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Noble metal plasmonic nanostructures have a wide range of applications in surface-enhanced Raman scattering (SERS), solar energy conversion, optical imaging, biosensing, and many other fields due to their unique localized surface plasmon resonance effects and optical properties. In recent years, the fabrication method of noble metal plasmonic nanostructures has attracted a lot of research interest. Compared with traditional processing methods, femtosecond laser processing has the advantages of high processing resolution, small heat-affected zone, high processing flexibility, controllability, and ease of patterning, and has shown great potential for application in the fabrication method of noble metal plasmonic nanostructures. In this paper, the recent advances in the fabrication of noble metal plasmonic nanostructures by femtosecond laser are reviewed, followed by a discussion of the characteristics, advantages, and potential applications of the structures prepared by this method.
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INTRODUCTION
Plasmonic nanostructures of noble metals (gold, silver etc.,) have localized surface plasmon resonance (LSPR) [1]. Noble metal plasmonic nanostructures are characterized by their stronginteractions with photons through an excitation of LSPR. When the photons are matched with the oscillation frequencies of the metal conduction electrons, resonance effects with surface electromagnetic local enhancement and near-field enhancement [2] are produced. Because of this unique property of plasmonic nanostructures, it has played an important role in biosensing [3, 4], medical imaging [5, 6], food quality inspection [7], environmental analysis [8], energy conversion [9, 10], surface-enhanced Raman scattering (SERS) signal detection [11, 12] and other fields.
In the last decades, fabrication methods of noble metal plasmonic nanostructures have attracted a great deal of interest. At present, fabrication technologies of noble metal plasmonic nanostructures have been developed, such as electron beam lithography (EBL) [13], focused ion beam (FIB) [14], nanoimprint technology [15, 16], self-assembly technology [17], 3D printing technology [18, 53], etc., Although the above processing methods have achieved the fabrication of noble metal plasmonic nanostructures, several drawbacks of the above mentioned methods still need to overcome, such as cumbersome processing technology and poor controllability.
In recent years, with the rapid development of laser processing technology, femtosecond laser processing technology has demonstrated unique advantages in micro/nano fabrication. Femtosecond laser processing technology has an ultra-short pulse width (10–15 s) and a strong instantaneous peak power (1014 W/cm2) [19], which makes its interaction with the material exhibit strong non-linear and non-equilibrium characteristics [20–22]. Compared to conventional long pulse lasers or continuous lasers, femtosecond laser micromachining technology has the following advantages:
(1) High Processing Resolution
Ultrafast laser processing has a strong threshold effect, where the material can only be removed when the laser fluence (or power density) exceeds the material ablation threshold. Therefore, when the pulsed laser energy is reduced, only a smaller fraction of the focused spot energy exceeds the ablation threshold, contributing to the formation of subdiffraction-limited structures. In addition, the ultrafast laser-material interaction process has a significant nonlinear effect, when the photon energy is smaller than the material forbidden band width, the optical absorption is dominated by two-photon or multi-photon ionization and other nonlinear absorption processes, and the processing results can easily break the optical diffraction limit. Based on this principle, ultrafast laser two-photon polymerization methods typified by “nanobowls” [23] and 3D printing technologies represented by “minimal human sculptures” have been widely studied with processing accuracy and resolution much smaller than the diffraction limit.
(2) Small Heat-affected Zone
The material electron-lattice heat transfer time is in the nanosecond to picosecond order (10−10−10−12 s) [20]. During nanosecond (10−9 s) laser processing, the energy transfer process of the excited electrons is completed within the pulse duration, allowing the electrons and lattice to remain in equilibrium at all times [24–26]. During femtosecond laser processing, the absorption of femtosecond photon energy by the material is initially accomplished primarily by the electrons as carriers because the femtosecond laser pulse width is much smaller than the electron-lattice thermal conduction time. During the femtosecond pulse irradiation time, the material lattice motion can be neglected and the electron-lattice is in a non-equilibrium state. Although the irradiation time of the femtosecond laser pulse is very short (on the order of femtoseconds), all subsequent processes (on the order of ∼seconds) are determined by the interaction of the femtosecond laser with the electrons. Therefore, femtosecond laser processing has the advantages of high quality and reproducibility [27].
