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Abstract

:

In this study, we investigate the effects of densification through high pressure and temperature (up to 5 GPa, 1000 °C) in the making of nanogratings in pure silica glass, inscribed with femtosecond laser. The latter were monitored through retardance measurements using polarized optical microscopy, and their internal structure was observed under scanning electron microscopy. We reveal the difficulty in making nanogratings in densified silica glasses. Based on this observation, we propose that free volume may be a key precursor to initiate nanograting formation.
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1. Introduction


The variety of femtosecond (fs) laser-induced modifications in glass paves the way for a multitude of structural alterations initiated through the nonlinear absorption of laser pulse energy. The nature of these modifications in optical glasses varies based on the laser-writing parameters, and they are classified in the literature into three main types [1]. Type I modifications can be observed as smooth and homogeneous changes in the refractive index at lower energy. Early studies demonstrated the potential of fs-lasers to induce 3D refractive index profiling in silica glass, a foundational step in creating waveguides [2]. Type II modifications are distinguished by an anisotropic change in the refractive index. Under specific pulse duration, frequency, and energy conditions, a strong form birefringence appears, which originates from periodic lamellar nanostructures oriented perpendicular to the laser polarization [3]. At higher laser intensities, Type III modifications occur, marked by the formation of nano/micro-voids with a densified shell due to localized micro-explosions.



Of particular interest are Type II modifications, associated with the formation of nanogratings. Fs-laser-induced nanogratings find expansive applications in several technological domains. They play a central role in the creation of long-term optical data storage devices [4,5], thermal optical sensors [6,7], and microfluidics [8,9]. Importantly, they are also employed in the fabrication of various optical elements, including waveguides, light polarization converters [10,11], and other birefringent elements [12]. Despite the broad scope of their applications, a comprehensive understanding of the mechanisms behind nanograting formation in glass remains to be achieved. This is crucial, as it impacts their fabrication and, consequently, the optimization of their use in various technological contexts.



Central to the nanograting formation process is the phenomenon of multiphoton ionization, wherein photon absorption facilitates energy transfer from the incident light to the solid glass structure [13]. As the laser intensity exceeds specific thresholds, it results in the generation of plasma, characterized by a high-density free-electron cloud [14]. Interference between the incident laser light and scattered light from the inhomogeneities in the glass matrix results in periodic modulations in the electron plasma concentration, leading to nanostructural changes in the glass [15]. Simultaneously, plasma hotspots evolve into elongated nanoplasma regions because of local field enhancement, which occurs perpendicular to the polarization [16]. These nanoplasma regions are “forced-arranged” by light into distinct periodic patterns, oriented in a direction orthogonal to the laser’s polarization vector. Finally, plasma-mediated oxide decomposition occurs, resulting in nanolayers made of an assembly of oblate nanopores [17,18].



While there is an understanding of the mechanisms behind nanograting formation, determining the exact precursors in glass remains a debated topic in the field of laser–matter interactions. One hypothesis [19] posits that the inception of nanogratings does not have any pre-existing precursors. Instead, modeling studies suggest that the initial laser pulse generates nanopores or nanovoids, which subsequently influence the light organization [15,20]. An alternative theory [21] emphasizes the role of point defects and color centers as the initial precursors for nanograting formation. These defects are hypothesized to be either intrinsic, pre-existing within the material, or extrinsically induced by the initial laser pulse (e.g., STHs [22]).



Building upon the existing theories of nanograting formation, our current research introduces a hypothesis that emphasizes the significance of free volume in the nanograting seeding process. Free volume in glass refers to sub-nanometer-scale voids or spaces within its amorphous structure [23,24,25,26]. In silica glass, this free volume is significant given the inherent arrangement of silicon and oxygen atoms, which creates a 3D network of n-membered rings with notable interstitial spaces [27]. The density of silica glass inversely correlates with its free volume; as the glass becomes denser through processes like high-pressure, high-temperature (HPHT) treatment, its free volume decreases [25]. In silica glass, its density or specific volume can be reduced by up to 22% under high pressure (HP) [28], highlighting its intrinsic porous nature at the sub-nanometer scale and its high initial free volume. This perspective could explain why materials like silica [14] and germanium dioxide [29], which inherently possess large free volumes in their networks, demonstrate a pronounced ability to form nanogratings compared with most other glass [30].



