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Experimental investigation of micromachining on meals
with pulse durations in the range of the electron-ponon
relaxation time (pico to sub-picosecond)
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Abstract

The characteristic time scale for the electron-pinorelaxation in metals, after irradiation with
ultrafast laser pulses, typically lies between and one hundred picoseconds, depending on the
metal. This time scale is vital for understanding mechanisms involved in material ablation. In
this study, experiments are performed using lassepdurations above and below this time scale.
To highlight quantitative differences between ofiata at these pulse durations, ablation
thresholds and rates, damage morphologies andctadieparticle sizes have been studied. The
significance of the results obtained in relation it@lustrial high precision micromachining

applications will be discussed.
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1 Introduction

Laser ablation with pulse durations in the rangehef
electron-phonon relaxation timée.,n, and below, has
been studied by investigating the interaction of Ti
sapphire laser pulses with silver and nickel taxgeor a
given set of laser parameters, e.g. fluence and
wavelength, the pulse duration has a significafecef
on micromachining results [1-5].

When the pulse duration is less than, the
laser energy is deposited before the electronic and
lattice subsystems have reached thermal equilibrium
The extent of the non-equilibrium reached betwéen t
electronic and lattice subsystems, determinesateaf
the lattice heating. This effect is greater for fesecond
pulses and can lead to a condition known as idertia
stress confinement [6], where the material doehaoe
time to respond to the rapid heating by means exintial
expansion. As a result, high compressive stressiég b
up inside the material, the relaxation of which teed
to photo-mechanical ablation or spallation.

However, for pulse durations in the range ofy,
and above, the extent of the non-equilibrium redche
between the electronic and lattice subsystems s le
than for femtosecond pulses, and thus the latéegimg
rate is reduced. The slower heating rate meansthieat
ablation is more likely to be of a thermal naturel at

also leads to increased heat-conduction lossesgltire
laser pulse. There is also the possibility of aedas
beam/plasma plume interaction during the pulsees&h
effects represent a net energy loss, comparedtoabe

of femtosecond pulses, and should thus hinder the
efficiency of the ablation process for longer pulse
durations.

The material dependent electron-phonon
relaxation time is related to the strength of theeteon-
phonon coupling for a given material [7]. For matksr
with strong electron-phonon coupling such as nickel
te-pn is short (=7 ps), when compared to materials with
weak electron-phonon coupling, such as silver (p&0
[8-10]. Therefore, for a given pulse duration, thenay
be different material responses, depending on the
strength of the electron-phonon coupling.

2

The ablation was performed using linearly polarized
pulses with a Gaussian shaped intensity profilemfa
commercially available Ti-sapphire laser (Clark MXR
CPA2001), at a central wavelength of 775 nm.
Adjusting the distance between the gratings in the
compressor stage allowed the pulse duration to be
varied between 200 fs and 10 ps. Operating without
seeding from the fiber laser, the amplifier produ6ens
pulses, with the same wavelength and similar dpatia
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beam profile as the shorter pulses, albeit with hmuc
lower pulse energy (70% reduction). Pulse duratmhs

6 ns, 10 ps and 200 fs were used in the experimants
second-order auto-correlator was used to measwre th
pulse duration for the 10 ps and 200 fs pulses|sivhi
fast photodiode was used to measure the pulseiaturat
of the 6 ns pulses. A repetition rate of 100 Hz waed

for all experiments. The experimental set-up used t
control important parameters such as the beam gnerg
number of incident laser shots, etc., is described
detail in earlier work [11]. The laser pulses were
focused with a 250 mm lens and were directed ahabr
incidence onto the metal targets in a vacuum &ftbér.

All craters were machined using 100 incident laser
pulses. A total of 10 craters were machined at esth

of laser parameters. Crater diameters were measured

using an optical microscope, and the maximum depth
each crater was measured using a white light gognn
interferometer. Each value obtained for depth and

diameter was an average of ten separate measugment

with the resulting standard deviation used to dateu
the associated error bars.

3 Results & Discussion
3.1

For a Gaussian beam, the lateral precision of iablat
depends on several laser and material related
parameters. A simple relationship can be derived
between the diameteB, of an ablated crater and the

Ablation threshold measurements
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Fig. 1. The squared diameteB?, of the ablated craters
in silver, as a function of laser pulse energy,far the
pulse durations shown. The solid lines represesmt th
least squares fit according to (3).

Because of the linear dependence of the peak laser
fluence on the pulse energy it is possible to deites
the beam radiusyg, from a plot of the square of the
crater diametersD?, versus the logarithm of the laser
pulse energyF, (slope = ). It is now possible to
convert the laser pulse energy, to the peak fluence in
the beam using equation (2). By extrapolationD3f
back to zero a value for the ablation threshol@rflie,
fwn, can be obtained.

