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We report high aspect ratio nanochannel fabrication in glass using single-shot femtosecond Bessel
beams of sub-3 uJ pulse energies at 800 nm. We obtain near-parallel nanochannels with diameters
in the range 200-800 nm, and aspect ratios that can exceed 100. An array of 230 nm diameter
channels with 1.6 wm pitch illustrates the reproducibility of this approach and the potential for
writing periodic structures. We also report proof-of-principle machining of a through-channel of
400 nm diameter in a 43 um thick membrane. These results represent a significant advance of
femtosecond laser ablation technology into the nanometric regime. © 2010 American Institute of

Physics. [doi:10.1063/1.3479419]

Femtosecond (fs) laser machining of dielectrics has
found wide application, from waveguide writing to the fab-
rication of nanometer scale structures.' A particular chal-
lenge, however, is fabricating high aspect ratio channels of
submicron transverse dimensions, because strong focusing of
Gaussian beams typically limits the longitudinal machining
region to only 1 ,udm.l’2 Although modified Gaussian beam
geometries have demonstrated submicron channels over
depths ~10 um, these setups lead to strongly interdepen-

dent diameter and channel length, and show irregular struc-
ture due to nonlinear beam distortion.® In this paper, we re-
port fs nanochannel machining using diffraction-free Bessel
beams to achieve uniform energy deposition over extended
lengths.“_6 We perform single-shot experiments fabricating
nanochannels in glass with subwavelength diameters in the
range 200-800 nm, and lengths up to 30 wm. We also report
proof-of-principle through-channel fabrication. We study the
effect of Bessel beam conical angle and pulse energy, and
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FIG. 1. (Color online) (a) Experimental setup. The curve shown below the sample illustrates the variation of the core intensity along the Bessel beam. Ablation
occurs over a range between points A and B. (b) Representation of the conical energy flux toward the central core. (c) and (d) show terminated channels for

energies of 0.65 wJ and 0.85 wJ, respectively.
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FIG. 2. SEM image showing four machined channels with sample displace-
ment differing by 4 um in the horizontal direction and 5 um vertically.
The relative error in channel length due to cleaving is =0.5 um.

demonstrate independent control of channel length and diam-
eter. Although Bessel beams have been previously applied to
surface ablation and micrometer scale channels in a multi-
shot regime,7’8 our results significantly extend this state-of-
the-art to nanoscale dimensions.

Ideal zero order Bessel beams are formed from the
axially-symmetric interference of two plane waves to yield a
high intensity central core surrounded by lower intensity
concentric rings.4 Bessel beams are “diffraction-free,” main-
taining near constant profile over distances far larger than the
Rayleigh length of Gaussian beams, and they can exhibit
stationary propagation even in the presence of nonlinear
losses.” Indeed, although Gaussian beams typically undergo
deleterious nonlinear beam distortion at ablation-level inten-
sities, Bessel beams can resist such instabilities, allowing
for uniform energy deposition over extended propagation
lengths.6

Our experiments use the setup shown in Fig. 1(a).” Us-
ing an amplified Ti:Sapphire laser system at 800 nm, we
synthesize the Bessel beam using a programmable phase
mask to generate a “virtual axicon,” defining the beam onset
(point O in Fig. 1). Our setup allows the beam onset to be
placed at any required position, including within a sample.
The pulse duration at the imaging system output was
~230 fs, and we use axially symmetric polarization. Figure
1(b) shows how the conical energy flux from the interfering
fields is directed toward the central core. All experiments
here used single shot illumination and were carried out in
Corning 0211 borosilicate glass at two values of conical half
angle € in glass: 17° and 11°. After processing a series of
channels for a given set of parameters, microtrench laser
machining outside the region of interest induced a stress
plane at a small angle with respect to the series, allowing
cleaving with £50 nm precision through one channel for
scanning electron microscopy (SEM) imaging.

We investigated terminated channel machining for pulse
energies of 0.2-2.5 wuJ. Figures 1(c) and 1(d) show SEM
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images of channels machined for conical half angle 6,=17°.
Here, the Bessel beam central lobe has 660 nm diameter at
half maximum and longitudinal extent of 30 um at half
maximum in glass. Provided that the intensity in the central
lobe at the exit surface (point B in Fig. 1) exceeded the
optical breakdown threshold I, a nanochannel was formed
between the exit face and the position within the sample
where the intensity of the central lobe first exceeds Iy, (point
A in Fig. 1). The minimal energy where we observed a clear
contiguous channel structure was ~0.7 uJ, corresponding to
a maximal peak intensity of 1.1X 10 W/cm?. Figure 1
shows two channels machined on either side of this point
with energies of 0.65 [Fig. 1(c)] and 0.85 wuJ [Fig. 1(d)] for
a distance from beam onset to exit face D=26 um. In both
cases we clearly see extended channels over 20 um lengths
with mean diameters of 200 and 330 nm but with a lower
energy of 0.65 wuJ, we see transverse bridges across the
channel which we attribute to resolidification during ablated
material expansion and evacuation. We also note that the exit
surfaces show a hemitorus of resolidified debris. The channel
aspect ratios are, respectively, 100 (c) and 60 (d).