This paper presents, for the first time, an investigation of nanograting writing in pristine silica glass compared with densified silica glass subjected to high-pressure, high-temperature (HPHT) conditions. Prior studies have extensively explored the properties of densified glass through techniques such as Raman spectroscopy [31], X-ray diffraction [32], Brillouin scattering [33], and positron annihilation spectroscopy (PAS) [25], which have demonstrated a reduction in glass free volume indicators such as void size and rings statistics. By utilizing fs-laser writing in four different silica glass samples, each with a distinct density, and varying both pulse energy and pulse density followed by birefringence measurements, we strive to gain insights into how density and inherent interstitial voids affect the dynamic of nanograting formation. This exploration contributes to our broader understanding of the mechanisms behind nanograting creation and their potential optimization across various applications.




2. Materials and Methods


The material used for this study was Synthetic Fused Silica SK-1300 glass (OHARA GMbH, Hofheim, Germany), fabricated with the vapor axial deposition process (OH < 200 ppm). The silica samples used in our experiments were cylindrical in shape, with a diameter of 3.95 mm and a thickness of approximately 3 mm. A schematic representation of these samples is included in the insert of Figure 1. Densification of the silica glass was achieved using a high-temperature, high-pressure belt press [34]. The selected pressure and temperature conditions were chosen based on the literature [34] to provide a range of densities from 2.2 to 2.6, with the highest one being close to α-quartz density. Consequently, four samples were prepared: pristine silica and three densified samples (4 GPa at 450 °C, 5 GPa at 350 °C, and 5 GPa at 1000 °C); the densities of these samples were determined to be 2.203 ± 0.001, 2.317 ± 0.007, 2.408 ± 0.013, and 2.609 ± 0.006, respectively, where the error represents the standard deviation from three separate measurements. The density measurements were conducted using the Archimedean sink–float method, measuring the samples’ weights in air (ma) and when submerged in toluene (ml). We employed the equation d = (ma × ρtoluene)/(ma − ml) to calculate the density, where ρtoluene is the density of toluene, determined by its temperature-dependent equation (density (T) = 0.8845 − 0.9159 × 10−3 × T + 0.368 × 10−6 × T2, T in °C) [35]. Considering the optical properties of densified silica, it has been observed that the refractive index generally scales up with increased density in silica glass [36]. As for the optical bandgap, only minor changes (typically less than 5–10%) can be observed in densified silica. This can be inferred from calculations conducted on crystalline polymorphs of silica [37].



This study employed an fs-laser system (Satsuma, Amplitude Systemes Ltd., Pessac, France) operated at 1030 nm, with a repetition rate of 10–100 kHz and a pulse duration of around 300 fs. The chosen repetition rate (10–100 kHz) was low enough to avoid any pulse-to-pulse heat accumulation effects. The laser beam was focused 200 μm beneath the sample surface using a 0.6 NA aspheric lens. The laser-writing process was conducted at a scanning speed of 0.1 mm/s, with energy ranging from 0.05 μJ to 2 μJ. In a second set of experiments, the scanning speed was decreased from 5 to 0.005 mm/s to achieve a range of pulse density between 2 to 50,000 pulses/µm. The pulse density was calculated from the scanning speed and the repetition rate using the formula N = f/v, where N is the number of pulses per micron, f is the repetition rate in kHz, and v is the scanning speed in mm/s. During the laser-writing procedure, the sample was moved along the X-axis. The laser light was linearly polarized and set in two orientations (writing configurations) parallel (Xx) and perpendicular (Xy) to the laser-writing direction.



