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Photoablation with sub-10 fs laser pulses
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Abstract

Ablation experiments in several glasses with single and multishot irradiation by laser pulses in the 10-fs pulse duration
domain are presented; physical and technological implications are discussed. We demonstrate that these short pulses offer
the potential for lateral and vertical machining precision of the order of 100 nm. q 2000 Elsevier Science B.V. All rights
reserved.
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1. Introduction

Material processing with femtosecond pulses is
especially interesting in transparent media because it
relies on the generation of free electrons by nonlin-
ear processes before significant energy absorption in
the lattice occurs. The nonlinear processes that may
give rise to dielectric breakdown are avalanche and

Ž .multiphoton ionization MPI . Laser induced break-
down has been investigated in a wide range of

w xtransparent media including polymers 1–3 , calcium
w x w xfluoride 4,5 , magnesium fluoride 6 , fused silica

w x w x w x3,5,7–9 , sapphire 6,10 , glasses 3,6 and biotissue
w x Žof collagen basis 11–13 . For longer pulses pulse
.duration G10 ps , it is known that plasma generated
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by the leading edge of the pulses increases the
reflectivity of the irradiated material and prevents
part of the energy of the pulse from penetrating. This
phenomenon is absent with femtosecond pulses al-
lowing a more efficient energy coupling to the target.
On the other hand, for longer pulses, substantial heat
diffusion occurs during the laser pulse, resulting in a
significant heat affected zone leading to melting and
resolidification. By contrast, ultrafast energy deposi-
tion with subpicosecond laser pulses vaporizes and
ablates the illuminated volume before thermal relax-
ation sets in. Because most of the deposited energy is
removed in the ablated material the ablated area
neighborhood remains unaffected, improving the spa-
tial resolution of the processed structures.

This improvement in machining quality by using
subpicosecond pulses instead of multi-picosecond to
nanosecond duration pulses has been reported previ-

w xously 9,10 . The purpose of the present study was to
investigate machining precision and morphology of
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dielectrics when the pulse duration is further de-
creased down to the 10-fs regime.

2. Experimental

The femtosecond-laser system used in these ex-
w xperiments is described in Ref. 14 . It is able to

generate 5-fs pulses with a peak power of 0.1 TW at
a carrier wavelength of 780 nm in a diffraction
limited beam at a repetition rate of 1 kHz. The key
element in this system is a hollow fiber filled with
Argon gas to broaden the spectrum of the amplified
25-fs pulses from a multipass Ti:sapphire amplifier
w x15 . Bandwidth-limited pulses with durations be-
tween 5 and 25 fs can be generated by varying the
argon gas pressure in the hollow fiber. Pulse dura-
tions of t)25 fs are realized by evacuating the fiber
and temporally stretching the pulses in blocks of
glass in front of the fiber. The capillary acts as an
efficient spatial filter for all pulse durations and
results in a nearly smooth Gaussian intensity profile
on the target. The 5-fs pulses have been attenuated
by placing a pair of 2-in. pellicles in the beam with a
variable angle of incidence. This setup allows a
variable, nearly dispersion-free attenuation up to a
factor of 10. The beam is then focussed down to a
spot of f30 mm diameter with a silver mirror.
However, the spot size was subject to slight variation
for different pulse durations, probably due to some
slight nonlinear spatial beam distortion in front of
the fiber. Therefore, we imaged the focus onto a
CCD camera in order to be able to calculate pre-
cisely the fluence for every pulse duration.

For 5-fs pulses visible plasma formation at normal
air pressure was observed for several 10 mJ in the
case of our focussing geometry. Interaction of this
plasma with the propagating pulse can lead to sub-
stantial temporal broadening. Therefore, we checked
the fringe resolved autocorrelation of these pulses
after the focus and verified that no significant broad-
ening took place for the energy range relevant for
our experiments. In addition we repeated one of the
breakdown experiments at 5 fs pulse duration in
vacuum and found no difference in the observed
threshold compared to that measured in an atmo-
spheric environment.

