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[bookmark: _Hlk64797487][bookmark: OLE_LINK3][bookmark: OLE_LINK4]Nanofabrication techniques have significantly impelled the development of nanomechanics and nanophotonics by making nano-precision material processing routine. Although widely employed, current sub-100 nm nanofabrication approaches based on focused particles or light are limited to surface modification. Here, we demonstrate an optical in-volume fabrication approach that enables three-dimensional glass processing with a spatial resolution down to 40 nm. Such an approach is based on the formation of a single nanoslit structure induced by femtosecond laser pulses. Spatially-variant nanopatterns with uniform line-widths are then formed by a near-field mediated intensity redistribution of incident light. The redistribution of electromagnetic field induced by the presence of the nanoslit leads to a positive-feedback self-assembly process. The self-assembly process allows achieving spacing one order of magnitude smaller than the laser beam size. In addition, we reveal a tilted ablation front that results in the generation of structures with curved morphology. Our proposed approach enables three-dimensional patterning with a lateral spacing down to 200 nm and five-dimensional optical data storage with an equivalent capacity of 7.2 TB/disk, demonstrating its feasibility for three-dimensional nanoscale processing in bulk materials.

1. Introduction
Nanofabrication is a cornerstone of many prominent nanoscale applications, such as 3D printing,[1] nanomechanical device,[2] nanophotonics device[3] and data storage.[4] Prevailing nanofabrication approaches are mainly based on charged particle lithography, which requires the direct contact of focused particles and processed materials, thus confines the fabrication to surface modification. Similarly, non-contact techniques such as tip-enhanced nanolithography,[5] near-field mediated surface nanoscribing[6] and laser-assisted etching[7] require the presence of an air-substrate interface, prohibiting their applications in bulk materials. Due to the lack of a proper approach enabling nanofabrication in bulk materials, volume nanostructures with specifically designed geometries have been rarely studied.
With the advent of femtosecond direct laser writing (DLW) technique possessing novel properties such as reduced heat-affected zone and improved three-dimensional spatial resolution,[8] various high-precision applications have been demonstrated in bulk materials. Examples are, but not limited to metamaterials,[9] micro-mechanics,[10] microfluidics,[11] optical data storage[12,13] and quantum dots generation.[14] Although widely used, the DLW technique can only offer an in-volume fabrication resolution in the sub-micron range. Alternatively, femtosecond-laser-induced volume nanogratings allows to produce nano-scale modification, but with limited control over the size and shape.[15] In contrast with volume fabrication, DLW technique enables sub-100 nm modifications on the air-dielectric interface of fused silica,[16] silicon,[17] zinc oxide,[18] titanium oxide film[6] and ITO film.[19] Few years ago, a single nanoplane was reported in interface-rich nanoporous glass.[20,21] Nanovoids and nanochannels with diameters down to 100 nm were induced in sapphire[22] and fused silica.[23] Whereas, sub-100 nm modifications in general bulk materials have been rarely reported.
Here we demonstrate that a single nanoslit (SNS) structure with a width down to 40 nm or even 20 nm can be formed in silica glass with a focused femtosecond laser beam. With the polarization direction perpendicular to the laser scanning direction, the incident beam leads to a continuous growth of the structure along the scanning path producing a high-aspect-ratio SNS structure. The SNS formation mechanism is explained in terms of a local electric field redistribution attributed to boundary conditions. The corresponding numerical results are in good agreement with the SNS spacing experiment. Additionally, we present and explain a SNS curve and bifurcation phenomenon occurred under a tightly focused condition. As proof-of-concept, 3D nanostructures and birefringence voxels, constructed from SNSs, are fabricated, demonstrating the great potential of SNS structures for nanofabrication and multi-dimensional optical data storage applications.
2. Experiment conditions
[bookmark: OLE_LINK5][bookmark: OLE_LINK6][bookmark: _Hlk73042375]The experiments were performed using a femtosecond laser system (Pharos, Light Conversion Ltd.) with 800 fs pulse width, 100 kHz repetition rate and 1030 nm central wavelength. The polarization of the laser beam was controlled by rotating an achromatic zero-order half-wave plate. Then the beam was focused through a 0.7 numerical aperture (NA) dry objective lens 40μm underneath the surface or a 1.3 NA oil immersion objective lens 170 μm underneath the surface. The fused silica samples were mounted on a programed air-bearing XYZ translation stage (Aerotech ABL1000). The experimental setup is shown in Figure 1. The modified samples were examined under a bright-field microscope (Olympus BX51) and a polarization microscope using a PolScope technique.[24] To further examine the structures, the samples were polished, etched and then imaged under a scanning electron microscope (SEM, Zeiss).
