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Surface nanoprocessing with nondiffracting femtosecond Bessel beams

We demonstrate the application of nondiffracting Bessel beams for reproducible nanometric-scale feature patterning in glass. A femtosecond pulse zero-order Bessel beam with a central spot radius of 360 nm was used to write 500 nm radius nanocraters over a longitudinal positioning range exceeding 20 m, with a variation in radius of less than 10%. The use of Bessel beams significantly reduces constraints on critical sample positioning in the nanoscale writing regime, enabling the use of femtosecond pulses for fast inscription of nanometer-scale features over large sample areas.

Femtosecond laser ablation has developed into a versatile technique for the structural modification of a wide range of materials. The ultrafast light-matter interaction time leads to a deterministic ablation process and yields a high degree of machining precision and reproducibility. Although the physics of femtosecond ablation is complex, a characteristic feature is the presence of a precisely defined fluence threshold below which no ablation is observed. The threshold effect is significant in that it allows structuring over characteristic dimensions smaller than the focusing spot size diameter, even below the laser wavelength [1,2].

Motivated by applications in producing and prototyping subwavelength structures for plasmonic and material applications, there has been much recent research toward extending femtosecond pulse machining technology into the nanoscale regime [3,4]. The use of femtosecond pulses for nanoscale writing, however, typically requires a strong focusing with high NAs. However, since the Rayleigh range is of the order of the spot radius, precise positioning of the material sample with respect to the incident beam waist then becomes critical, particularly with nearthreshold fluences and when only a few laser shots per site are required [5]. This critical positioning constraint imposes severe limits on sample flatness, which, for large samples ͑ϳcm 2 ͒, requires an active compensation of sample tilt and irregularity and complex setups based on high resolution confocal microscopy or optical trapping [6,7]. This additional complexity, however, significantly reduces the potential processing speed and acts as a bottleneck to the wider application of femtosecond machining technology in nanophotonics.

In this Letter, we describe the use of nondiffracting Bessel beams to overcome this problem. We extend previous technological applications of Bessel beams for index modification with 5 -10 m dimensions [START_REF] Zambon | Proc. SPIE[END_REF] into the important nanoscale regime, achieving nanometric scale surface structuring using femtosecond ablation with noncritical sample positioning exceeding the Rayleigh range by 1 order of magnitude. We explicitly characterize the longitudinal evolution of a 360 nm radius Bessel beam generated from 100 fs pulses at 800 nm and demonstrate its application to write 500 nm radius nanocraters over a longitudinal positioning range exceeding 20 m with a variation in nanocrater radius of less than 10%. The positioning range achieved with the Bessel beam represents 1 order of magnitude improvement relative to the conventional Gaussian beam focusing used to generate structures on the same scale and opens the way for the practical implementation of femtosecond machining to realize nanoscale photonic structures.

Bessel beams constitute a class of solutions to the Helmholtz equation with rotational symmetry. These beams have been primarily used for optical manipulation, for nonlinear optics, for their self-healing properties, [START_REF] Mcgloin | [END_REF] and for waveguide direct writing in glasses [START_REF] Zambon | Proc. SPIE[END_REF]10]. The amplitude of a zero-order Bessel beam can be described as [11] E͑,z͒ = e j␤z J 0 ͑k t ͒, ͑1͒

where k 0 is the wave vector and is the radial coordinate. ␥ and k t are defined as k t = k 0 sin͑␥͒ =2 / 0 and ␤ = k 0 cos͑␥͒, with 0 being the transverse period of the Bessel beam. ␥ can be interpreted as the ray angle relative to the optical axis. Although ideal Bessel beams are invariant during propagation, the finite extension of an experimental Gaussian beam of waist w 0 leads to an on-axis intensity (from an initial point defined at z = 0) that can be approximated by [12,13] 

I͑z͒ =2I 0 z␥ 2 exp͑-2␥ 2 z 2 /w 0 2 ͒ for z Ͼ 0. ͑2͒
To illustrate how Bessel beams reduce sample positioning constraints, the solid curve in Fig. 1 compares the expected evolution from Eq. ( 2) of the on-axis intensity for Bessel and Gaussian beams. The spot size used (360 nm radius) is chosen to match our experimental parameters below. Approximating the size of the single shot ablation damage site to the beam diameter, where the local intensity exceeds the ablation threshold [14], the longitudinal range ⌬z over which near-uniform nanodamage is produced can be estimated as the distance along the beam axis where the on-axis intensity exceeds this threshold. For the incident fluence, F =2F th , this range is ⌬z B =18 m for our experimental parameters, whereas the range falls to ⌬z G = 2.35 m for a Gaussian beam of the same spot size. Maintaining the sample position within this range for a Gaussian beam is clearly technically difficult during patterning over large samples.

In contrast, the Bessel beam has an effective patterning volume with an aspect ratio of 25 and allows ablation over a positioning range compatible with common values of total thickness variation (TTV) of commercial wafers (typically Ͻ10 m).

The potential of Bessel beams for noncritical sample positioning in laser ablation was confirmed using the setup shown in Fig. 2 to produce a Bessel beam of submicrometer spot size while maintaining imaging capabilities. The femtosecond Bessel beam was produced by a spatial light modulator (SLM) combined with a telescope arrangement, whose second lens is the imaging microscope objective (MO). A specific feature of this setup is that it allows the generation of longitudinally extended Bessel beams of submicrometer dimension while simultaneously preserving the long working distance of the MO (typically 3 mm).

