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Ultrashort pulsed laser ablation of dielectrics has been investigated using ex-situ morphological ex-
aminations in combination with in-situ time-of-flight mass spectrometry of the ablated species. Analy-
sis of the energy spectrum of the ablation products provides a wealth of information on the processes
occurring during femtosecond laser ablation of materials. The presentation will focus on the case of
sapphire (Al,O3) and discuss the fundamental processes in ultrashort pulsed laser sputtering. Two dif-
ferent ablation phases have been identified, a ,gentle” phase with low ablation rates and a,, strong” etch
phase with higher ablation rates, but with limitation in structure quality. A comparison of the energy
and momentum distributions of ejected ions, neutrals and electrons allows one to distinguish between
non-thermal and thermal processes that lead to the macroscopic material removal. Fast positive ions
with equal momenta are resulting from Coulomb explosion of the upper layers at low fluence and low
number of irradiating laser pulses (,gentle” etch phase). Pump-probe studies with fs laser pulses reveal
the dynamics of excitation and electron mediated energy transfer to the lattice. At higher laser fluences
or after longer incubation, evidence for phase explosion can be derived from both the morphology of
the surface and the results of the in-situ experiments.
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1. Introduction

Improved availability and compactness of ultra-short,
sub-ps pulsed solid state lasers has stimulated a growing
interest in the exploiting of the enhanced flexibility of fem-
tosecond-technology for micro-machining. Disregarding
price and user friendliness of present laser systems - which
will improve massively in the coming years — ultra-short
laser pulses offer a variety of advantages for precision micro
fabrication. Presently, the first designated commercial fem-

tosecond machining stations are available for an expanding
market. Due to lower energetic thresholds for sub picosec-
ond ablation and the controllability of individual laser pulses
(e.g. by laser pulse length) the amount of energy deposited
into the processed sample can be minimised and highly lo-
calised. This leads to a reduction of unwanted thermal ef-
fects, a minimisation of energy diffusion, and little débris
(material gection) so that very clean microstructures can be
achieved with pulses optimised for the individual applica-
tion. Fig. 1 illustrates as an example that the most perfect
micropores can be achieved with 800 nm, 200 fs pulsesin c-
Al>O3 (sapphire) — while other materials, e.g. CaF, may well
require picosecond treatment for optimal results [1]. Also

Fig. 1: Microporesin Sapphire created with ultrafast 800 nm
laser pulsesillustrating the influence of pulse duration
(left 4.5 ps, right 200 fs — same laser fluence).

non-linear optical effects may be exploited: efficient multi-
photon absorption allows one to modify transparent materi-
as even inside the bulk and to obtain sub wavelength struc-
ture sizes. Self-focusing due to the non-linear optical Kerr
effect may be used to induce long, narrow 3D-modification
traces into the bulk of wide band gap materials. Long, mi-
crometer thin channels can be also drilled taking advantage
of the high ablation rates and low heat depositin when em-
ploying ultrashort laser pulses[2].

These prospects warrant a detailed understanding of the
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physical mechanisms involved in material processing with
ultrashort laser pulses. From the view point of basic re-
search, sub-picosecond pulses offer additional advantages:
In contrast to the more standard investigations of material
ablation, or sputtering, with ns laser pulses, they do not
interact with the plume of ablated material since the pulse
has stopped before the material removal takes place. The
avoidance of secondary effects due to plume heating as well
as the possibility of pump-probe experiments on atime scale
of some tens of femtoseconds to some hundreds of picosec-
onds makes a detailed investigation and understanding of the
|aser-matter interactions, energy dissipation and mechanisms
of material removal feasible. In addition new avenues are
opened to a basic understanding of energy deposition into
the sample and to a real time monitoring of the electronic
and atomic processes in solids under the ultrashort pulsed
laser excitation.