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[bookmark: _Hlk85473844]Figure 1. Schematic of experimental setup and SNSs generated along laser scribed lines. The red dashed lines indicate the focal regions. The schematic distribution of the intensity that exceeds the modification threshold is indicated with a color code (Intensity). The black dashed lines indicate the contours of the areas where the intensity is lower compared to that of the incident beam (Attenuation). HWP: half-wave plate, OL: objective lens.

3. Results and discussion
[bookmark: _Hlk86174344]A series of lines were written with different orientation of the polarization plane to the writing direction. Under polarization microscope, the inscribed structures exhibited birefringence with the slow axis perpendicular to the polarization direction of the laser beam providing strong evidence of the formation of bulk nanostructures (Figure 2a). Unlike the continuous birefringent lines observed in previous studies,[6,25] strength of birefringence exhibited periodic variation along the laser scanning path that depended on the laser beam polarization (Figure 2a). To investigate this curiosity, the morphology of the structures was analyzed with SEM.
[bookmark: _Hlk84253177][bookmark: _Hlk86175563][bookmark: _Hlk84253258][bookmark: _Hlk73053441][bookmark: _Hlk84356624][bookmark: _Hlk73034044][bookmark: _Hlk73034019]SEM analysis revealed formation of 40 nm line-width SNSs with their orientations perpendicular to the polarization directions (Figure 2b). The SNSs are slit-like structures of different length and period (Figure 2c, inset). The length of the SNSs decreases with increasing polarization angle and reaches a minimum of 563 nm at 90° (Figure 2c). The period of the SNSs is not the same, it is only 372 nm at 10° and reaches a maximum of 770 nm at 90°. Different from the observed structures in previous studies, where volume nanogratings is self-assembled structure with multiple periodic nanoplanes,[15,26,27] a continuous single nanoslit is observed when the light was polarized perpendicular to the scanning direction (Figure 2a). The thickness of the structures is around 2μm based on cross-section images, resulting in an aspect ratio of 50:1 (Figure S3, Supporting Information). Based on the phase retardance value and SNS geometry, we can calculate that the SNS yields a negative refractive index change of -0.15 compared to the surrounding materials (S3.1, Supporting Information). Similar negative refractive index changes of the same magnitude were obtained in the studies of volume nanogratings.[27,28] Therefore, we infer that SNS, similar to nanogratings, is filled with nanoporous silica.[27]
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[bookmark: _Ref63760102]Figure 2. Experimental observations and simulation results of SNSs. a) Slow-axis orientation images (up) and corresponding SEM images (down) of SNSs written by different polarization directions. Pseudo colors (inset) indicate direction of slow axis. Pulse energy: 52 nJ, pulse density: 5000 pulses/μm, etching conditions: 10 minutes at a temperature of 80 ℃ with 1 mol/L KOH solution. b) An enlarged view and corresponding SEM cross-sectional profile of SNS highlighted in (a). c) Measured length and period of SNSs as a function of polarization direction. d) Contour map of the FDTD-simulated field intensity distribution of a focused light (0.7 NA) irradiating on a slit-like inhomogeneity (40 nm width, 1.30 refractive index) in glass. The red dashed line indicates the contours of the slit in calculations. Simulation results are normalized to the maximum intensity of incident beam. See S3.3 in supporting information for further details. Scale bar: 50 nm.

The SNS formation requires multiple pulse exposure (over 100 pulses/μm). In recent years, multi-pulse induced nanogratings in bulk materials has been thoroughly studied.[15,26,29–32] In our experiments, we speculate that a single optical-scale quasi-isotropic nanovoid with a diameter of over 100 nm was induced at the initial stage of SNS formation.[22] With subsequent laser pulses, the nanovoid moved upwards and stuck onto the ceiling of the upper focal region,[33,34] where the surrounding glass possessed high viscosity.[35] Simultaneously, the nanovoid elongated perpendicular to the polarization orientation due to the near-field enhancement.[6] During the ascent and elongation process, such quasi-isotropic nanovoid evolved into a precursor of SNS with a high-aspect-ratio along the longitudinal direction.
