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Abstract

:

Fabrication of hybrid micro- and nanostructures with a strong nonlinear response is challenging and represents a great interest due to a wide range of photonic applications. Usually, such structures are produced by quite complicated and time-consuming techniques. This work demonstrates laser-induced hybrid metal-dielectric structures with strong nonlinear properties obtained by a single-step fabrication process. We determine the influence of several incident femtosecond pulses on the Au/Si bi-layer film on produced structure morphology. The created hybrid systems represent isolated nanoparticles with a height of 250–500 nm exceeding the total thickness of the Au-Si bi-layer. It is shown that fabricated hybrid nanostructures demonstrate enhancement of the SHG signal (up to two orders of magnitude) compared to the initial planar sample and a broadband photoluminescence signal (more than 200 nm in width) in the visible spectral region. We establish the correlation between nonlinear signal and phase composition provided by Raman scattering measurements. Such laser-induced structures have significant potential in optical sensing applications and can be used as components for different nanophotonic devices.
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1. Introduction


Recently hybrid nano-systems comprised of plasmonic materials with dielectrics [1], 2D materials [2,3], etc., have been proposed as a promising tool for manipulating optical properties at micro- and nanoscales. For example, structures consisting of noble metals and dielectrics combine advantages of both material types, namely a strong localization and enhancement of local electromagnetic (EM) fields mediated by resonant oscillations of a free electron gas in metals (plasmons) and low ohmic losses of dielectrics ensuring high-Q resonances. Apart from unique optical properties, such hybrid nano-systems were also proved to enhance nonlinear optical effects such as harmonics generation [4,5] and broadband photoluminescence (PL) [6]. Noteworthy, resonant behavior of metals and dielectrics in the visible and near-IR spectral ranges typically appeared for dissimilar characteristic sizes of both counterparts making fabrication and large-scale replication of hybrid nanostructures rather complicating and time-consuming.



Direct laser processing recently appeared as a promising and convenient tool for fabricating as well as characterizing nonlinear optical properties of optically resonant hybrid nanostructures [7]. In particular, hybrid Au@Si sponge-like nanoparticles obtained by femtosecond laser ablation were found to significantly increase the efficiency of broadband PL compared to those for pure silicon nanoparticles due to EM-field localization by plasmonic inclusions in the Si matrix [8,9]. Another example is the laser-printed Au@TiO   2   nanocomposites and nanoparticles, which proved their efficiency for numerous applications in photocatalysts, solar cells, and sensors [10,11,12]. It also should be noted that the femtosecond laser direct writing in the bulk of transparent materials can result in the spontaneous formation of nanogratings or induce localized controlled anisotropy [13]. However, the exact mechanism leading to the creation of these nanofeatures is to date not established [14].



Interaction of intense laser pulses with a matter allows driving nano-scale self-organization via multiple electromagnetic and hydrodynamic phenomena offering a simple and high-performing approach for the fabrication of advanced nanostructures. Among others, laser-induced periodic surface structures (LIPSS) have already found numerous practical applications in optics (structural colors and fabrication of anti-reflective coatings), biology (control over the cell behavior and fabrication of antibacterial surfaces), chemical analysis (sensors based on surface-enhanced photoluminescence and Raman scattering (SERS)), or tribology. The interested reader is referred to several recent reviews summarizing research efforts in this field [15,16,17]. Briefly, LIPSS represent periodic modulation of surface topography produced upon single- or multi-pulse exposure of sample surface. LIPSS can be divided into two groups depending on the produced spatial period ( Λ ) that can be either larger (low-spatial frequency LIPSS (LSFL)) or smaller (high-spatial frequency LIPSS (HSFL)) compared to half of the wavelength of the incident laser radiation ( λ /2) [18]. For a certain type of material, the morphology and orientation of the LIPSS can be flexibly controlled by laser processing conditions (as wavelength, pulse repetition rate, number of pulses per spot, fluence, polarization, incident angle, etc.). Explanation of the LIPSS formation via interference of incident laser field with scattered or surface waves driving subsequent matter reorganization is widely accepted [19]. LSFL formation upon NIR fs-laser pulse irradiation was reported both on gold [20] and silicon [21,22], while HSFL were only found on silicon [23,24]. Furthermore, self-organized laser-induced nanostructuring of thin a-Si:H film was used to fabricate silicon-based metasurface for a third-harmonic generation [25].