Channel length is varied straightforwardly by changing
the beam onset position in the sample using a motorized
translation stage. Figure 2 shows four channels machined at
0.73 wJ pulse energy, where the sample-beam displacement
was in Ax=4 um steps. This varies the longitudinal position
at which the optical breakdown threshold is reached and
modifies the channel length. Indeed, we see a reduction in
machined channel length of Al=nAx~6 um between steps,
where n=1.51 is the sample refractive index. Significantly,
the mean channel diameter (250 nm) is invariant with the
beam onset position, demonstrating the ability to decouple
the channel diameter and length. We also carried out experi-
ments with both breakdown threshold points (A, B) entirely
within the 150 wm thick sample. However, with this geom-
etry, we did not see evidence for enclosed void formation’
although refractive index modification was observed. This
highlights the need to ensure a breakdown point at an exit
surface to facilitate material evacuation. Indeed, using a thin-
ner 43 um thick membrane, we demonstrated proof-of-
principle through-channel machining under conditions where
the beam intensity exceeded breakdown threshold at both
input and exit faces. Figure 3 shows results using a conical
half angle 6,=11° and energy per pulse 3.1 ulJ with the
beam position centered in the membrane. The channel is
open to both sides of the membrane, although uniformity is
reduced compared to the terminated channels. In this con-
text, however, we note that the nonlinear stationarity of
Bessel beams can depend sensitively on interface effects,’
and optimizing through channel fabrication will require de-
tailed studies of the role of effects such as nonlinear stability
and surface field enhancement.

FIG. 3. Proof of principle machining of a through channel using Bessel beam conical half angle #,=11° and a 43 um thick glass membrane at single shot

pulse energy of 3.1 ul.
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FIG. 4. (Color online) Dependence on pulse energy of (a) length and (b)
mean diameter of machined nanochannel for two different conical half
angles 6,=17° (squares) and 6,=11° (circles). Due to cleaving precision,
the error bars are =2 um for channel length and =50 nm for mean channel
diameter.

We also investigated the dependence of the terminated
channel characteristics on pulse energy and conical angle.
Figure 4 shows results for an energy range 0.2—-2.5 uJ and
for conical angles of #,=17° and 6,=11° (central lobe diam-
eters, respectively, 660 nm and 1.01 wm). In both cases, the
beam onset was positioned at D~ 32 um. Although the in-
tensity distribution in the sample varies for each case, the
central lobe intensity at the output face is identical. Channel
length and diameter were determined from SEM images.
Figure 4(a) shows the variation in channel length with pulse
energy. After a transition regime where the length of the
channels rapidly increases with energy, it slowly tends to an
asymptotic value given by D (the distance OB from the vir-
tual axicon to the exit face). Transverse bridges of resolidi-
fied material are observed only in the transition regime and
in this regime, we measured the channel length from the
surface to the point where the damage regions separated by
the bridges became noncontiguous. Above this regime, the
measured channel lengths agree quantitatively with calcula-
tions of the longitudinal extent of the beam profile where
the intensity exceeds Iy. Writing the on-axis intensity at
a propagation length z from the beam onset as:'’ I(z)
=8mPynz sin> 8/ (Aw?)exp[—2(z sin 6/w)?], the red curves in
Fig. 4(a) show the calculated range of z over which optical
breakdown is reached, from point A in Fig. 1 to the sample
exit side. Here, w is the waist of the initial Gaussian beam,
P, is the input peak power and we used a threshold intensity
of I;,=5.5%X10" W/cm?, within the range reported for
borosilicate glass.1 Although this model would not be ex-
pected to describe the channel properties in the transition
regime when there are resolidification effects, it accurately
describes terminated channel length at higher energies.

Figure 4(b) shows the energy-dependence of channel di-
ameter. We note an approximately linear dependence above
the transition regime, and we see that the channel diameters
for 6;,=17° are greater than for 6,=11°. This dependence can
be readily understood since a larger conical angle yields a
smaller central lobe diameter and thus a higher energy den-
sity, and it is the energy density that primarily influences the
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FIG. 5. Profile of an array of channels drilled with identical 0.70 wJ energy
per pulse and beam position such that channel length is 10 um and diam-
eter 230 nm. The pitch is 1.6 wum. White circles indicate channel positions.
Inset shows postprocessed surface for an additional sample closer to thresh-
old with pitch 800 nm. Scale bar is 200 nm.

hydrodynamic material removal.” Above the transition re-
gime, the process is highly reproducible. We demonstrate
this explicitly by writing a 32X 72 um? array of nanochan-
nels with 6,=17°, 0.70 uJ/pulse and a pitch of 1.6 um. A
SEM image from the center of the machined region is shown
in Fig. 5. The high shot-to-shot reproducibility is immedi-
ately apparent and we measure only <7% difference in mean
channel diameter (230 nm). We determined that the minimal
achievable distance between adjacent channels with no struc-
tural deformation was ~600 nm for parameters as above.
Residual debris on the surface can be readily removed using
focused ion beam postprocessing (see inset).

In conclusion, our results demonstrate the fabrication of
high aspect ratio nanochannels in glass using single-shot fs
Bessel beams. The channel wall parallelism is attributed to
the fundamental stationarity of Bessel beams which allows
them to resist transverse beam breakup at ablation-level in-
tensities. Our results represent an important application of fs
laser nanoprocessing, which is applicable to all dielectric
materials and allows for independent control of channel
length and diameter. We anticipate wide application to
nanofluidics and nanophotonics.
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stitut Universitaire de France for funding.
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