[bookmark: _Hlk84356721]Finite-difference time-domain (FDTD) numerical (Lumerical) calculations were performed in order to reveal the formation mechanism. We carried out simplified modelling by evaluating the electric field distribution around such a slit-like dielectric inhomogeneity at the beginning of the pulse (Figure 2d). As the inhomogeneity is much smaller than the wavelength of light, it acts as a dipole leading to an anisotropic electric field enhancement inside it and along its vertical direction.[26,36] Outside the inhomogeneity, the electric fields at two sides are strongly attenuated. Such near-field redistribution phenomenon can be explained by the boundary conditions at two orthogonal SNS-glass interfaces in the sub-wavelength regime.[6,37] We note that nanoplasmas are expected to be generated during the SNS formation process. And they either contribute negative refractive index changes or behave as quasi-metallic dipoles depending on the carrier density.[32] When the plasma densities are lower than the critical density (Ncr= 1.74 × 1021 cm-3),[35,38] similar field distributions compared to the case of dielectric inhomogeneity were obtained (Figure S11, Supporting Information).
[bookmark: _Hlk84356732][bookmark: _Hlk84286349]The enhanced electric field leads to an elongation of SNS perpendicular to the polarization direction (Figure 2d). The simultaneously evolving SNS-glass interfaces yield field enhancements in pristine regions and thus lead to a decrease of modification threshold. That is, the interfaces act as positive feedback, reinforcing the process that generates them. Due to the decrease of the modification threshold, SNSs are expected to be induced under sub-threshold conditions. No obvious polarization dependent thresholding is observed, signifying that the generation of the seed structure is solely governed by the light intensity (Figure S4, Supporting Information). As SNSs were able to be induced at a repetition rate of 2 kHz, heat accumulation effects are not essential during SNS formation.
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[bookmark: _Ref63764226][bookmark: _Hlk84365122][bookmark: _Hlk85473366][bookmark: _Hlk85473477][bookmark: _Hlk84365694]Figure 3. SNSs formation with different spacings. a) SEM images of SNSs with 150 nm, 175 nm, 200 nm, and 400 nm scan spacings. The solid blue curves in the inset are the corresponding SEM cross-sectional profiles. Pulse density: 5000 pulses/μm, etching conditions: 20 minutes at a temperature of 80 ℃ with 1 mol/L KOH solution, scale bar: 1 μm. b) Experimental and simulated results of SNS spacings. Experiments: center-to-center distance between the later-induced (2nd) and the pre-existing (1st) SNS versus scan spacing based on SEM results. Simulations: distance between the position of local peak intensity (outside the SNS) and the center of pre-existing SNS versus scan spacing based on FDTD calculations. A reference line (distance = scan spacing) is drawn as a visual aid. The inset shows the simulation results of the peak intensity value (outside the SNS) versus scan spacing. c) Line-widths obtained from SEM images of the line spacing experiment as in (a). d) Simulated intensity distribution of beam 175 nm away from the pre-existing SNS (P-E SNS) before (I) and after (II) the generation of a seed structure. The intensity distribution in (I) corresponds to the (175, 225) point in (b). The positions of the geometric focal center (GFC, hollow square) and the local peak intensity (LPI, hollow circle) are labelled, respectively. Contour lines (solid green) indicate 0.9 of the maximum intensity of incident beam. Scale bar: 100 nm. e) The intensity profiles of the corresponding dashed cross-sectional lines in (d) and the profile of the incident beam without any pre-existing structures. The intensities in (b, inset), (d) and (e) are normalized to the maximum intensity of incident beam. FDTD parameters: 100 nm SNS line-width, 2 μm thickness and 1.30 refractive index. 