The present study focuses mainly on sapphire (c-Al,Os)
in view of its many useful mechanical, optical and electrical
properties, and also since it shows in a very clear manner
two distinctively different ablation phases which are be-
lieved to be characteristic for pulsed laser structuring of
wide band gap materials[3, 4]. A “gentle” phaseisfound for
low laser fluences (and low numbers of laser shots) which is
characterized by the removal of a few nm (20-30 nm) in
depth per laser shot, leaving behind a smooth surface. Sur-
face charging and ion Coulomb explosion is found responsi-
ble. The “strong” phase is characterized by an order of mag-
nitude higher ablation rate per pulse. It is accompanied by
significant plasma light emission and shows a violent expul-
sion mechanism tentatively assigned to phase explosion. We
use

* a guantitative ex situ evaluation of ablation results
(AFM, SEM, optical microscope).

» in situ determination of the velocity distribution of ab-
lation products

» and pump-probe techniques

to quantify the appearance of the two phases and glean
evidence on the mechanisms and dynamics of the processes
involved. The laser pulses as such offer a convenient tool to
praobe the energy deposition and modification process of the
material in very controlled manner. The parameters which
wevary are;

* number of pulseg/site: N

* pulseduration: T [ps, fq|

« laser fluence: F [Jem?]

» and in the pump probe experiments delay time: At.

Our study is guided by the generally accepted picture for
the excitation of dielectrics with ultrashort, near infrared or
visible laser pulses: The initiating excitation mechanism is
believed to be multi-photon absorption, either from already
present morphological or structural defect states in the band
gap or by interband transitions, which seed free electron
heating and additional ionisation due to electron impact.

This is followed by photoelectron emission with surface
charging and thermalisation of the quasi-free electronic
system on a material-dependent time-scale and energy trans-
fer to the lattice by electron-phonon coupling with subse-
quent heating of the sample. The questions we have tried to
answer refer to how and how long does it take for a particle
to be emitted and the approach was to identify the paths and
temporal characteristics of the energetic channels originating
from the laser beam and coupled with the emitted particle
itself. What is the energetic spectrum of the emitted parti-
cles? What happens to the surface and to the affected bulk
after laser irradiation? To what extent can this micron or
sub-micron modification be controllable by an optimal
choice of laser parameters? What is the role of laser induced
defects in surface micro-machining or optical properties of
theirradiated solid?

2. Quantitative ex situ identification of gentle and
strong ablation phase

It will be shown that a suitable choice of laser parameters
can tune the transition between different processes, domi-
nated by either non-thermal or thermal mechanisms, respec-
tively. A first fingerprint of this change in mechanisms is
gleaned from determining the material removed by a single,
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Fig. 2 Log-log plot of the amount of material removed from c-
Al,O; after the first laser pulse (800 nm, 100 fs) as function of
its fluence.

ultra-short laser pulse a function of fluence. Thisis shown in
Fig. 2 for sapphire at a pulse width of 100 fs as determined
by a careful evaluation of the volume of the ablated spot by
atomic force microscopy (AFM). At low fluence, it showsin
alog-log plot a high slope of ~8, indicative of a high order
excitation. At high fluence we observe a nearly linear in-
crease, i.e. the material removal is proportional to incident
energy which reflects a thermal process and significant tem-
perature rise of the lattice.

This change of mechanisms which is attributed to differ-
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Fig. 3: Transition from gentle to strong etch phase in c-Al,0s.

ent ablation phases is most evidently identified by the visual
appearance of the irradiated area in a scanning electron
microscope (SEM). This is illustrated in Fig. 3. The first
laser shots above the damage threshold initiate the gentle
etch-phase. For 200 fs irradiation the gentle etch-phase
(N<30) is characterized by an extremely smooth surface
(sometimes even smoother than the initial state), both at the
sidewall and at the bottom of the dip with almost no pattern
developing except ripples [2] and with no debris particles
around the rim. Material is removed with every laser pulse,
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Fig.4: Quantitative determination of the transition from gentle to
strong etch phase by measuring the ablation rate per laser pulse and
the degree of ionisation in the plume as afunction of the total num-
ber of laser pulses N applied to a given site. The pulse duration was

T =200 fs, the laser fluence F=4.0 Jcn?.

including the first one. The ablation rate is low, around 20-
30 nm/pulse as determined by a volume evaluation using
Atomic Force Microscopy (AFM) [4].