Fig.1 shows a plot of the square of the crater

material dependent surface damage threshold fluence diameters,D? versus the logarithm of the laser pulse

(fw), the laser dependent Gaussian beam radigs,
(1/€%), and the peak fluence in the bedm[12,13]. This
treatment assumes that there is no significantdateat
conduction.

For a Gaussian beam, the spatial fluence
profile, 7(r), is given by

r2

Fry=Fe ",

S5

)

wherer is the distance from the beam centre, angl
and f, are explained above. The peak fluence and the
pulse energyk,, are directly related by

=— @

Finally, it can be shown [12,13] that for an aldati
threshold fluencefy, the diameterD, of an ablated
crater is related to the peak fluence by

D? = 20 In ;—0 ®

th

energy, E,, for the pulse durations shown on a silver
target. The optical arrangement was identical fache
case, the only difference is the pulse durationryVe
close agreement is observed between the femtosecond
and picosecond machined craters. Fitting equd®yn

to the curves leads to a value of 18m for the
Gaussian beam radius.

However, fitting the equation to the nanosecond
drilled craters leads to a value of If# for the beam
radius. This difference can be explained by thé thaat
for nanasecond machining, there is significantrédte
heat diffusion during the laser pulse. Therefore th
above technique should not be used to measureptite s
radius for nanosecond pulses, unless a materid wit
minimal thermal conductivity, such as kapton®©, sed.
However, the data does suggest that the technigoe c
be applied to 200 fs and 10 ps pulses, as lateral h
conduction during the pulse is insignificant forese
pulse durations.

The data displayed in fig.1 shows that the
threshold for laser ablation in silver occurs & game
value for 200fs and 10ps pulses but is somewhdtehig
for 6ns laser pulses. More detailed experimentsewer
conducted and the results are presented in fi§s32
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Fig. 2. The squared diameteR? of the ablated craters
in silver, as a function of the peak laser fluenggfor
the pulse durations shown. The solid lines repreten
least squares fit according to (3).
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Fig. 3. The squared diameted?, of the ablated craters
in nickel, as a function of the peak laser fluentgfor
the pulse durations shown. The solid lines repreten
least squares fit according to (3).

The deviation of the data points from the fitted
lines, at high fluences, for the 200 fs pulses, tma
lesser extent for the 10 ps pulses, has been @iserv
previously [11,13]. This was explained by the fawit
the outer edges of the beam deviated from a Gaussia
intensity distribution.

For silver the ablation thresholds measured for
the case of 200 fs, and 10 ps pulses, were the. Sdrise
was also the case for nickel. The measured ablation
threshold for silver wag(Ag) = 0.24 J/crfy and for
nickel it was7(Ni) = 0.13 J/cri. These values compare
well with other reported values for similar met@f.
Silver exhibits a higher ablation threshold valimart
nickel due to its weaker electron-phonon couplifige
reason for this has been explained in earlier btk

3.2 Ablation rate measurements

In order to calculate the ablation ratte, in terms of the
depth removed per pulse, craters were machinethen t
target surfaces using a fixed number of incidesera

shots. The maximum depths of the craters were
measured and the ablation rate, was obtained by
dividing by the number of laser shots.
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Fig. 4. Ablation rate, L, of silver, in terms of the depth
removed per pulse as a function of the peak laser
fluence,f, ,for the pulse durations shown.
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Fig. 5. Ablation rate, L, of nickel, in terms of the depth
removed per pulse as a function of the peak laser
fluence,f, ,for the pulse durations shown.

There is very little difference in the ablationeaurves
between the 200 fs, and 10 ps pulses for silvee Th
ablation rate is slightly lower for the case of tt@ ps
pulses. However, in the case of nickel, there is a
significant reduction in the ablation rate for the@ ps
pulses, especially at higher fluences. This can be
explained by the fact that the electron-phononxeglan
time for nickel (~7 ps) is on the order of, or jusss
than, the pulse duration, whereas it is longersitwer
(~20 ps). This means that for nickel, there is eatgr
chance that thermal equilibrium has been reached,
between the electronic and lattice subsystems,ngluri
the pulse, leading to increased heat conductiosetos
There is also the possibility of a laser beam/plasm
plume interaction during the pulse. These effects
represent net energy losses and thus reduce tagoabl
efficiency, resulting in the lower ablation ratehefmal



equilibrium between the electronic and lattice
subsystems is less likely to occur during the 1@udse
for silver, thus explaining why only a small redontin
the ablation rate is observed for this material.

3.3 Morphological investigations

From an industrial point of view, the quality ofeth
machined features in pulsed laser materials prowess
is very significant. We have already seen thatsfiwer,
there is no difference in the ablation threshdid, and
only a very slight reduction in the ablation rdtewhen
operating at 200 fs and 10 ps. The next consideradsi
what effect the pulse duration has on the qualitthe
machined features.