[bookmark: _Hlk86247720][bookmark: _Hlk86177320][bookmark: _Hlk86251781][bookmark: _Hlk85537877][bookmark: _Hlk84199447]To investigate the relation of laser scanning spacing and periodicity of SNS structures, a series of lines with variable spacing was fabricated (Figure 1). To guarantee a repeatable SNS formation, a pulse energy (55 nJ) 10% higher than threshold was selected. No trace of a second SNS is found when the scanning spacing is less than 150 nm (Figure 3a). Nevertheless, the retardance of the first SNS increases from 3.5 nm to 5.3 nm, indicating the modification of the pre-existing SNS during the second laser scanning. By further increasing the scanning spacing to 175 nm, one can find a SNS line, which is spaced 256 nm away from the initial SNS. And once the scanning spacing reaches 200 nm, a uniform SNS can be always observed. The difference between the experimental spacing of two SNSs and the scanning spacing of laser path reduces as the scanning spacing increases (Figure 3b). We simulated the intensity profiles in the focal plane at various scan spacings from a pre-existing SNS line (Figure 3b and Figure S13, Supporting Information). The SNS line-width was set to 100 nm in FDTD based on the SEM morphologies, but the actual line-width should be narrower than that due to etching. The FDTD results indicate that a strong attenuation takes place on the sides of the pre-existing SNS when the scanning spacing is below 300 nm (Figure 3b, inset and Figure S14, Supporting Information). The effect, originating from the near-field light polarization-dependent scattering, occurs when the incident light is polarized non-parallel to the pre-existing SNS line and diminishes with the increase in the scan spacing due to its evanescent nature. The attenuation effect leads to a shift in the position of the local peak intensity from the geometric focal center and causes the lateral displacement of the later-induced SNS (Figure 3d,e). The corresponding simulation results are in good agreement with the experimental findings (Figure 3b). As another consequence of the near-field light redistribution, the confined light on the borders of the pre-existing SNS is enhanced (Figure 3d), leading to a slight increase of the line-width of the pre-existing SNS with the decrease of scan spacing (Figure 3c). Simultaneously, the line-width of the 2nd SNS becomes narrower when the two SNSs are getting closer (Figure 3c). Our findings indicate that uniform structures with a spacing smaller than λ/2n, which is the empirical period of nanogratings,[39] can be induced in fused silica by tailoring the laser polarization and scanning path. Furthermore, SNSs with sub-100 nm spacing could be generated by using second or third harmonic of femtosecond laser (515 or 343 nm).
[image: ]
[bookmark: _Ref63808103][bookmark: _Hlk85537333][bookmark: _Hlk86171177][bookmark: _Hlk85929364][bookmark: _Hlk85929353]Figure 4. SNS retardance map and structuring regimes. a) Retardance measurements of structures induced by laser with varying pulse density and pulse energy. Structuring regimes were derived from corresponding SEM images. Corresponding structures in Regime I: SNS, Regime II: nanogratings with (i) two or (ii) more nanoplanes, Regime III: intermittent but oriented structures, Regime IV: chaotic porous structures generated in two energy ranges. b) SEM images of corresponding structures in (a). Etching conditions: 20 minutes at a temperature of 80 ℃ with 1 mol/L KOH solution, scale bar: 1 μm.

[bookmark: _Hlk85929224][bookmark: _Hlk85537403][bookmark: _Hlk84286704][bookmark: _Hlk84190055][bookmark: _Hlk86171100][bookmark: _Hlk85929302][bookmark: _Hlk84166477][bookmark: _Hlk86334275][bookmark: _Hlk86178031][bookmark: _Hlk85526894][bookmark: _Hlk86178607][bookmark: _Hlk86178577]As shown in Figure 4, the formation of SNS follows a sequential evolution from unoriented nanovoids (Regime IV(i)), to intermittent but oriented precursors (Regime III) and finally to the SNS (Regime I). Intuitively, the structures generated in the SNS regime show better repeatability and uniformity compared with those generated in other regimes. This observation could be attributed to the locally confined enhanced field in the SNS at low fluences. Whereas, at high fluences, non-directional porous seed structures (Regime IV(ii)) that lead to the formation of nanogratings (Regime II) were induced. Intriguingly, SNSs failed to evolve into nanogratings with increasing pulse density up to 5000 pulses/μm, which is most likely due to the attenuation effect. Owing to this effect that the light intensity is inhibited on the sides of SNS and drops below the modification threshold (Figure 1), SNS owns a relative wide processing window. Therefore, the formation mechanism of SNS is different from the near-threshold fabrication, which requires careful manipulation of laser power.[8] Noteworthily, the SNS generated near the threshold has a line-width of ~20 nm based on SEM images (Figure S5, Supporting Information). And it is possible to generate SNS structures under weak focusing conditions (S2.5, Supporting Information). 