Thin-film dewetting represents another common example of laser-induced self-organization phenomenon enabling subwavelength- and nano-scale patterns useful for various applications (for example, catalysis, electronics, sensing, photonics, etc.) [26,27,28,29]. The method is generally based on behavior of the thermodynamically unstable substrate-supported thin film that does not wet the substrate tending to dewet into droplets. In other words, the spreading coefficient   S =  γ S  −  γ F  −  γ  S / F   < 0  , where   γ S  ,   γ F  , and   γ  S / F    are the substrate surface free energy, the film surface free energy, and the substrate–film interface energy, respectively [30]. Basically, two mechanisms are possible according to nucleus nature [31]: heterogeneous nucleation (dewetting starts with hole nucleation) or spinodal dewetting (dewetting is mediated by the enhancement of periodical film thickness fluctuation). Dewetting morphology is a function of initial film thickness and orientation (in the case of single-crystal solid films) as well as processing temperature, time, and ambient. Another way to control final morphology is templated dewetting where prepatterning a film or a substrate takes place to produce ordered structures [32,33]. Tuning of optical resonances of Au/Si hybrid nanoantennas via localized laser-induced dewetting was reported in [34]. Moreover, the fabrication of crystalline (low-loss) resonant silicon nanoresonators, supporting electric and magnetic optical resonance, [35] or gold nanosponges for enhancing the nonlinear optical effects [36] are possible.



Here we demonstrate the appearance of laser-induced self-organized structures upon femtosecond laser exposure of the gold-silicon bi-layer film. We study the influence of the amount of laser pulses (exposure time) on the hybrid nanostructure distribution over the laser spot area. The experiments on second harmonic and broadband photoluminescence generation and Raman signal studies from the laser-irradiated area are also carried out.




2. Materials and Methods


2.1. Deposition of Au and Si Films on a Glass Substrate


The deposition of Au and Si films was performed in two steps. In the first step, 180 nm amorphous Si film was deposited by magnetron sputtering from the Si target. In the second step, a gold layer with a thickness of 30 nm was deposited on top of the silicon layer by thermal evaporation in a vacuum (Figure 1a). The thickness of the deposited layers was measured with stylus profilometer Ambios XP-1, which vertical resolution is about several Å. During the deposition process, the witness samples were loaded in the chamber and covered with Au or Si layer in the same process as the studied bi-layer sample. Then the witness sample was scratched to measure the thickness of the deposited layer; the accuracy of the measured averaged layers’ thickness did not exceed 2 nm.




2.2. Fabrication of Laser-Induced Structures


Fabrication of the structures was performed with the use of a commercial femtosecond laser system consisting of a TIF-100-F4 titanium-sapphire laser generator and RAP-1500 regenerative amplifier (Avesta Project Ltd., Moscow, Russia ), which generates laser pulses at the central wavelength of 790 ± 10 nm with a pulse duration of 100 fs and repetition rate of 10 Hz. The pulse energy was controlled by external diffraction attenuator DVA-8-800. Laser pulses with normal incidence to the sample and pulse energy of 9.6 μJ were focused on Au surface in a spot size with a diameter of 60 μm by spherical glass lens (K-8, f = 40 mm, NA ≈ 0.1) (Figure 1a).




2.3. Morphology Measurements


Morphology of laser-induced structures was studied by a combination of a Scanning Electron Microscope (SEM) Neon 40 EsB Crossbeam (Carl Zeiss, Oberkochen, Germany) in a mode of secondary electron detection and by Atomic Force Microscope (AFM) Ntegra Aura (NT-MDT, Moscow, Russia) in semicontact regime by commercially available NSG01 (TipsNano, Tallinn, Estonia) probe.