The formed optical modifications were examined using an Olympus BX51 polarized optical microscope (Olympus Corporation, Tokyo, Japan) in transmission mode. To measure the optical retardance, which is proportional to the linear birefringence, induced by fs-laser direct writing, we employed the Sénarmont compensator technique [38]. A quarter-waveplate is oriented at 45° to the axis of the linearly polarized light entering the microscope. As light passes through the birefringent sample, it undergoes a phase shift, resulting in elliptically polarized light. The rotating analyzer is then adjusted to achieve extinction, and its angle, θ, is rotated directly proportional to the retardance, following the relation R = (λ ∙ θ)/180, where λ is the probe wavelength in nm, and R is the relative retardance or optical path difference in nm. The measurements represent mean values, averaging from a series of three independent measurements. Data fitting was performed as a guide to the eye for Figure 2 and Figure 3, using an asymptotic exponential function:


  R = a ×   1 − e x p   −  x b      ,  



(1)




where R is the retardance, x represents the input variable (either pulse energy or number of pulses per micron), and a and b are the fitting parameters. Additionally, we used a full waveplate to determine the slow/fast axis orientation. This method also helps to visually confirm the dependence of the birefringence orientation with the writing laser’s polarization.



To analyze the cross-sections of the laser tracks, cleaved samples were examined using a field emission gun scanning electron microscope (FEG-SEM, ZEISS SUPRA 55 VP, Zeiss, Oberkochen, Germany) to study their morphology. Prior to laser irradiation, Raman spectroscopy measurements were taken using an externally doubled diode laser from Spectra-Physics, operating at an excitation wavelength of 488 nm, with a 1200 L/mm grating, a slit width of 50 μm, and power of 28.5 mW. Spectra were normalized by the total integrated area.




3. Results


In this study, we employed a set of four silica glass samples, one of which was pristine, while the remaining three were subjected to densification via a belt press technique. The densification process, executed under varying conditions of temperature and pressure using the same HPHT method for all samples, reliably generated distinct densities. The variation in free volume can be indirectly assessed through molar volume, expressed as    M ρ    (where M is molar mass, and  ρ  is density). Applying this to our samples indicates a molar volume decrease of approximately 4.9%, 8.5%, and 15.6% for densified samples 4 GPa 450 °C, 5 Gpa 350 °C, and 5 Gpa 1000 °C, respectively, when compared with the pristine glass with a molar volume of 27.27 cm³/mol. Positron annihilation spectroscopy (PAS) studies have demonstrated that the HPHT densification process significantly impacts void size in the silica network, linearly reducing the average void volume from 65 Å³ to as small as 10 Å³ with a densification of 22% [25]. A schematic representation illustrating the densification process and the dimensions of the samples is provided in the insert of Figure 1.



The Raman spectra of the four samples were obtained and are presented in Figure 1. Notable differences were observed in the spectral shapes between the densified samples and the pristine sample. In our observations, the R-band at 440 cm−1 in the densified samples notably shifted toward higher frequencies, and concurrently, the full width at half maximum (FWHM) of this R-band was observed to decrease. These changes indicate reduced average Si-O-Si angles, consistent with the increased density of the silica glass [31]. The densification process compacts the structure of silica glass, causing silica tetrahedra to tilt closer to each other and reducing the available volume between the atoms. This results in a more uniform and, thus, narrower range of Si-O-Si bond angles. The uniformity in bond angles restricts the vibrational frequency range of the Si-O-Si bonds, which is reflected as a sharper and more defined Raman band in our spectral analysis. Variations in the intensities of the D1 and D2 Raman bands, which are linked to local density indicators, were also noted.



