2.22038

	
0.69719

	
0.69596

	
3.48730

	
0.14850

	
0.31870




	
50

	
2.24569

	
0.73350

	
0.67350

	
3.49756

	
0.14386

	
0.29037




	
60

	
2.34623

	
0.70854

	
0.6990

	
3.41647

	
0.12224

	
0.53131




	
70

	
2.35272

	
0.70438

	
0.69302

	
3.41510

	
0.09873

	
0.51593




	
Ag #3

	
50

	
2.31641

	
0.66805

	
0.74920

	
3.52922

	
0.12783

	
0.24348




	
70

	
2.20590

	
0.75654

	
0.66086

	
3.51134

	
0.10388

	
0.23958




	
90

	
2.21742

	
0.71061

	
0.68385

	
3.50161

	
0.11528

	
0.26154




	
110

	
2.21539

	
0.65417

	
0.69172

	
3.50334

	
0.11180

	
0.26758




	
130

	
2.27832

	
0.55360

	
0.72018

	
3.52241

	
0.10484

	
0.23818




	
Ag #4

	
40

	
2.91469

	
0.30225

	
0.56279

	
3.52795

	
0.12044

	
0.26439




	
60

	
2.87938

	
0.29699

	
0.54288

	
3.52737

	
0.11265

	
0.25542




	
80

	
2.85029

	
0.29460

	
0.52788

	
3.53200

	
0.10105

	
0.24410




	
100

	
2.84576

	
0.29738

	
0.54263

	
3.53331

	
0.09521

	
0.24517




	
120

	
2.85522

	
0.29335

	
0.59312

	
3.52498

	
0.09096

	
0.24442




	
140

	
2.81706

	
0.28206

	
0.58298

	
3.48879

	
0.12639

	
0.31359
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Table 4. LSPR characteristics of AgPd multilayers as a function of the laser passes and annealing time at 460 °C.






Table 4. LSPR characteristics of AgPd multilayers as a function of the laser passes and annealing time at 460 °C.





	
Specimen Thickness

	
Laser

Passes

	
LSPR Position

(eV)

	
LSPR Amplitude

(a.u.)

	
FWHM

(eV)

	
Annealing Time

at 460 °C

	
LSPR Position

(eV)

	
LSPR Amplitude

(a.u.)

	
FWHM

(eV)






	
AgPd #1

	
20

	
2.52936

	
0.31408

	
2.05673

	
5 min

	
2.67670

	
0.20536

	
1.36271




	
25

	
2.48856

	
0.26738

	
1.81230

	
10 min

	
2.84997

	
0.18271

	
1.20058




	
AgPd #2

	
20

	
1.94617

	
0.29889

	
0.73643

	
20 min

	
2.00885

	
0.17611

	
0.98188




	
25

	
1.87977

	
0.26018

	
0.64372

	
40 min

	
2.12255

	
0.13747

	
1.35637
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