Two dielectric materials with bandgaps of E f4g
Ž .eV, barium aluminum borosilicate glass BBS ,

Corning 7059, 1-mm thick, and E f9 eV, fusedg
Ž .silica FS , Corning 7940, 0.2 mm thick were treated.

The surface roughness of the glass samples were
f13 nm for BBS and f10 nm for FS, respectively,
and the glass transformation temperatures differ ex-

Ž .tremely 5938C for BBS, 10508C for FS .
A major question in laser-induced damage experi-

ments is that of the evaluation of the achieved
structures. One of the more accurate, post-experi-
mental methods is the spatial measurement of the
generated ablation craters for an energy range as
wide as possible and the extrapolation of characteris-
tic quantities such as depth, diameter, or volume to

w xzero 16 Here, a necessary condition is that the
aspect ratio of the holes, i.e., depth divided by

Ž .diameter, is not too large F1 so that all the ablated
material can leave the crater. Similar procedures for
the damaged area have been employed to extrapolate

w xthe damage thresholds of transparent solids 17 and
to measure the melting threshold in laser induced

w xsolid–liquid transitions 18 . As it will be shown
here, we successfully used this method to evaluate
optical damage thresholds for dielectrics down to the
shortest pulses of 5-fs duration.

3. Results and discussion

3.1. Lateral and Õertical precision

First we consider the lateral precision of ablation
which is an important parameter for micromachining
applications. It may even be extended into the sub-

w xmicron range, as demonstrated, e.g., for silver 9 . In
order to relate the lateral dimensions of the generated
structures to the laser spot size, a ‘‘lateral extension
parameter’’ q can be defined. It is the ratio between
the observed cross-section area of the ablated crater
and the illuminated area of a Gaussian beam. The
latter is bounded by the fluence decrease to 1re2 of
the peak fluence F . If we consider ablation to be0

Ž .limited to the area where the local fluence F x, y
exceeds the threshold fluence F , q is given by:th

1 F0
qs ln 1Ž .ž /2 Fth

Ž .Fig. 1 shows a semi-logarithmic plot of q F0

obtained experimentally for FS at ts5, 12, 120, and
220 fs. The solid lines depict the predictions of Eq.
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Fig. 1. Lateral extension parameter q vs. laser fluence F for the0
Ž . Ž .ablation of fused silica FS at air. ls780 nm, Ns50, v

Ž . Ž . Ž .t s5 fs, ` t s12 fs, ' t s120 fs, e t s220 fs. The
Ž . Žstraight lines are calculated from Eq. 1 with the values F t s5th

. y2 Ž . y2fs s1.4 J cm and F t s12 fs s1.9 J cm , taken fromth
w xRef. 19 .

Ž . Ž .1 calculated by using the values of F t obtainedth
w xpreviously from ablation volume measurements 19

for ts5 and 12 fs, respectively. For pulse durations
Ž .t)100 fs the observed q F -dependence strongly0

deviates from the theoretically predicted straight line.
Furthermore, q increasingly exceeds unity, indicat-
ing that ablation is not restricted to the area defined

Ž .by F x, y )F . In contrast, in the 10-fs regime theth
Ž .measured q F shows good agreement with the0

Ž .predictions of Eq. 1 and excellent accordance with
F rF in the entire range investigated above thresh-0 th

old. These results and similar results obtained for
BBS conclusively demonstrate that laser pulses in
the 10-fs regime offer a significantly improved lat-
eral ablation precision in dielectrics as compared to
their subpicosecond counterparts.

Shortening the machining pulse duration leads to
an increased ablation accuracy also vertically. This
has been inferred from a series of measurements of
the ablation depth as a function of the number of

w xlaser shots 19 . These measurements not only yield
the ablation rate, i.e., the depth d of crater produced
by one pulse averaged over many shots, but also
allow the determination of shot-to-shot deviation of
the ablation depth from its mean value. The values of
the ablation depth shown in Fig. 2 represent 99%
confidence intervals. The tendency of increased ver-
tical ablation precision with decreasing pulse dura-
tion is evident for both investigated materials. This
trend is expected to become even more pronounced

if data obtained at constant F rF rather than con-0 th

stant F are compared. Our results indicate that laser0

pulses in the 10-fs regime offer a vertical ablation
precision of the order of 10 nm in dielectrics.