Two distinct experimental series were conducted to investigate nanograting formation. In the first series, the pulse count remained constant as the energy varied between 0.05 µJ and 2 µJ. The laser-writing parameters and this energy range were chosen based on prior research [39] and our focus on Type II fs-laser-induced structures, which are associated with nanograting formation and result in a permanent form birefringence. The second series maintained a constant energy while varying the pulse count from 2 to 50,000 pulses per micron. Subsequent optical retardance measurements were performed on the laser-written structures in each sample type. In the experiment with energy variation, Figure 2 illustrates the retardance values within the irradiated areas inside the laser tracks across differing pulse energies for the four types of samples.
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Figure 2. Mean retardance of laser-written structures plotted against pulse energy. Experimental conditions: λ = 1030 nm; τ = 250 fs; f = 100 kHz; v = 100 μm/s, resulting in a pulse density of 1000 pulses/µm and energy, E, varying from 0.05 to 2 μJ. 
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Figure 3. (a) Mean retardance of laser-written structures plotted against a number of pulses per micron. Experimental conditions: λ = 1030 nm, τ = 350 fs, E = 1 μJ, f = 10–100 kHz, and v = 0.002–5 mm/s for a pulse density from 2 to 50,000 pulses/µm. (b) Optical microscope image of laser-written structures using a crossed polarizer and analyzer and a full retardation waveplate inserted at 45°, indicating the orientation of the slow axis for pristine sample. (c) SEM images of a cross-section of the laser track (1000 pulses/µm, 1 μJ, Xy writing configuration) in the pristine sample and (d) in the 4 GPa 450 °C sample. (e) Scheme of the sample orientation for the SEM analyses. 
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The lowest observed energy yielding a non- or low-birefringent optical contrast marks the Type I threshold (if any). In addition, the orientation of the stress-induced birefringence within this Type I regime remains independent of the writing polarization orientation. In contrast, Type II corresponds to a non-zero birefringence (here, an optical retardance) whose slow/fast axis orientation is quasi-linearly dependent on writing laser polarization, thus indicating nanograting formation [40], which we initially detect using the full waveplate technique and further confirmed with SEM. To precisely determine this threshold, we incrementally increased energy in very small steps (ranging from 0.015 µJ to 0.075 µJ) at the lower energy range (from 0.05 µJ to 0.125 µJ). This approach ensured a precise determination of the threshold energy, beyond which, we increased the step size (0.025 µJ to 0.2 µJ) for practicality in measurements. For the pristine sample, the threshold energy was approximately 0.125 µJ. The retardance then rapidly increased to around 330 nm at 1 µJ, beyond which, it stabilized. Different degrees of densification in silica glass only subtly influence the threshold energy (around +/−0.02 µJ). However, they exhibited fluctuating but generally low retardance levels (typ. below 50 nm), with values notably below those of the pristine silica sample.



For the subsequent experiment, an energy of 1 µJ was selected, as this value represented a plateau in retardance for all samples. The focus was shifted to varying the number of pulses per micron, as previous studies have demonstrated that higher pulse densities lead to more pronounced nanograting formation with a lower period [15,41]. Here, the retardance within the irradiated areas in the pristine sample initially increased gradually, reaching a value of around 30 nm at 10 pulses per micron. It then exhibited a more pronounced increase, peaking at approximately 270 nm at 50,000 pulses per micron (Figure 3a). In contrast, the retardance values within the irradiated areas of the densified samples remained substantially lower, not surpassing 55 nm.



In both experimental conditions, indirect evidence of nanograting formation was observed in the pristine samples. In Figure 3b, an optical micrograph using a full waveplate displays the behavior of the pristine silica glass sample. The full waveplate adds a fixed optical path difference, which results in the emergence of interference-based colors [42]. These images reveal the neutral axes of the birefringence: the orange (Xx writing configuration) and blue (Xy writing configuration) colors correspond to the orientation of the birefringence’s fast and slow axes, respectively, relative to the laser polarization. In Figure 3b, the clear contrast between orange and blue serves as an indirect confirmation of nanograting formation since it demonstrates the formation of a birefringence whose orientation is polarization-dependent [3]. Indeed, the change in color directly correlates to the 90° rotation of the birefringence slow axis when the writing laser’s polarization is rotated by 90°. Contrastingly, no such evidence of nanograting formation was observed in the densified sample. In the densified samples, the laser tracks appear uniformly colored despite the writing configuration, signaling the absence of ordered nanogratings while stress-induced birefringence is still present.