Fig. 6 shows SEM images of three craters
produced using a fluence of 11 Jfcrihe craters were
machined using pulse durations of 200 fs, 10 pg, an
6 ns respectively. Also shown are beam intensity
profiles at the same pulse durations. The intensity
profiles are images of the partially focused beand
were captured by a CCD beam analyser which was
positioned behind the focusing objective, so thmee
image filled the sensor. The shape of the ablatatkis
clearly follows the shape of the beam intensityfifgo
There is a big improvement in the beam profile leew
200 fs and 10 ps. The spot is more elliptical 00 2s.
This may be due to some optical effects from insice
compressor stage of the laser and will require some
further investigation.

Ag-200 fs — 11 J/ch 200 fs - beam profile

Ag-10 ps — 11 J/cfn 10 ps - beam profile

Ag - 6ns — 11 J/cfn

Fig. 6. SEM images of Ag craters and corresponding
beam intensity profiles. All craters were producssihg
100 pulses.

6 ns - beam profile

It is obvious from the crater images visible in. figthat
there is much more evidence of material meltingblés
in the form of resolidifed material, after ablatimgth

nanosecond pulses.

Ni — 200 fs — 7 J/cfn

Ni — 200 fs — 7 J/chn

Ni — 10 ps — 7 J/cfn

Ni - 6ns — 8 J/ci

Ni — 10 ps — 7 J/cfn

Fig. 7. SEM images of Ni craters. All craters were
produced using 100 pulses. The pictures on the Agi
close-up images of the central portions of the
femtosecond and picosecond craters.

We now consider the effect of pulse duration
on the machining quality in nickel. Fig. 7 showsNE
images of three craters produced using 100 shdtseat
fluence values and pulse durations shown.

Again the most notable observation is the stark
difference between the nanosecond case and ttihe of
shorter pulse durations. Another striking obseorais
the appearance of a much rougher morphology at the
centres of the femtosecond and picosecond craters,
which are shown on the right in fig. 7. This haibe
observed previously for femtosecond produced csater
but only in the case of transition metals [11].
Interestingly, this rough morphology begins to apet
fluence values of around 2 J/gnwhich coincide with
the increase in the ablation rate for the givenain@ee
fig 5), indicating a possible change in the ablatio
mechanism. However, there does appear to be a
difference between the femtosecond and picosecond
case. The region at the centre of the picosecaaigrsr
appears to have undergone some melting and
accompanying liquid flow. This does not appear aweh
occurred in the femtosecond case.

Morphological investigations of silver and
nickel films, deposited on silicon substrates icwam
(1e-6 torr), showed that there was very little eliénce
in the films produced using 10 ps pulses and 200 fs
pulses. The films in each case comprised almost
spherical nanoparticles of between 50-300 nm in
diameter, see fig. 8. There does appear to be more



aggregation of the nanoparticles into larger chistehe
case of the picosecond deposited films, but more
experimental work is required to completely
characterise the deposition process for differansep
durations.

Ni nanoparticles deposited on silicon substrate
using a peak fluence 6f = 2 J/cni and a pulse
duration of 10 ps.

Ni nanoparticles deposited on silicon substrate

using a peak fluence 6f = 2 J/cni and a pulse
duration of 200 fs.

Fig. 8. SEM images of nickel films deposited on
silicon substrates. The films were deposited usiirey
fluence values and pulse durations shown.]
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An experimental investigation has been performed on
the micromachining of silver and nickel targets hwit
pulse durations of 200 fs, 10 ps and 6 ns from-a Ti
sapphire laser. The ablation threshold of each Imeta
showed no change for the 10 ps and 200 fs pulses
(Ffn(Ag) = 0.24 J/crh, f,(Ni) = 0.13 J/crf).The ablation

rate of silver was only slightly reduced when using
pulse duration of 10 ps, compared to 200 fs. Howeve
for nickel, a more significant reduction in the atiin

rate was observed when using 10 ps pulses. This
observation has been explained in terms of the
difference in the electron-phonon relaxation timies,

the two metals. In terms of the quality of the &dada
features, the most obvious difference was between t
nanosecond features, and the features producelkat t
shorter pulse durations. The nanosecond features
showed much more evidence of material melting than
the features produced at the shorter pulse dusatio

Conclusions

terms of the difference between the 200 fs and 40 p
pulses, there seemed to be very little differemcehe
quality of the machined features in silver. Howevar
nickel, there seemed to be more evidence of méteria
melting in the case of the 10 ps pulses comparegbeto
200 fs pulses. Again, this has been explained ky th
difference in the electron-phonon relaxation tinies

the two metals. Thin films of silver and nickel wer
deposited on silicon substrates by ablating in vatu
with 10 ps and 200 fs pulses. The films in eachecas
comprised almost spherical nanoparticles of between
50-300 nm in diameter, but there appeared to bes mor
aggregation of the nanoparticles in the case ofLthps
pulses.
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