(3) Almostly any material can be processed
The instantaneous peak power of a focused femtosecond laser pulse easily exceeds 1014 (W/cm2) [28] and can ionize and process virtually any material, including dielectrics, semiconductors, and metals. Compared to conventional processing methods, femtosecond lasers offer significant advantages in processing transparent hard and brittle materials such as fused silica, highly viscous materials such as organic/inorganic polymers, and ultra-hard materials such as diamond and silicon carbide.
Due to the aforementioned advantages, femtosecond laser micro and nano processing technology gradually become one of the most important methods for preparing plasma nanostructures of precious metals. In recent years, a variety of methods for femtosecond laser processing of plasmonic nanostructures have been developed. This paper reviews the femtosecond laser fabrication method of noble metal nanostructures and its applications, and will further investigate the femtosecond laser processing of multi-metal plasma nanostructures in the future.
Advances in Femtosecond Laser Preparation of Precious Metal Plasmonic Nanostructures
The femtosecond laser fabrication methods for noble metal plasmonic structures are generally divided into two categories. The first is based on the “top-down” principle, where the material is removed through femtosecond laser fabrication to obtain the nanostructures with specific shapes and sizes. The second category is based on the “bottom-up” principle, based on the chemical properties of self-assembly to grow new structures on top of the original structure to form a basic surface micro-nano-arranged structure, the main methods include multi-photon polymerization [29, 30], metal salt solution reduction [31, 32], metal particle sintering [33, 34], and laser-induced forward transfer [35].
(1) Top-down
The top-down processing method mainly obtains noble metal nanostructures with resonance effect through the removal of materials by femtosecond laser ablation. This kind of method has the advantage of simplicity, flexibility, and easy pattern. However, due to the optical diffraction limit, the ablative structuring of nanoscale structures is difficult in most cases. Therefore, the biggest challenge of this type of method is how to overcome the optical diffraction limit to ablate and remove materials.
Femtosecond lasers have strong nonlinear processes during their interaction with materials, such as two-photon/multi-photon absorption, and multi-photon ionization processes. The nonlinear effects generated by femtosecond lasers can be used to capture or manipulate particles, thus enabling high-precision controlled fabrication of nanostructures [37]. For example, Liu’s group used femtosecond laser direct processing of metal-transparent metal oxides. The fabrication mechanism is attributed to light-induced melt oxidation, which uses non-linear effects to limit the size of the oxidized region, enabling sub-wavelength processing [38, 39] (Figure 1A). In 2020, Huang et al.used femtosecond laser to process the 3D shell-like structures of gold films. Under the action of non-linearity, gold nanoparticles can be stably trapped at a special position. With the help of lens observation, a double trap with a separation distance of less than 100 nm was achieved [40] (Figure 1B, Figure 1C) .
[image: Figure 1]FIGURE 1 | Femtosecond laser top-down preparation method figure (A) Schematic view of the fabrication of the MTMO grayscale photomasks [39] (B) femtosecond laser capture of Au nanoparticles [40] (C) experimental results of gold nanoparticles trapped by femtosecond laser [40] (D) AuNPDN substrate manufacturing process diagram [42] (E) Schematic diagram of Au3+ reduction in two steps [43] (F) schematic diagram of laser induced gold nanorod plasma nanostructure [44] (G) side view of a nanopin made by optical vortex [45] (H) space shaping experimental setup and pulse ablation of metal films [46] (I) spatial shaping experimental setup and step-by-step experimental procedures [47].