At ahigher number of laser pulses, the appearance of the
spot changes dramatically as illustrated for N=30 in Fig. 3.

The surface shows the characteristics of the strong ablation
phase: increased roughness and signs of a violent process of
thermal nature, among them droplets, melting traces and
splintered edges. At a still higher number of shots even cra-
ter formation is observed. The mechanisms underlying this
strong etch phase is basically therma and may be associated
with phase explosion [5, 6].

The change from the gentle to the strong etch-phase oc-
curs between 25 and 30 laser pulses per site at this particular
fluence and depends also on fluence and laser pulse width.
At the same time the ablation rate increases drastically (~300
nm/pulse). This allows us to determine the crossover be-
tween the two phases in a quantitative manner [7] as illus-
trated in Fig. 4 (upper panel). We can aso determine the
degree of ionisation in the plume from a quantitative evalua-
tion of the ion current during each shot and comparison with
the amount of material gjected. As seen in the lower panel of
Fig. 4, the ionisation efficiency also changes dramatically
when the mechanism changes from gentle to strong: in this
case, the degree of ionisation drops massively. It should be
noted that the results of these measurements are not depend-
ent on the repetition rate at which the laser is operated (on
sub-Hz and Hz scale).

We attribute these dramatic changes observed as a given
site is exposed to a number of laser shots to the build up of
defect sites by each laser shot. We clearly observe incuba-
tion as discussed in the introduction.

The measurements described above were taken at a flu-
ence of 4 Jcm?, just above the single shot ablation threshold
(35 Jem?). In addition, the incubation effects manifest
themselves also in avisible reduction of the ablation thresh-
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Fig. 5: Reduction of threshold fluence for ablation of sapphire
(signalised by aburst in ion emission) as afunction of preceding
laser shots of the same fluence, documenting incubation. Two
different pulse durations are examined, reflecting the well known
[4, 8] reduction of threshold fluence as the pulse width is reduced.




old at repetitive irradiation. This is illustrated in Fig. 5 for
two different laser pulse widths. The effect of incubation is
both modifying the absorbing cross section through defect
accumulation and inducing new routes for energy deposition
into the lattice besides the electron-phonon coupling. De-
fects act like trapping centers strongly coupled to the lattice.

3. Vedocity distribution of gjected particles (in situ)
In order to gain further insight into the nature of the gen-

tle and strong ablation phases we have also measured the
velocity distributions of the emitted particles by a time-of-

total
angle
fixed
at 24°
TOF detector
v
o A

ions, neu-
trals

U
g
U
g
U
g
U
g
U
g
U
g
J

%

sample (Al203)

6.5
cm

extraction
acceleration

sample

MSP detector

28.9cm
blow up of TOF detector

\ 4

4
Y

Fig. 6: Schematic of the experimental setup used to determine
angular and velocity distributions of ablated particles

flight analysis (TOF) of the particles gected during each
laser shot. A schematic overview of the experimental set-up
isshown in Fig. 6.

The target can be rotated around an axis perpendicular to
the detection plane so that also angular distributions (6 de-
pendence) of the ablated particles can be determined. The
time-of-flight spectrometer (TOF) is a modified Wiley-
McLaren setup which can be operated such that both the
masses and the vel ocities of the particles may be determined.

Thisisillustrated in the lower panel of Fig. 6. By letting the
ions drift over several cm into a pulsed extraction field the
velocity is derived from the time between laser pulse being
fired and the extraction field being applied. The measured
time of flight spectra are projected onto a velocity scale
thereby accounting for the appropriate Jacobian factor.

Two characteristic angular distributions measured with
this set-up are shown in Fig. 7. We see that the distributions

0.2 ps, 4.0 Jicm?
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Fig. 7: Angular distribution of gjected ionsin the plume for
three different sets of laser parameters. Experimental points are
given by circles and squares, the cos™® fits are given by full
lines.

are strongly forward peaked, indicating efficient repulsion
from the surface while for a purely thermal, statistical emis-
sion we would expect a cosf distribution from the laser
irradiated spot (athough, hydrodynamical effects in the
plume will act towards narrowing). We also observe that
higher number of shots and longer pulse lengths lead to
broader distributions.