To complement this view, SEM micrographs in Figure 3c,d provide a comparative cross-sectional analysis of the nanogratings in two silica glasses, respectively, 4 GPa 450 °C and the pristine glass. For the pristine sample (Figure 3c), images reveal an ordered array of nanolayers, consistent with expectations for laser tracks written with 1000 pulses per micron at an energy of 1 µJ in the Xy writing configuration. Here, the laser polarization is perpendicular to the laser-writing direction, resulting in nanogratings that are vertically aligned within the laser track. However, it should be noted that some tilt in the nanogratings can occur because of variations in the local material response [43]. In contrast, Figure 3d displays the cross-section in densified silica glass (4 GPa 450 °C), where the nanogratings’ periodicity appears quite disrupted. Only a few vertical nanolayers can be observed, which are visible in the magnified images of Figure 3c, highlighting the “negative effect” of densification on nanograting organization. Furthermore, horizontal striations are visible in the SEM micrographs (Figure 3d) along the cracks, which are typical fracture facies due to strain relaxation in cleaved samples.



Returning to the dependence of retardance on pulse energy, a more detailed analysis reveals correlations with the density of the studied samples. For instance, Figure 4a presents the dependency of the maximum retardance value on the density of the samples. For the pristine silica, this value is notably high (332 nm), while for the densified samples, it remains considerably lower, reaching a minimum (34 nm) for the most densely packed glass (5 GPa at 1000 °C). A similar trend is observed when examining the slope of the curve at the origin (up to 0.2 µJ), as shown in Figure 4b. The slope at the origin of the retardance kinetics curve in Figure 4b, measured just above the threshold energy, serves as an indicator of the material’s initial photosensitivity. This parameter reflects the efficiency of nanograting formation at the onset, revealing the relative ease of imprinting nanogratings in the glass according to its initial density.




4. Discussion


In this section, we explore the initial steps of nanograting formation, focusing on the role of glass density and underlying structure in silica glass.



According to the prevailing theory, nanograting formation initiates with dielectric constant inhomogeneities that serve as process precursors or seeds, and which also play a role in scattering centers in the glass matrix. Within this model [15,20], incident light interacts with scattering centers in the glass structure, leading to multiple scattered wave interferences. Within the interference pattern, these seeds, in turn, generate spherical nanoplasma hotspots because of increased plasma density. As the process evolves, the influence of light polarization reshapes this nanoplasma into an oblate shape [16]. For seeds with a lower dielectric constant compared with the surrounding material, the local field enhancement results in the maxima perpendicularly to light polarization, whereas it is the reverse for a higher dielectric constant [15,44]. Through the plasma-mediated nanocavitation process, nanopores are created that, over numerous laser pulses, eventually merge to form nanolayers [15]. Nanogratings in the glass consistently form perpendicular to light polarization.



The literature suggests various potential seeds, either native to the glass or induced by laser pulses. Modeling studies of bulk nanogratings are usually based on a low dielectric constant seed as an initial “nanovoid” [15,20]. Some studies have suggested point defects like E’; ODC; and, generally, color centers [21], as well as transient defects like self-trapped electrons (STEs) [18,45] and self-trapped holes (STHs) [22] as seeds. In discussing potential precursors, we must consider the necessity of a lower change in the refractive index to facilitate the plasma field enhancement perpendicularly to light polarization. Notably, most point defects, as well as STEs, are unlikely candidates, as they contribute to a positive change in the local refractive index. Another counterargument against the presumption of point defects acting as seeds comes from observations concerning HPHT densification, which increases the initial concentration of defects such as E’ centers and ODCs [46]. Nevertheless, as described above, we evidenced that the formation of nanogratings remains notably suppressed in highly densified glass, indicating a less efficient generation process. Recent studies have considered the potential role of STHs as seeds for nanograting formation [22]. However, certain intrinsic characteristics of STHs cast doubt on their feasibility as seeds. Primarily, the size of STHs, approximately 1 Å, makes them too small to function effectively as scattering centers. Moreover, some studies indicate a lower stability of STHs in neutron-irradiated or in densified silica, particularly at room temperature, compared with pristine silica [47]. Hypothetically, this should instead facilitate nanograting formation in densified silica because of the accumulation of more stable STHs between laser pulses.