2.4. Nonlinear Optical Signal Measurements


Nonlinear optical signals were excited via pumping of structures by a Yb-doped solid-state femtosecond oscillator TEMA-150 (Avesta Project, Moscow, Russia) generating at a wavelength of 1050 ± 5 nm, with an output pulse duration of 150 fs and repetition rate of 80 ± 2 MHz (Figure 1b). The average laser power varied in a range of 1-6 mW by attenuator (a Glan prism coupled with a half-wave plate). After passing through the attenuator, a laser beam was focused on the structures from the substrate side by Mitutoyo M Plan APO NIR objective (M = 10 ×, NA = 0.26). Excited SHG and broadband PL signals were collected by Mitutoyo Plan Apo HR objective (100×, NA = 0.70) and sent to spectrometer Horiba LabRam HR800 equipped by a thermoelectrically cooled CCD (Andor DU 420A-OE 325) with a 150-g/mm diffraction grating. The sample was mounted on a piezo stage (AIST NT, Novato, CA, USA), providing positioning accuracy of 10 nm during the two-dimensional mapping of an optical signal.




2.5. Raman Spectroscopy Measurements


A HeNe laser (Thorlabs) with a central wavelength of 632.8 nm and power of 8 mW was used as a pump source for Raman scattering measurements. The laser beam was focused on the sample surface through a Mitutoyo Plan Apo HR objective (100×, NA = 0.7) to spot with a diameter of 1 μm at the 1/e level. The same objective collected a scattered signal, and the light was sent to the spectrometer (HORIBA LabRam HR) with a diffraction grating 1800 lines/mm.





3. Results


3.1. Au-Si Laser-Induced Structures Fabrication and Morphology Characterization


In this work, we used glass-supported bi-layer films composed of 30-nm-thick top Au film and 180-nm-thick bottom Si film. The sample was irradiated by fs-laser pulses with a  λ  = 790 nm wavelength. Processing fluence of F = 0.19 J/cm   2   was chosen to be slightly lower than the single-pulse ablation threshold of the top Au layer (F    t h    = 0.28 J/cm   2  ; [37]). Laser-exposed areas produced upon single-spot irradiation of the sample by varying the number of applied pulses per spot (N = 10, 100, 1000) at fixed fluence are demonstrated in Figure 2a–c. As can be seen on the magnified SEM images (Figure 2e,f), the certain exposed areas within the spot irradiated by a low number of laser pulses (N = 10) contain the nanoparticles arranged along the periodically spaced lines. AFM imaging (inset in Figure 2a,d) supported by 2D-FFT of SEM image (insert in Figure 2e) revealed the averaged periodicity of the lines of about 1.3 μm. Such ordering disappeared at an elevated number of applied pulses per spot N. Also, the density of the nanoparticles decreased from the central part of the exposed spot to its periphery that is generally consistent with the Gaussian-shaped lateral intensity profile of the laser radiation on the sample surface.




3.2. Au-Si Laser-Induced Structures Nonlinear Photoluminescence


To study nonlinear optical properties of laser-induced hybrid structures, we pumped our structures by femtosecond radiation focused on the spot of 4 μm diameter (corresponding fluence   F  p u m p .    = 0.2 mJ/cm   2  ). Figure 3a demonstrates the comparison of PL and second harmonic generation (SHG) from initial film and produced structures. As it can be seen, the initial film produces a weak SHG signal (blue curve), which is observed due to a breaking of inversion symmetry on the surface defects [38]. At the same time, laser-induced structures demonstrate a two orders of magnitude enhancement of produced SHG signal. Moreover, such structures can produce a strong broadband PL signal (green curve). At the next step, to demonstrate the distribution of produced signal along the pattern area, the sample was scanned with respect to laser beam by piezo stage with a step size of 3 μm, and the spectrum was collected at each position. These mapping results are shown in Figure 3b,c, which correspond to SHG and broadband PL signal distribution maps. From a comparison of Figure 3a,b, it can be noticed that the strongest SHG signal is observed from the areas with a higher density of structures (at the edges of a pattern), and similar dependence is found for broadband PL signal (Figure 3b).