More information can be obtained from the velocity dis-
tributions, of which two characteristic examples are shown
in Fig. 8 (TOF axis normal to the target).

We see distributions with most probable velocities of 20
to 50 km/s, which are far above thermal energies. They are
particularly high in the region of gentle etching while the
most striking feature observed is a dramatic shift towards
lower velocities and also some broadening with increasing
number of shots N. The same is observed for larger fluences



oxygen O"

normalized yield
N
w
B
(6}
[}
~

velocity [104) m/s]

Fig. 8: Some examples of measured velocity distributions of the
ions ejected from c-Al,O; irradiated by 200 fs, 4¥cm? laser pulses.
The most probable velocity stays approximately constant for N<30

and shifts drastically for larger N towards lower velocities as the

strong ablation phase is reached.

as well as for increased pulse widths. Generally speaking,
the shift occurs at laser parameters for which in the ex situ
studies we have observed the transition from the gentle to
the strong etch phase.

Fig. 9 summarises some of the data obtained for O an
Al*. We plot the ion kinetic energy Ey, as a function of the
number of laser shots for one set of laser parameters. We
note that the kinetic ion energies observed are far above any
reasonable assumption for a purely therma origin (T/Eqp
~10000 K/eV), even in the strong ablation phase. It is, how-
ever, interesting to note that the energy of aluminium and
oxygen atoms tend to become equal with a high number of
shots, i.e. in the strong ablation phase, while they are distinc-
tively different in the gentle ablation phase.

To illustrate this even more clearly, we show these data
again in Fig. 10, this time in terms of the ratio between a)
most probable momentum and b) most probable energy for
the O and Al" ions.

It is evident that the momenta of the ions are equal in the
gentle etch phase while in the strong etch phase there is a
tendency towards equal energies for both species. This ob-
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Fig. 9: Most probable kinetic energies of ions gjected normal to the
c-Al, 04 surface irradiated by 200 fs, 4¥cm? laser pulses as a func-
tion of the number of laser shots. At asmall number of shots Al* and
O" ions have different energies. Note the dramatic drop of energy at
around N~30 where the transition from gentle to strong etching
occurs.

servation give strong evidence that electrostatic forces (Cou-
lomb explosion) dominate the gentle etch phase. If these act
for a limited time (the average expulsion time t.,) both ions
(having the same charge ) experience the same electric
force Fg(t)= eE(t) in the space charge field E(t) we expect

them to gain the same momentum:
t

p= j:FEl (t')dt' = Fgt,, 1)
0

As a crucial check we can study doubly charged ions
which should have twice the momentum of singly charged
ions. This is indeed the case (not shown here [9]). Without
going into details here we briefly mention that we have also
measured the velocity of the neutral particles expelled from
the irradiated area by using a second, post-ionising laser in
the extraction zone and repelling the original ions before
post-ionisation [10]. We recall that these neutrals congtitute
90% of the matter ablated in the gentle and 99% in the
strong etch phase. We find that this velocity distribution
resembles that of the positive ions in the strong etch phase.
This indicates a thermalisation process after the initia ioni-
sation phase from which only the fast Coulomb explosion
ions can escape. Additional insight into the processes occur-
ring during the initial phase of the ablation is gained from
detecting the emitted electrons and estimating their energy.
This can be done by essentially reversing the electric poten-
tials of our TOF spectrometer and negatively biasing the
sample. Since the mass spectrometer was not designed for
this purpose the energy resolution is rather poor.
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gies.

