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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 um, 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 inscrip-
tion of nanometer-scale features over large sample areas.

Femtosecond laser ablation has developed into a ver-
satile technique for the structural modification of a
wide range of materials. The ultrafast light-matter
interaction time leads to a deterministic ablation pro-
cess and yields a high degree of machining precision
and reproducibility. Although the physics of femtosec-
ond 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 proto-
typing subwavelength structures for plasmonic and
material applications, there has been much recent re-
search toward extending femtosecond pulse machin-
ing technology into the nanoscale regime [3,4]. The
use of femtosecond pulses for nanoscale writing, how-
ever, typically requires a strong focusing with high
NAs. However, since the Rayleigh range is of the or-
der of the spot radius, precise positioning of the ma-
terial sample with respect to the incident beam waist
then becomes critical, particularly with near-
threshold fluences and when only a few laser shots
per site are required [5]. This critical positioning con-
straint imposes severe limits on sample flatness,
which, for large samples (~cm?), requires an active
compensation of sample tilt and irregularity and
complex setups based on high resolution confocal mi-
croscopy or optical trapping [6,7]. This additional
complexity, however, significantly reduces the poten-
tial processing speed and acts as a bottleneck to the
wider application of femtosecond machining technol-
ogy 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 um dimensions [8]
into the important nanoscale regime, achieving nano-
metric scale surface structuring using femtosecond
ablation with noncritical sample positioning exceed-
ing 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 um with a variation
in nanocrater radius of less than 10%. The position-
ing range achieved with the Bessel beam represents
1 order of magnitude improvement relative to the
conventional Gaussian beam focusing used to gener-
ate structures on the same scale and opens the way
for the practical implementation of femtosecond ma-
chining 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 manipu-
lation, for nonlinear optics, for their self-healing
properties, [9] and for waveguide direct writing in
glasses [8,10]. The amplitude of a zero-order Bessel
beam can be described as [11]

E(P,Z) :ejBZJO(ktp)7 (1)

where k is the wave vector and p is the radial coor-
dinate. y and k&, are defined as k,=kq sin(y)=27/p,
and B=Fk cos(y), with p, being the transverse period
of the Bessel beam. y 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, leads to an on-axis intensity (from an initial
point defined at z=0) that can be approximated by
[12,13]

I(z) = 27l 2y exp(- 2722 w?)

To illustrate how Bessel beams reduce sample posi-
tioning constraints, the solid curve in Fig. 1 compares
the expected evolution from Eq. (2) of the on-axis in-
tensity for Bessel and Gaussian beams. The spot size
used (360 nm radius) is chosen to match our experi-
mental parameters below. Approximating the size of
the single shot ablation damage site to the beam di-
ameter, where the local intensity exceeds the abla-
tion threshold [14], the longitudinal range Az over

for z>0. (2)
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Fig. 1. Comparison of the on-axis intensity evolution

along the propagation direction for Gaussian (dashed-
dotted 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 experi-
mental beam. The central spot radius is 360 nm at
half-maximum.

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}, this range is Azg=18 um
for our experimental parameters, whereas the range
falls to Azg=2.35 um for a Gaussian beam of the
same spot size. Maintaining the sample position
within this range for a Gaussian beam is clearly tech-
nically difficult during patterning over large samples.
In contrast, the Bessel beam has an effective pattern-
ing volume with an aspect ratio of 25 and allows ab-
lation over a positioning range compatible with com-
mon values of total thickness variation (TTV) of
commercial wafers (typically <10 um).

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 sec-
ond lens is the imaging microscope objective (MO). A
specific feature of this setup is that it allows the gen-
eration of longitudinally extended Bessel beams of
submicrometer dimension while simultaneously pre-
serving the long working distance of the MO (typi-
cally 3 mm).

The SLM imprints a phase pattern in a similar
way to an axicon, i.e., of the form ¢=2mp/p,. With the
SLM phase modulation lying in the interval of 0—2
instead of —7 to 7 for an axicon or a grating, the ze-
roth order does not contain the spatial modulation in-
formation, 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
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Fig. 2. Experimental setup: SLM, spatial light modulator;
S, optical shutter; MO, microscope objective; L, lens.

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 allow-
ing single shot illumination. The pulse energy is var-
ied wusing neutral density filters. The SLM
(Hamamatsu PAL-SLM) is nonpixelated thanks to
optical addressing, with a 2 ¢cm active window. An [
=1 m focal distance lens is combined with a long-
working-distance material science MO to form a tele-
scope with a magnification of M=1/278. The infinity-
corrected objective has a magnification of 50X and a
plan-Fluor correction for NA=0.8. The spatial filter-
ing 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 um. A 40X 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
/=20 cm. The imaging magnification was 40X.

The inset of Fig. 1 shows a CCD camera image of
the beam profile with py=1.8 um, corresponding to a
central spot radius of 360 nm at half-maximum. The
experimental evolution of the central lobe intensity
I(r=0,z) 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 nanoma-
chining with Bessel beams, we compared the damage
spots induced by single shot femtosecond laser abla-
tion for different z positions along the beam. Specifi-
cally, 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 um steps along the beam direction and
10 um 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 direc-
tions.

Figure 3 shows the evolution of the radii of holes
drilled by single laser shots as a function of the dis-
tance 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 fea-
tures (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 Az=20 um.
This range agrees well with the 18 um measured
depth of focus of the Bessel beam. Over this range,
the crater radius is near constant at 550 nm+9.6%.
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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 corre-
spond to SEM images at data points A and B. The morphol-
ogy of craters over the position range of 10—30 wm is near
identical to image B.

In addition to these surface images, additional trans-
verse characterization using focused ion beam mill-
ing 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 um, 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 nanochan-
nels with an elongated focal zone owing to nonlinear
propagation and spherical aberration [15,16].

The useful nanomachining range Az above is larger
than typical wafer TTV values, enabling a sample tilt
up to 2 mrad for patterning over 1 cm while main-
taining 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 [9,11] arises from the use of
a telescope to reduce the beam diameter, thus also re-
ducing the depth of focus by the square of the magni-
fication. Microaxicons could give similar depths of fo-
cus for an identical central lobe diameter, but do not
offer the same flexibility as our setup for online im-
aging 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 machin-
ing by the lateral lobes. However, this is not a prac-
tical 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 nondif-
fracting Bessel beams can be successfully used to
overcome critical sample positioning for ultrafast la-
ser surface nanopatterning. A femtosecond zero-order
Bessel beam was generated with a central spot ra-
dius of 360 nm. Identical damage spots in fused silica
have been demonstrated over a longitudinal distance
of 20 um with a variation of less than 10% of the cra-
ter radius. We anticipate that this approach will lead
to a more widespread application of fast laser pro-
cessing for patterning nanometric-scale surface fea-
tures over large samples in nanophotonics.
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Franche-Comté, the Institut Universitaire de France,
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