Our research introduces a new hypothesis highlighting the role of free volume and inherently related voids as precursors for nanograting formation. This aligns with the observed ease of nanograting formation in silica, a glass material characterized by a very high free volume. The efficiency is even more pronounced in nanoporous silica forms like aerogels [48], which require fewer pulses to form high birefringence given their increased free volume. So, we suggest that the initial sub-nanometer or -nanoscale porosity (the so-called glass free volume) of the glass plays a role as a low-density (low dielectric constant) seed, initiating the scattered waves that lead to the plasma spatial organization, namely, an arrangement of regularly spaced hot plasma layers. Then, oxide decomposition occurs [17] within these hot plasma nanolayers, resulting in nanograting imprinting. According to current models [15], the concentration of these “nanopores” significantly influences the nanograting-seeding process, resulting in a shorter average period for the nanogratings. The pore size is also an important factor; numerical models have successfully used voids of up to 10 nm [15,20]. Experimentally, it has been observed that nanogratings are more easily imprinted in nanoporous sol–gel silica provided that nanopores are not too big [48,49].



Conversely, multicomponent glasses such as aluminoborosilicate glasses, with their denser networks and lower free volume, exhibit narrower processing windows for nanograting formation, partly attributable to their reduced free volume [39]. First one needs to consider that the chemical composition, particularly the addition of B and Al atoms in silicate glasses, leads to a less ”open” glass network, translating into a lower free volume, as indicated by a higher atomic packing density [50]. Secondly, the free volume model also offers a comprehensive framework for understanding the relationship between glass viscosity, T, and dependence, especially in the temperature range, from the glass transition temperature (Tg) up to the melting temperature (Tm) [51]:


  η =  η 0  exp     B  V 0     V f      ,  



(2)




where  η  is glass viscosity, Vf is the free volume, V0 is the volume of a molecule, and η0 and B are constants. According to this model, free volume, Vf, can be represented by the equation:


   V f  = V   –    V 0  =    V 0    T   –    T 0       T 0    ,  



(3)




where V is the total volume, and T0 is a critical temperature. From an experimental point of view, in silica-based glasses, T0 is typically much smaller compared with aluminoborosilicate glasses such as commercial varieties like B33, AF32, BK7, etc. This difference in T0 translates into a significantly lower-free-volume aluminoborosilicate, which can be directly correlated with its reduced ability to form nanogratings. Indeed, the processing window for nanograting formation has two boundaries: the lower energy bound is influenced by the glass’s free volume (seeding the process), while the upper limit, defined by the maximum energy beyond which no more nanogratings survive, is less directly but still related to free volume through the glass viscosity (T) and the laser heating–cooling profile. While nanoporous layers can be generated through plasma-mediated nanocavitation, at higher energies or repetition rates, these nanolayers can be erased by subsequent heat pulses within a few 10s of nanoseconds, as modeled in our recent studies [52].



We hypothesize that free volume and, thus, the resulting voids are primordial in determining both the plasma spatial organization and the nanocavitation process. As previously mentioned, varying density from 2.203 to 2.609 yields a molar volume reduction of up to 15.6%. The literature indicates that a 22% density increase can shrink the void size to below 10 Å³, a stark contrast to the 65 Å³ of pristine silica [25,41]. This agrees with the Raman spectroscopy results (Figure 1), which reveal notable shifts in the R-band toward higher frequencies in densified samples along with a decreased FWHM, indicating a reduction in average Si-O-Si angles, signifying increased glass density [31,47]. This compaction results in a narrower Si-O-Si bond angle range, as reflected in more defined Raman bands. The shift in the D2 peak toward higher frequencies further corroborates this densification [34].