Fig. 11 shows the result of this experiment. It still gives
us, a very useful overview of what is happening: Clearly,
two groups of electrons can be discerned: a very fast distri-
bution arriving at the MSP at times less than a us, corre-
sponding to severa eV of kinetic energy followed by a very
slow group of g ected electrons with energies in the range of
meV. Obvioudly, the first group reflects - at least part of -
the initially emitted photoelectrons. They originate from
direct multiphoton ionisation of the valence band and defect
states and from additional laser interaction with the free
electrons in the conduction band [11]. They leave the sample
at an early time, which leads to the original build-up of the
surface charge. The broad distribution of rather slow elec-
trons is characteristic for the electrons simply carried along
with the plume and help to partially neutralise the latter as it
expands.

Additional evidence for the electrostatic origin of the ini-
tial surface break-up in the gentle etch phase comes from a
semiquantitative argument. The minimum charge density at
the surface necessary to induce Coulomb explosion can
simply be estimated from the requirement of electrostatic
stress (force per unit area) to overcome the local mechanical
(or bonding) stress[12]:

The average electric stress (effective area per particle

S=rmay/4) isgiven by
2.2
aH:§§: el
TT°€€,8,

when a fraction f of the particles is ionised in the irradi-
ated volume. Here ay is the average atomic spacing in the
lattice (2 A), 1=3.64 is afactor taking into account the lattice
geometry and =10 the relative dielectric constant for sap-
phire. For the bulk materid the mechanical

stressO ey = AX/ XE for bond breaking has been esti-

mated by E/10 where E is Young's modulus (335 GPa for
sapphire [13]). For atoms in the surface layer this will obvi-
oudly be smaller and we take a compromise value of E/20.
With these values we obtain f20.5 as the critical fraction of
ionised species on the surface of the irradiated volume at
which surface break-up due to Coulomb explosion is ex-
pected to occur [ ].

On the other hand, we may also obtain an estimate for f
from the experimentally observed (most probable) momenta
p of the ions above the threshold. With eg. (1) we derive an
average electric force assuming an effective expulsion time
of 1 ps (the time scale during which the surface charge re-
mains stable as evidenced by the pump-probe experiments
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Fig. 11: Time-of-flight measurement for the electrons ejected
during the gentle phase for 100 fsirradiation.

described in section 4). From the average electric force we
derive finally via eq. (2) f=0.6-0.8, in good agreement with
the former estimate.

From all these observations we conclude, that Coulomb
explosion is indeed a dominant driving mechanism for ion
expulsion during the gentle ablation phase. It is most directly
seen in the momentum distribution of the ions gjected.



4.  Pump-probe measur ements

Finally, we report briefly about dynamical studies using
femtosecond pump probe techniques which allows us to
follow the dynamics of the energy deposition and redistribu-
tion process in real time. The experimental set-up is essen-
tially unchanged, except that now we use two laser pulses
which are delayed with respect to each other by a variable
delay time At. Each of these pulses has a fluence below the
single shot ablation threshold while both together are suffi-
cient to overcome this value. By exposing the sample subse-
quently to both of these pulses, we can detect the energy
redistribution channels within the sample. The key question
here is how long the material remembersthat it has been pre-
treated by the pump pulse.

opt.
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ion yield

1000
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Fig. 12: Fast Al ion signal in a pump-probe ablation
measurement on sapphire with 80 fs pulse width.

Fig. 12 shows the fast ion Al" yield (20000 m/s) when
the sample is irradiated by a first sub-threshold 80 fs pulse
and probed with a second, identical pulse, delayed by At.
Several distinct features have to be distinguished, al of them
clearly reproducible.

i.) The maximum observed at zero delay and the corre-
sponding minimum at 0.1 ps between pump and probe pulse
simply reflects the optical interference between the two
coherent pulses of equal wavelength and is without rele-
vance for the understanding of the ablation process.

ii.) After an initial decrease the signa rises to a first
maximum and then decreases again, reaching a minimum at
around 1ps. We take this to reflect the initial electron dy-
namics and electrostatic energy accumulation at the surface:
A hot electron bath and a sub-critical charge are initiated by
the pump pulse. The second pulse adds to this excitation, the
threshold is exceeded and ion gjection occurs. The surface
charge build-up is reflected by the maximum around 600 fs
followed by decay after 1 ps, which we take as the time
period necessary for the surface charge to survive at suffi-
cient magnitude to lead to Coulomb explosion as discussed
before. The following decay up to 1ps reflects charge reduc-
tion, connected with the emission of charged particles and

with neutralization due to carrier diffusion.

iii.) The second rise of the ion signal is attributed to lat-
tice heating due to electron-phonon coupling. In a separate
experiment we were able to detect increased optical scatter-
ing regarded as the onset of efficient ablation, i.e. the main,
neutral component removal on the same time scale.