Femtosecond Laser-Induced Periodic Surface Structures (LIPSS) provides a simple approach to maintain noble metal plasmonic nanostructures. The LIPSS structure has a subwavelength periodic grating structure [41]. The structure can be formed by laser irradiation on almost any material surface and has the advantages of being simple and controllable, easy to prepare in large areas, and has been widely used. Since LIPSS has nanoscale array structure characteristics, it can provide a structural basis for the formation of noble metal plasma nanostructures. For example, Cao et al. proposed a new method to fabricate Au nanoparticle-decorated nanorod (NPDN) arrays by femtosecond laser. The nanogap and diameter of the prepared Au nanoparticles significantly affect the performance of SERS, while the enhancement factor of the substrate decorated with gold nanoparticles can be controlled up to 8.3 × 107 [42] (Figure 1D). In 2019, Li et al. proposed a method to obtain local electric field enhancement using femtosecond laser-induced periodic surface structures, which enables the deposition of gold nanoparticles on silicon substrates with excellent spatial selectivity and uniformity. This method provides a new strategy for preparing gold plasma nanoparticles on SERS substrates, which has great potential for applications in molecular detection and biosensing [43] (Figure 1E). In addition, in 2020, Yeshchenko et al. used femtosecond laser-induced silver periodic surface structures and gold nanorods or nanospheres to form plasmonic nanocavities. This structure is expected to be used for high-sensitivity label-free detection and imaging of biomolecules under the greenhouse [44] (Figure 1F).
Spatial modulating of laser pulses can break the diffraction limit and enable the processing of smaller size structures. For example, Toyoda et al. used a spatially shaped vortex-beam laser to generate plasmonic nanostructures on metal surfaces with chiral needles whose tip curvature was measured to be less than 40 nm (less than 1/25 of the laser wavelength) [45] (Figure 1G). The structures provide a favorable method for selectively distinguishing nanoscale molecules from chemical composites. Wang et al. used the femtosecond laser spatial shaping to process gold nanowires with a minimum width of 56 nm (only 1/14 of the wavelength of the incident laser) and a conductivity of 25% of that of the bulk material [46] (Figure 1H). In 2019, Xu et al. used spatially shaped femtosecond laser pulses to fabricate gold bowtie nanostructures. By adjusting the pulse energy to control the size of the nanostructures, this method produced a minimum nanogap of 30 nm (the more 1/26 of the laser wavelength), which allows the patterning of large-area micro-nano structures on terahertz supersurfaces [47] (Figure 1I).
(2) Bottom-up
The bottom-up processing enables the additive forming of nanostructures by means of the reductionism, the deposition or the polymerization of atoms, molecules or other nanoparticles controlled by a femtosecond laser. Based on the characteristics of additive manufacturing, such methods have unique advantages in the processing of 3D nanostructures.
Femtosecond laser direct writing processing is the most fundamental processing method from the bottom-up, using a femtosecond laser to “write” directly on the material. For example, in 2017, Han et al. showed that the resonance scattering spectra of gold nanobulge structures exhibited two resonance peaks by femtosecond laser-induced dewetting effect for the fabricate of gold nanobulge structures. This method became an effective means of extending the fabrication of patterned functional nanostructures [48] (Figure 2A). In 2018, Jradi et al. proposed the site-selective dewetting of metal thin films by a femtosecond laser direct writing system to prepare gold nanoparticles. The method is suitable for the inheritance of ultra-high sensitivity plasma microchips for the detection of analyte fingerprints for SERS [49] (Figure 2B).
[image: Figure 2]FIGURE 2 | Femtosecond laser bottom-up preparation method (A) femtosecond laser direct-write processing experimental setup and single nanoparticles formed by irradiation on an early semiconductor substrate [48] (B) mechanisms of nanoparticle preparation on gold films by femtosecond laser direct writing processing [49] (C) SEM image of the deposited material after laser pulse irradiation [34] (D) laser deposition of gold nanoparticles [35] (E) nanostructures formed by femtosecond laser-induced metal reduction [32] (F) aggregate photo-induced growth of silver nanoparticles prepared by sputtering deposition [36] (G) three-dimensional structures formed by two-photon polymerization preparation [30] (H) hanging wire array diagram [31].