To investigate the nonlinear signal nature, we recorded a dependence between the pump power and intensity of the produced signal. Dependencies for SHG and broadband PL signals are defined by a set of points and approximated with straight lines, which slopes, in turn, correspond to an order of nonlinear process. For SHG signal dependence (Figure 3d), the slope is equal to 1.75 ± 0.07, which corresponds to the two-photon absorption process. In contrast, for broadband PL signal (Figure 2e), the slope is 2.53 ± 0.01, which evidence of the contribution of both two and three-photon absorption processes [39]. We assume that the primary mechanism of forming a strong broadband PL signal is hot carriers injection from gold to silicon layer, which can significantly enhance the PL signal compared to the signal from pure Si.




3.3. Au-Si Laser-Induced Structures Composition


To trace Si crystallinity changes in created structures compared to the initial sample, we measured Raman scattering signal before and after laser processing. Results of measurements are shown in Figure 4a. The figure shows that the Raman signal for the initial Si film corresponds to the amorphous phase with a broad peak near 480 cm    − 1    (brown curve). Irradiation of sample by femtosecond laser pulses alongside hybrid structures formation leads to the partial crystallization of silicon with average grain size   d ≈   5 nm calculated according to the formula   d = 2 π   B  Δ Ω      (where   Δ Ω ≈   2.5 cm    − 1    is shift of Raman peak compared with peak position for bulk silicon,   B = 2   cm    − 1   ) which is confirmed by a pronounced peak at 517.5 cm    − 1    (red curve) [40].



For a more detailed investigation of composition changes within laser-induced hybrid structures area, we recorded a two-dimensional map of Raman signal with a step size of 1.5 μm where color scale corresponds to an intensity of the signal at the position of a c-Si peak at 520 cm    − 1    (Figure 4b). From the map, it can be noticed that the strongest signal is observed in the central part of a pattern where irradiation intensity during fabrication achieved a maximum. From the comparison with nonlinear signal maps, it can be concluded that the crystallization of Si film plays an essential role in enhancing SHG and broadband PL signals.





4. Discussion


Ablation/dewetting of nm-thick Au films at bulk silicon or glass substrates is very well studied [41,42,43]. Here we investigate Au-Si bi-layer film supported by a glass substrate under a femtosecond laser exposure. To the best of the authors’ knowledge, a similar system was studied by Datta et al. [44], where 6 nm-thick bi-layer Au-Si films at 300 nm-thick thermally grown SiO   2   on Si undergoes ion irradiation. Therefore, we use much thicker films to manufacture hybrid structures and demonstrate their nonlinear optical response.



Above mentioned observations allow us to suggest the following scenario regarding the formation of such surface morphology. The laser radiation induces the melting of the Au/Si sandwich. The molten layer becomes hydrodynamically unstable, breaking into isolated Au-Si nano-islands or isolated nanoparticles on the glass substrate. According to the performed AFM studies, the height of such isolated nanoparticles can reach 250–500 nm exceeding the total thickness of the Au-Si bi-layer. The formed isolated nanostructures on the thermally insulating substrate underwent multiple melting-resolidification cycles allowing pristine Si material to be transferred from amorphous to nanocrystalline phase that will be discussed somewhat later. Some of the formed nanoparticles can even be acoustically removed from the substrate via relaxation of thermal-generated stress [45]. This correlates with our experimental observations showing a gradually decreasing density of the nanoparticles in the central part of the surface area exposed by elevating several pulses.