These findings strongly suggest the onset of a
nonlinear absorption process in the BBS where the

Žabsorption gets stronger i.e., lower penetration
.depth for higher intensities. It has been demon-

w xstrated 20 in connection with ablation in the
nanosecond to picosecond time domain that, consid-
ering avalanche ionization as the dominant carrier
generation process, the seed electrons for this multi-
plication have to be supplied by thermal excitation
from impurity states into the conduction band. Firstly,
this is an inherently statistical process. Secondly,

10 y3 Žassuming a carrier density of 10 cm e.g., from
.thermally ionized shallow traps one can estimate a

probability -1 for the presence of a single seed
electron in an interaction volume equal to an ablated

y11 3 Žvolume of 10 cm which is a typical value for
.our geometries . This explains the stochastic charac-

ter of ablation with longer pulses. Multiphoton ion-
ization comes into play for shorter pulses with higher
peak intensities, supplying a larger number of seed
electrons for the subsequent avalanche ionization

w xprocess 19 .

3.2. Morphology

Ž .Typical scanning electron micrographs SEM of
four representative ablation craters obtained with

Fig. 2. Absolute vertical precision of ablation for different pulse
durations, derived from the 99% confidence interval of the slope

Ž .of ablation curves ablation depth vs. number of pulses , for fused
silica and BBS.
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pulse of durations between 5 fs and 3 ps are shown
in Fig. 3. All craters were machined with 80 pulses.
The results show increased vertical and lateral preci-
sion for shorter pulses. Both the surface and the edge
quality of the machined structures are improved by

Žshorter pulses. The 5-fs ablation morphology Fig.
.3d is far better controlled by the laser beam profile

Ž .than for t)100 fs Fig. 3a and b . Differences are
Ž .visible even for the 20-fs pulses Fig. 3c . In the 3-ps

case, the crater edge is heavily broken. The bottom
of the 5-fs crater exhibits the same flat surface
structure as the original sample surface. This latter
result is supported by investigations performed with

Ž .an atomic force microscope AFM, see Section 3.3 .

3.3. Incubation

Incubation phenomena have been investigated also
and found to be more pronounced for fluences close
to the ablation threshold and for longer pulse dura-
tions. Incubation relates to the phenomenon that a
minimum number of pulses have to be applied to the
material before macroscopic material removal oc-
curs. It was estimated that incubation in fused silica
is absent at ts5 fs for F rF G4. At this fluence a0 th

single 5-fs pulse already led to the ablation of a thin
layer without the need of preceding incubating pulses.
The generated crater exhibits the same lateral dimen-
sions as achieved with 60 identical 5-fs pulses.

Ž . y2 Ž .Fig. 3. SEM micrographs of pulse laser ablated fused silica at air. ls780 nm, 80 shots. a ts3 ps, F s19.9 J cm , b ts220 fs,0
y2 Ž . y2 Ž . y2F s10.7 J cm , c ts20 fs, F s11.1 J cm , d ts5 fs, F s6.9 J cm .0 0 0



( )M. Lenzner et al.rApplied Surface Science 154–155 2000 11–16 15

Fig. 4. AFM picture of a laser-generated hole in fused silica, obtained with a single pulse of l s780 nm, ts5 fs, Fs9.5 J cmy2 .center

Due to the low depth of the crater generated with
Ž . Ža single laser pulse -1 mm an AFM Digital

.Instruments, Dimension 3000 SPM operated in tap-
ping mode was used to determine the extensions of
the structure. A typical picture of an ablation crater
is shown in Fig. 4. This hole was produced at a laser
fluence of Fs9.5 J cmy2 , which will be shown
below to be about twice the damage threshold flu-
ence of this material for single pulses. The 5-fs crater
shows a very smooth surface compared to cavities
generated with single pulses of several-hundred-fem-
tosecond and picosecond duration.