In our investigations of silica with varying densities, we manipulated energy levels and pulse numbers to assess their impact on nanograting formation. Utilizing the maximum value and slope of the retardance curve as indicators, we found marked differences between pristine and densified samples. While the threshold energy remained quite consistent across all samples, densified samples exhibited significantly lower retardance values (Figure 2 and Figure 3a). In the results shown in Figure 2, the minimal differences in optical retardance between the densified samples, as compared with the more pronounced retardance in the pristine sample, can primarily be attributed to the high degree of densification across all samples. The degree of densification in this study is higher than the metamict phase threshold of silica, where further densification through any kind of irradiations becomes ineffective [53]. In contrast, more significant differences are expected in samples with densities ranging from 2.20 to 2.27, i.e., below the metamict phase density.



As illustrated in Figure 4, both maximum retardance and slope values decreased with increasing density. Contrary to the well-formed nanogratings in the pristine samples, the densified counterparts tend to avoid the generation of nanogratings, as evidenced by our SEM analysis (Figure 3c,d). The observed lower retardance could potentially stem from a reduced number of seeds, which would also imply fewer nanopores generated per unit volume. The background birefringence in the highest densified sample can be attributed to the stress-induced birefringence. Meanwhile, the reduced slope indicates a change in the underlying mechanism itself, specifically hinting at a decreased energetic efficiency in facilitating the decomposition of glass oxide, subsequently leading to the reduced generation of nanopores and, likely, molecular oxygen. Indeed, the generation of nanogratings inherently involves the formation of molecular oxygen [17], a process that appears to be more difficult in densified silica. Recent studies [41] have evidenced a diminished capacity to generate molecular oxygen in densified silica during electron irradiation. This aligns well with our findings; the challenging nature of initiating molecular oxygen formation and creating associated defects, such as Frenkel defects, seems to inhibit the successful generation of nanogratings in densified samples.



As suggested above, glass free volume could serve as a primary seed for the nanocavitation process. The rapid transition from nanoplasma hotspots into nanopores is driven by swift temperature transfer to phonons and local thermal expansion, which effectively imprints oblate nanopores [18]. These nanopores’ shapes and orientations are largely influenced by the incident light’s polarization, supporting a plasma-mediated over a thermo-mediated nanocavitation process. Recent findings [54] have validated this by demonstrating spherical nanopore formation under circular polarization. For nanocavitation, primary conditions are required: a quick process that surpasses thermal diffusion and acoustic wave relaxation and a significant localized strain coupled with a pressure drop potentially due to local electrostriction [55].




5. Conclusions


By employing fs-laser writing on silica glass samples with varied densities, we demonstrated that the tendency for nanograting formation is inversely related to the material’s densification. Densified samples exhibited significantly lower retardance values and slopes, revealing a diminished efficiency in nanograting generation. This provides novel insights into the role of glass free volume as a crucial precursor of nanograting formation. Void-related free volume may serve as an ideal seed owing to its size and lower refractive index, thereby facilitating the formation of nanoplasma hotspots and subsequent nanogratings that consistently align perpendicularly to light polarization. Our suggested mechanism may coherently explain why silica glass or GeO2, which naturally possesses a high free volume, facilitates nanograting formation more efficiently than other types of glass. The relationship between free volume and nanograting efficiency could guide the engineering of materials (e.g., nanoporous dedicated materials) with tailored optical properties, paving the way for improved applications in advanced photonic systems.
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Figure 1. Raman scattering spectra of silica glass samples alongside a schematic representation of the densification process. 
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Figure 4. Analysis of retardance for the set of samples with varying energy: (a) plot of the maximum retardance for each sample against the density of the samples; (b) plot of the slope of the curve at the origin (up to 0.2 µJ) for each sample against the density of the samples. 
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