The observed laser-induced self-organization of the nanoparticles into periodically arranged lines appears to be driven by hydrodynamics rather than electromagnetic phenomena. First, the lines showed the rather random orientation in the different areas within the entire laser-irradiated spot (Figure 2a). In this respect, the orientation of the periodically arranged lines of nanoparticles does not correlate with the linear polarization direction of the incident laser radiation. Secondly, the measured period of the lines (≈ 1.1–1.5 μm) was found to be larger compared to the incident wavelength ( λ  = 790 nm), while the ordering driven by the interference of the incident light with either the scattered or surface waves suggest the periodicity that is comparable of shorter than  λ . All this suggests that the observed ordering proceeds via laser-induced Rayleigh-like hydrodynamic instability. Additional effects (evaporated material redeposition; non-uniform heating due to Gaussian distribution of laser intensity across the focal spot together with differences in thermal properties of gold, silicon, and glass substrate; features of surface diffusion and hydrodynamic flow in such complex system) could affect. Therefore, we assume that for nm-thick films, the maximum height of produced structures is about the double total thickness of bi-layers, which was confirmed by AFM measurements.



It is known that enhancement of SHG in small metallic and dielectric particles may come due to the increased surface effect. For laser-printed silicon nanoparticles, it was shown that the main contribution to the enhancement of SHG comes from the local breaking of inversion symmetry on interfaces between Si grains which are formed under laser irradiation [46]. For hybrid Au-Si nanoparticles excitation of broadband PL is based on hot carriers injection after two and three-photon absorption processes [8]. Here we develop laser-induced hybrid structures by femtosecond laser writing on gold-silicon bi-layer film alternatively to laser printing mentioned above and extensively used to produce nanoparticles from single-layer films [47]. It should be noted that silicon crystallization takes place both under laser printing of nanoparticles [48] and femtosecond laser exposure [49] used here as confirmed by Raman measurements.



The repeatability of the proposed technique is mainly limited by the pulse-to-pulse stability of the laser source, careful adjustment of processing setup, and the quality of the initial bi-layer film since any film defects will affect the final structures.




5. Conclusions


We have developed laser-induced hybrid structures after exposure of gold-silicon bi-layer film (thicknesses of 30 nm and 180 nm, correspondingly) by femtosecond laser pulses ( λ  = 790 nm). Obtained laser-induced hybrid structures have an average period of about 1.3 μm, and the typical height is ∼200–500 nm. We demonstrated that such structures could enhance SHG signal up to 500 times and emit broadband photoluminescence. This can be attributed to hot carriers injection from gold to silicon, where silicon crystallinity is crucial for enhancing SHG and broadband PL signals. Raman scattering measurements confirm silicon crystallization during the formation of structures. Moreover, such hybrid structures provide broadband PL (white light) and can be a useful tool for spectroscopy, the broadband near-field sounding of nanophotonic devices, or mapping their optical properties due to fabrication flexibility and strong nonlinear optical properties. In terms of device applications, such hybrid nano-islands are attractive for optical biosensing and the development of nanophotonic devices based on broadband photoluminescence.
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Figure 1. Outline of the experimental setup. (a) Scheme of laser-induced structures fabrication. The inset shows the structure of gold-silicon bi-layer film supported by glass substrate and illustration of produced structures. (b) Scheme for nonlinear optical signal measurements. 
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Figure 2. Characterization of laser-induced hybrid structures topography. (a–c) Top-view SEM images of produced structures after exposure by 10, 100, and 1000 laser pulses, respectively. (d) The profile extracted from the AFM image of structures in (a). (e–g) Corresponding magnified areas of colored boxes from (a–c). Insets show a 3D AFM map of the area which is indicated in (a) as a dashed line red box and a 2D-FFT map of the corresponding SEM image. A white double arrow shows the laser beam polarization direction. 
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Figure 3. Nonlinear optical properties of Au-Si laser-induced structures obtained after exposure by 10 laser pulses. (a) Comparison of photoluminescence signal from initial film (blue curve) and laser-induced hybrid structures (green curve). Maps of (b) SHG and (c) broadband PL signals. (d) Dependence of SHG, and (e) broadband PL intensity on pump power. 
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Figure 4. (a) Comparison of Raman signal from an initial sample (brown curve) and laser-induced surface structures (red curve). (b) Two-dimensional Raman map of fabricated laser-induced structures at a wavenumber of 520 cm    − 1   . 
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