Femtosecond laser sintering describes the physical change of the material surface by the nonlinear absorption of the pulse energy of various materials under the action of the strong field generated by the femtosecond laser. As a result, various complex shapes are formed on the surface or inside the material. For example, in 2017, Nedyalkov et al. demonstrated the use of femtosecond lasers to ablate gold targets in air and deposit material structures, with the deposition process leading to the formation of plasmonic nanostructures on substrate substrates. The method demonstrated that the presented nanostructures can be accomplished in an open-air environment for direct deposition, which has important applications in sensor fabrication, catalysis, and other fields [34] (Figure 2C). Furthermore, in 2020, Donnelly et al. used femtosecond laser ablation in argon to deposit gold nanoparticles, controlling the equivalent thickness of the nanoparticle films in the range of 0.4–28 nm by varying the target-substrate spacing and the firing spacing of the ablation point grating. It is experimentally demonstrated that all films show surface plasmon resonance at ∼525 nm out. This technique can be easily used to fabricate nanoparticle films at atmospheric pressure [35] (Figure 2D).
Femtosecond laser irradiation of metal precursor solutions (such as chloroauric acid or silver nitrate) can directly reduce metal cations to neutral atoms and form various noble metal plasma nanostructure [50]. This method is green, does not require any chemical reducing agent or surface capping agent, and has in situ reduction capability. For example, in 2017, P. Barton et al. employed a femtosecond laser (800 nm center wavelength, 23 fs pulse width) to induce silver nanoreduction in solution to generate silver nanostructures and evaluated the effect of solution chemistry on the prepared structures. The method can be used for direct laser fabrication of plasmonic metal nanostructures for plasmonics and microelectronics applications in nanoelectronics, and applications in acoustic wave and micro-nano electronics [32] (Figure 2E). In the same year, Li et al. prepared silver nanosheet arrays using focused femtosecond laser-induced photoreduction of metal salt solutions, and the fabrication of this structure would serve as silver nanoparticle aggregates for SERS monitor [33].
Laser induced forward transfer (LIFT) [51] can be performed by laser irradiation of the donor to cause melting or phase change of the sacrificial substrate. This results in the transfer of the desired structure to the recipient substrate. In this method the material is processed to produce higher precision and complex patterns without damaging the properties of the material. For example, Claas et al. used the laser-induced forward transfer method to control the deposition of copper and gold droplets to construct micro-pillars with a high depth to width ratio. They are less than 5 μm in diameter and up to 2 mm in length, and have low porosity and homogeneous electrical conductivity [36] (Figure 2F).
Two-photon polymerisation enables the fabrication of three-dimensional structures by direct solidification within the material through the non-linear two-photon absorption effect [52]. For example, in 2006, Takuo Tanaka et al. generated two-dimensional and “self-standing” three-dimensional structures of metals with electrical conductivity by two-photon induced reduction of metal ions (silver or gold ions) with a resistance 3.3 times that of bulk materials. However, due to the agglomerative growth of the reduced metal particles, the quality of the resulting metal structures is poor, with micron scales and poor quality of the resulting 3D structures [30] (Figure 2G). Using a two-photon absorption mechanism, Sun’s group has achieved a silver-palladium composite pattern with a controlled composition ratio, which can potentially be used as a robust surface-enhanced Raman spectroscopy (SERS) substrate inside a microfluidic chip [31] (Figure 2H) (Table 1).
TABLE 1 | Summary of preparation methods for plasma nanostructures of precious metals, including processing accuracy, advantages and disadvantages.
[image: Table 1]Femtosecond Laser Preparation of Precious Metal Plasma Nanostructures for Applications
Metal plasmonic nanostructures have been fabricated on a large scale by femtosecond laser technology. They have shown unique applications value in different fields.