The SLM imprints a phase pattern in a similar way to an axicon, i.e., of the form =2/ 0 . With the SLM phase modulation lying in the interval of 0 -2 instead of -to for an axicon or a grating, the zeroth order does not contain the spatial modulation information, and the Bessel beam is instead diffracted into first order. To eliminate the other orders, we therefore added to the phase modulation the phase of a plane wave with a tilt of 5 mrad, allowing spatial separation and filtering of the desired +1 order with an iris.

The amplified laser source emits 100 fs laser pulses at 800 nm. An independent Pockels cell system with a thin film polarizer acts as an optical shutter allowing single shot illumination. The pulse energy is varied using neutral density filters. The SLM (Hamamatsu PAL-SLM) is nonpixelated thanks to optical addressing, witha2c mactive window. An f = 1 m focal distance lens is combined with a longworking-distance material science MO to form a telescope with a magnification of M = 1 / 278. The infinitycorrected objective has a magnification of 50ϫ and a plan-Fluor correction for NA= 0.8. The spatial filtering of the spurious diffraction modes is performed in the focal plane of the lens. The produced zero-order Bessel beam was characterized by imaging the beam profiles onto a CCD camera for different positions along the beam propagation with a step size of 0.5 m. A 40ϫ MO was mounted on a motorized translation stage, and the focal plane was conjugated with the CCD camera by a lens with a focal length of f = 20 cm. The imaging magnification was 40ϫ.

The inset of Fig. 1 shows a CCD camera image of the beam profile with 0 = 1.8 m, corresponding to a central spot radius of 360 nm at half-maximum. The experimental evolution of the central lobe intensity I͑r =0,z͒ is plotted against the propagation distance in Fig. 1 (open circles) and is clearly in very good agreement with that expected from Eq. ( 2) [12].

To study noncritical z positioning when nanomachining with Bessel beams, we compared the damage spots induced by single shot femtosecond laser ablation for different z positions along the beam. Specifically, the front side of a borosilicate glass sample (Corning 0211) was illuminated by individual shots of the Bessel beam and displaced between each laser shot by 1 m steps along the beam direction and 10 m transversally. The sample orthogonality with respect to the beam propagation axis was ensured to be better than 1 mrad. After metallization, the glass sample was imaged with high resolution scanning electron beam microscopy (SEM) and the crater radii were determined by averaging measurements on SEM images performed on two perpendicular directions.

Figure 3 shows the evolution of the radii of holes drilled by single laser shots as a function of the distance along the beam axis, with peak fluence at twice the ablation threshold. At both extremities of the data series, where the local intensity just reaches the damage threshold, the ablated material is not fully removed, and the laser pulse creates only surface features (bumps). The radii of the bumps are plotted on the same figure. Between these extremities, where the local intensity exceeds the threshold, the damage consists of a crater with a radius of 550 nm and a central nanochannel with a radius of 50 nm. The damage remains visually identical independent of longitudinal position over a distance of ⌬z =20 m. This range agrees well with the 18 m measured depth of focus of the Bessel beam. Over this range, the crater radius is near constant at 550 nm± 9.6%. In addition to these surface images, additional transverse characterization using focused ion beam milling and SEM imaging confirms the reproducibility of the nanocrater structure, allowing us to estimate the depths of the crater and nanohole structures as 500 nm and 1 m, respectively. Moreover, at fluences far higher than the threshold, this approach represents a significant extension to alternative techniques that have demonstrated such high aspect ratio nanochannels with an elongated focal zone owing to nonlinear propagation and spherical aberration [15,16].

The useful nanomachining range ⌬z above is larger than typical wafer TTV values, enabling a sample tilt up to 2 mrad for patterning over 1 cm while maintaining constant laser damage. This demonstrates that Bessel beams render sample positioning far less critical than the usual Gaussian focusing, without compromising the size of the laser induced damage. The fact that the longitudinal extent of the produced "micro-Bessel beam" is much smaller than depths of focus generally reported [START_REF] Mcgloin | [END_REF]11] arises from the use of a telescope to reduce the beam diameter, thus also reducing the depth of focus by the square of the magnification. Microaxicons could give similar depths of focus for an identical central lobe diameter, but do not offer the same flexibility as our setup for online imaging and variation in the focusing conditions, and would excessively reduce the working distance. The only requirement imposed by the use of Bessel beams is that the fluence needs to stay below the limit of three times the ablation threshold to avoid machining by the lateral lobes. However, this is not a practical constraint as femtosecond nanopatterning is performed near the threshold, far below this limit. Additional improvements may be obtained by trun-cating the Bessel-Gauss beams since this allows for the removal of peripheral lobes (needle beams) [17].

In conclusion, we have demonstrated that nondiffracting Bessel beams can be successfully used to overcome critical sample positioning for ultrafast laser surface nanopatterning. A femtosecond zero-order Bessel beam was generated with a central spot radius of 360 nm. Identical damage spots in fused silica have been demonstrated over a longitudinal distance of 20 m with a variation of less than 10% of the crater radius. We anticipate that this approach will lead to a more widespread application of fast laser processing for patterning nanometric-scale surface features over large samples in nanophotonics. 
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 1 Fig. 1. Comparison of the on-axis intensity evolution along the propagation direction for Gaussian (dasheddotted curve) and Bessel [solid curve, from Eq. (2)] beams with an identical spot radius of 360 nm. The experimental values are shown as open circles. Inset, image of the experimental beam. The central spot radius is 360 nm at half-maximum.
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 2 Fig. 2. Experimental setup: SLM, spatial light modulator; S, optical shutter; MO, microscope objective; L, lens.
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 3 Fig. 3. Dependence of the mean crater radius drilled by single shot femtosecond laser pulses on a distance along the propagation direction of the Bessel beam. Insets correspond to SEM images at data points A and B. The morphology of craters over the position range of 10-30 m is near identical to image B.
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