[image: ]
[bookmark: _Ref63810739][bookmark: _Hlk63722248]Figure 5. Experimental observations and simulation results of curved and bifurcated SNS structures. a,b) SEM images of SNS structures fabricated by tightly focused (NA=1.3) beam with (a) 75° and (b) 105° polarizations. Black lines in lower part are drawn as visual aids. Pulse energy: 40 nJ, pulse density: 2000 pulses/μm, etching conditions: 10 minutes at a temperature of 80 ℃ with 1 mol/L KOH solution, scale bar: 500 nm. c,d) FDTD simulation results of field intensity distribution close to the front of SNS. (c) NA=0.7. (d) NA=1.3. Results are normalized to the maximum of each map. The white and green solid lines are contour plot of the intensity at 0.71 and 0.73, respectively. FDTD parameters: 75° polarization angle, 30 nm line-width, 2 μm thickness, the red dashed lines in (c) and (d) indicate the contours of the SNS. Scale bar: 50 nm.

Whereas under a high-NA (1.3, oil immersion) focusing condition, the morphology profiles of the generated SNSs are quite intriguing. In SEM images, periodically curved and bifurcated SNSs with 30 nm line-width can be observed when the polarization direction is in the range of 60° to 120° (excluding 90°) (Figure 5a,b). It is shown that instead of truncating, the SNS structures shift their orientations towards the beam center at the periphery of the laser spot. This is in stark contrast to what was observed in previous experiments, where multi-plane nanogratings is always oriented perpendicular to the electric field of light.[40] To clarify the counterintuitive growth of these SNS structures, simplified numerical simulations were conducted. The results indicate that the intensity profiles of the redistributed electric field are greatly dependent on the numerical aperture of the focusing objective lens, namely the profile of the incident beam. When the beam is focused by a 0.7 NA objective lens, the electric field enhancement mainly takes place in the front part of a SNS, leading to a localized ablation front along the SNS elongation direction (Figure 5c). Whereas, with a tightly focused beam (1.3 NA, oil immersion), the redistributed field inherits the intrinsic sharp intensity profile of the incident beam, resulting in a tilted ablation front towards the geometric focal center (Figure 5d). Such findings indicate that the direction of SNS is determined by the redistributed electric field, which is highly susceptible to both the polarization state and initial intensity distribution of light in the near-field.
4. Application
4.1. Three-dimensional Nanofabrication
[bookmark: _Hlk86253491][bookmark: _Hlk86253630]By combining the ability to induce a single nanoslit with the self-assembly process and polarization control one can produce intricate nanopatterns not accessible by using conventional nanogratings. To demonstrate the flexibility of our approach, we imprinted several spatially-variant patterns, made up of SNSs with sub-100 nm width and ~200 nm minimum spacing, into the bulk of the silica glass separated by 10μm (Figure 6a-c). The angle between the laser scanning direction and the polarization direction was kept at 90°. More fabricated three-dimensional SNS structures are shown in Figure 6d,e. Variations in the minimum spacing can be seen (Figure 6b inset) compared to the aforementioned experimental results, and can be explained by the attenuation reduction when SNSs are not aligned parallel to each other. In general, the minimum spacing is determined by not only laser and material parameters, but also writing sequence and the proximity of designed geometries. Through our experimental study, the generated SNSs exhibit high structural uniformity (Figure 6c inset) and a line-width down to 20 nm. Therefore, we envision that complex in-volume superresolution structures (down to λ/50) could be fabricated with delicate light field modulations opening new opportunities for developing three-dimensional metamaterials, integrated optics and photonic structures.
[bookmark: _GoBack][image: ]
[bookmark: _Ref64281702][bookmark: _Hlk86253681]Figure 6. Nanofabricated patterns based on SNSs. a) Images of the slow axis orientation of fabricated nanopatterns in four adjacent layers. Pseudo colors (inset) indicate the direction of slow axis. Measured images are influenced by structures in adjacent layers. b,c) Corresponding SEM images of the 3rd and 4th layer. Enlarged image of the region highlighted by red dashed line is displayed as an inset in (b). The inset in (c) shows an averaged SEM intensity profile in the highlighted region. Pulse energy: 55 nJ, pulse density: 5000 pulses/μm, etching conditions: 20 minutes at a temperature of 80 ℃ with 1 mol/L KOH solution, scale bars: 3 μm, scale bar in the inset: 500 nm. d,e) Schematic diagrams and corresponding slow-axis orientation images of truncated pyramid structures of different sizes at different imaging planes. l1, l2 and h are the long-side length, short-side length and height, respectively. d) l1 = 16 μm, l2 = 8 μm, h = 4 μm. e) l1 = 6 μm, l2 = 3 μm, h = 1.5 μm. Scale bars: 5 μm. 