In the field of energy conversion, plasma nanostructures can facilitate the migration of photogenerated carriers through the LSPR effect, thus promoting the utilization of solar energy. For example, a recent study by Linic et al. showed that composite modules of noble metal plasma nanostructures as well as doped semiconductor structures of photocatalysts significantly enhanced water splitting to convert solar energy into chemical energy [10]. Paul et al. explored noble metal plasma nanostructures decorated with titanium dioxide to enhance the solar light-driven photocatalytic effect to convert light energy directly into electricity [9].
In the field of biosensing, localized surface plasmon resonance enables metal nanostructures to offer advantages of directional transmission, localized hot spots, enhanced resonance coupling and magnetic field, improving the sensitivity of biomolecule detection. For example, Rifat et al. proposed a new type of biosensor based on metal plasmon resonance in photonic crystal fibres, which detects unknown analytes by changes in the sensitivity of the metal surface. The sensitivity of the molecular detection was significantly improved [3]. Akjouj et al. optimized the structure of the sensor by depositing double-layer molybdenum disulfide/graphene layer on nanoparticles or adding a single-layer molybdenum disulfide layer/graphene layer on the surface of gold nanoparticles, which greatly improved the sensitivity of molecular detection [4].
In the field of SERS signal detection, SERS is used as a powerful vibrational spectroscopy technique that can accomplish highly sensitive detection of signal molecules by amplifying the electromagnetic field generated by localized surface plasma excitation. Huang et al. combined plasmonic nanostructures with a tapered fiber optic probes for surface-enhanced Raman scattering, which can be used for SERS-based liquid sample detection as well as SERS-based remote quality monitoring of liquid and biological substances [11]. Zhang et al. demonstrated the use of gold nanoparticle substrates for surface-enhanced Raman scattering using femtosecond pulses for grid scanning. The structure exhibits high surface activity and excellent substrate reproducibility and stability, allowing clear presentation of the Raman spectra of the target analytes [12].
In the field of optical imaging, plasma-coupled scanning near-field optical microscopy has emerged to overcome the optical diffraction limit. The interaction between metal nanoparticles is of great interest in optical imaging as a signal enhancement mechanism, and thus its correlation with optical properties needs to be fully exploited. For example, Pang et al. explored that gold nanostructures can be excited to emit relatively strong luminescence through their two-photon absorption mechanism. When certain conditions are reached, the excitation efficiency is significantly increased and optical imaging can be easily presented and used to quantify the cell detection [5]. Hou et al. reported that far-field imaging cannot capture the swift waves carrying nanoscale electric field information due to the near-field nature of the plasma on the inner surface of metal nanostructures. Therefore the correlation between gold nanostructures and optical properties was exploited to improve the resolution of imaging [6].
CONCLUSION AND OUTLOOK
In recent years, femtosecond laser processing technology has emerged as a flexible, convenient and controllable method for the preparation of high-precision noble metal plasmonic nanostructures. In this paper, we compare femtosecond laser processing technology with traditional plasmonic nanostructure processing methods and summarize the advantages and disadvantages of each method. Firstly, we introduce the advantages of femtosecond laser processing technology as a new processing technology compared to traditional processing methods, and compare the femtosecond laser with traditional processing methods. Secondly, the current progress that has been made in the preparation of precious metal plasma nanostructures by femtosecond lasers is presented, focusing on the preparation of precious metal plasma nanostructures with femtosecond laser processing technology. The third part combines the experimental findings with theoretical models by understanding the relationship between the size, dimensions, and compositional morphology of noble metal plasmonic nanostructures and LSPR properties. The fourth part demonstrates the high application value of femtosecond laser preparation of noble metal plasmonic nanostructures, which can be used to a greater extent in real-life applications. Despite the impressive scientific achievements to date in the preparation of noble metal plasmonic nanostructures by femtosecond lasers, the continuous optimization of femtosecond lasers for efficient preparation of plasmonic nanostructures is still a novel field. In conclusion, femtosecond laser processing represents a new type of processing technology, which has been proven to be applied in various fields. In the future, it will continue to precisely control processing efficiency and processing materials and expand the scope of application.
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