Support of this interpretation is obtained from measuring
the velocity distributions of the ions at the two different
delay times marked in Fig. 12. This measurement is pre-
sented in Fig. 13. We see very clearly that at short delay
time (<1ps) between pump and probe pulse the ion velocity
replicates the fast ion distribution which we have observed
in the gentle etch phase and which we attributed to Coulomb

normalised ion yield

0 10000 20000 30000 40000

velocity [ms™]

Fig. 13: Measured Al™ ion velocity distributions at two

different delay times At between pump and probe pulse

marked by arrowsin Fig. 12. Squares. At = 0.6 ps (Cou-
lomb explosion), circles At = 12 ps (thermal origin).

explosion. The dynamics involved in fast ion formation
obvioudly relies on the availability of sufficient electron
density in the conduction band to induce efficient photo-
emission and subsequent charging with IR pulses. In con-
trast, at long delay times (>10ps) electron energy has been
transferred into the lattice so that a strong thermal process
becomes effective and absorption of the second laser pulse
couples better with the heat bath of the lattice.

In a second pump-probe experiment we have studied the
response of the prompt electrons and compared it to the ion
yield as illustrated in Fig. 14 (100 fs pulse duration). The
electron signal follows the same temporal characteristics as
the ion signal we have attributed to Coulomb explosion (the
decay at around 1psin Fig. 12), supporting the idea of elec-
trostatic ion ejection due to efficient photoemission [9].
Also, measuring the slow electron yield (12000 nvs) we
record the signature of a pure thermal effect on the time
scale of electron-phonon coupling.

5. Conclusion

We have shown that the transition from the gentle to the
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Fig. 14: Prompt electrons (empty squares) and fast (full squares)
and slow (open circles) Al ion signal in a pump-probe measure-
ment on sapphire with 100 fs pulse width.

strong etch phase in ultrashort laser ablation of wide band
gap materials, here exemplified by c-Al,O,, is closely related
to the incubation process and can be explored in a quantita-
tive manner. The gentle phase is connected with macro-
scopic surface break-up due to Coulomb repulsion and effi-
cient emission of fast ions (10% of the total material emit-
ted). At higher fluence and a larger number of laser shots a
transition to the strong etch phase is observed, accompanied
by a reduction of the degree of ionisation (to about 1%) a
drastic increase of the ablation rate and reduction of ion
energy which goes along with a quasi thermalisation of the
emitted particles, Pump probe experiments alow us to fol-
low the time evolution of the energy deposition and redistri-
bution process and the balance between electrostatic energy
accumulation and heat deposition. Surface charging is found
to survive beyond the critical value for break-up for about
1 ps. Probe absorption first is maximized at about 600 fs due
to better coupling with the hot electron system. Subsequently
at about 10 ps, the time scale of electron-phonon thermalisa-
tion, the lattice appears to be most susceptible to absorption
of probe photons as a consequence of temperature increase.
Finally, after several 100 ps the sample has cooled and
looses the intermediate ability for very efficient energy ab-
sorption. For further details we refer the interested reader to
forthcoming publications.

We wish, however, to indicate some potential applica-
tions of the present findings which are subject to further
studies in our laboratory: Lattice heating by the first pulse
and efficient absorption of a second pulse after some ten
picoseconds might open new avenues to overcome the well
known difficulties with deep hole drilling into transparent
materials or surface polishing in precision optics fabrication.
Cracks which are observed even with femtosecond lasers
could possibly be avoided when ablation in the gentle phase
regime is combined with energy deposition into the premol-
ten material by a second pulse.
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