4.2. Optical data storage
[bookmark: _Hlk85537742][bookmark: _Hlk86254398][bookmark: _Hlk86178827][bookmark: _Hlk86254530][bookmark: _Hlk73041990]The birefringent property of SNS can be also exploited for high density optical data storage. As a proof-of-concept, the SNS dot structures were fabricated by irradiating 1000 pulses per dot in a point-by-point manner. These dot structures can be seen as the precursors of SNS line structures. For each SNS voxel, digital information was encrypted in two multiplexed dimensions, two states of retardance values and eight states of slow axis orientations (Figure 7a). As a consequence, 4 bits of digital information could be encoded in one SNS dot. The dots were recorded on four layers with a spot distance of 1 μm and a layer separation of 5 μm, corresponding to 1.4 TB capacity in a disk of standard Blu-ray size (Figure 7b,c). The layer separation is confined by a low-magnification readout objective lens, which provides a large field-of-view but a low axial resolution. No fundamental constraints exist that prevent the realization of 2 μm vertical spacing, which equals to the longitudinal length of the structure. In this context, 7.2 TB capacity per disk can be achieved by arranging data voxels in a body-centered tetragonal geometry.[41] The nanogratings generated in fused silica glass has been seen as a distinct candidate to solve future data storage challenges by harnessing its longevity, form-birefringence and high resistance characters.[12,13] Besides inheriting these advantages, SNS structure possesses the prominent advantages of small feature size (~550 nm length, ~2 μm height) and high transmission (S3.5, Supporting Information) due to its fine, short and uniform morphology.
[image: ]
[bookmark: _Ref63810773]Figure 7. Five-dimensional optical data storage based on SNS. a) Birefringence signal distribution of encrypted SNS dots. Radius distance and azimuthal angle represent retardance value and slow axis orientation, respectively. SNS spots are induced by the beam with 2 levels of pulse energy (51 nJ, 55 nJ) and 16 levels of polarization direction (8 levels were selected for data writing experiment). b) Birefringence images of the slow axis orientation of encrypted SNS dots fabricated in four adjacent layers. Pseudo colors (inset) indicate the direction of slow axis. c) Corresponding SEM image. Etching conditions: 20 minutes at a temperature of 80 ℃ with 1 mol/L KOH solution, scale bar is 2 μm. d) Schematic of decoding process. An accuracy of 99.61% is achieved (25 errors out of 6400 bits) (see Table S1 and Figure S9, Supporting Information).
5. Conclusion
[bookmark: OLE_LINK1][bookmark: OLE_LINK2]In this paper we have demonstrated ability to produce a single nanoslit in the bulk of fused silica. We also revealed a controllable self-assembly process allowing to produce spatially-variant nanopatterns with sub-300 nm periods. Our work paves the way towards in-volume laser fabrication with three-dimensional nanoscale controllability. It is reasonable to expect that such SNS structure can be formed in various bulk materials such as glasses,[25,42] crystals,[43–47] doped glasses[48] and multi-component glasses.[49–52] Crystallized SNS structures could possibly be induced.[50,51] The potential applications of our nanofabrication approach are broad, including nanofludics, metastructures, nanophotonics, nanomechanics and optical data storage.
Supporting Information.
Supporting Information is available from the Wiley Online Library or from the author.
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Single nanoslit(SNS) with a spatial resolution of 40 nm is processed by femtosecond laser direct writing(DLW) technique. This is caused by a near-field mediated intensity redistribution of incident light, which is further verified in SNS spacing experiment and bifurcation phenomenon. And two possible applications of the technique can be achieved, that is, spatially-variant nanofabrication and high capacity optical data storage.
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Near-field mediated 40 nm in-volume glass fabrication by femtosecond laser
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