The ablated volumes for a range of laser fluences
above the damage threshold are represented by the
dots shown in Fig. 5. Calculating a linear regression
Ž .solid line in Fig. 5 and extrapolating this line to an
ablated volume of zero yields a threshold fluence of

Fig. 5. Volume V of fused silica ablated by one laser pulse versusa

laser fluence F for craters generated by a single laser pulse and by
50 laser pulses on the same sample spot, respectively. The straight
lines are obtained from linear regression. The intersection of the

Ž .regression line with the horizontal axis V s0 yields the thresh-a

old fluence F for optical damage. In the case of 50 pulses perth

spot only data obtained at F F6 J cmy2 were considered for
regression to avoid the influence of plasma formation in air. The
dotted line is the 10-fold enhanced regression line for the multi-shot
measurements to allow comparison with the single-shot data.

F s4.9 J cmy2 for fused silica irradiated with 780th

nm pulses of 5 fs duration.
We compared results from earlier experiments

with similar experimental parameters, but with each
w xsite irradiated with 50 consecutive pulses 19 , which

are shown as open circles in Fig. 5. To determine the
threshold we restricted the linear regression to flu-
ences below 6 J cmy2 because these experiments
were conducted at atmospheric pressure. By compar-
ing the results to experiments in vacuum and by
checking the interferometric autocorrelation of the
focused pulses we realized that there is no significant
distortion of the 5-fs pulses by plasma formation in
air up to this level. On the other hand, the measured
volumes above this level only slightly deviate from
the regression line. The single-shot experiments had
to be carried out in vacuum because of the higher
damage threshold fluence.

The data depicted in Fig. 5 reveal that both, the
threshold fluence for ablation and the average ab-
lated volume per pulse are significantly different for
multi-shot and single-shot excitation. This means
that for a certain laser fluence above both thresholds
a single pulse ablates much more material than a
pulse of a series of 50 pulses does on an average.

These results may be interpreted in terms of a
pre-ablation modification of the irradiated material
while working with a laser fluence between the two
threshold fluences. Here, the first laser pulse encoun-
ters the original fused silica and already alters the
material. This alteration might be for instance the
formation of color centers as summarized in Ref.
w x21 . All the possibilities of material modification
mentioned there result in the generation of electronic
states within the forbidden gap, which culminate in
an enhanced light absorption of the sample compared
to the multiphoton absorption process presumed for
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the unaltered fused silica. This increased absorption
finally leads to a lower damage threshold in the case
of multiple pulses onto the same spot and a lower
penetration depth of the laser radiation and therefore
a smaller ablation depth and ablation volume. Ac-
cording to these results, the incubation effects take
place in fused silica even at pulse durations as short
as 5 fs, which is supported by the observation, that
single pulse irradiation of fused silica with a fluence
between these two thresholds leads to coloring of the
sample.

4. Conclusions

Micromachining of dielectrics with laser pulses in
the 10-fs range shows some important features as
compared to longer pulses of several 100 fs. For the
shortest pulses used, the statistical character of the
material removal is strongly reduced, resulting in a
significantly improved reproducibility and controlla-
bility of the ablation process. The extremely high
machining precision achieved with pulses in this
time domain will allow the fabrication of
submicron-sized microstructures in materials with
very high reproducibility.

Investigating incubation phenomena, we com-
pared the damage threshold fluences for obtained for
irradiation with single pulses and multiple pulses on
the same spot. With 5-fs pulses on fused silica we
found the damage threshold to be about four times
enhanced for the single-shot case. We also noticed a
significant decrease in the ablation rate for pre-
irradiated fused silica. These observations lead us to
the conclusion that incubation effects alter the opti-
cal properties of the material even for pulses as short
as 5 fs.
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