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ABSTRACT Experimental investigations using femtosecond and
picosecond laser pulses at 800 nm illuminate the distinctions
between the dynamics and nature of ultrafast processing of
dielectrics compared with semiconductors and metals. Dielec-
tric materials are strongly charged at the surface on the sub-ps
time scale and undergo an impulsive Coulomb explosion prior
to thermal ablation. Provided the laser pulse width remains
in the ps or sub-ps time domain, this effect can be exploited
for processing. In the case of thermal ablation alone, the high
localization of energy accompanied by ultrafast laser micro-
structuring is of great advantage also for high quality processing
of thin metallic or semiconducting layers, in which the surface
charge is effectively quenched.

PACS 79.20.Ds

1 Introduction

The availability of ultrashort sub-ps pulsed lasers
has stimulated a growing interest in exploiting the enhanced
flexibility of femtosecond technology for micro-machining.
Ultrashort laser pulses (USLP) offer a variety of advan-
tages for precision micro-fabrication. Due to lower energetic
thresholds for sub-picosecond ablation and the controllabil-
ity of individual laser pulses (e.g. by laser pulse duration),
the amount of energy deposited into the processed sample can
be minimized and highly localized. This leads to a reduction
of unwanted thermal effects, so that very clean microstruc-
tures can be achieved with optimized pulses. Also non-linear
optical effects can be exploited. Self-focusing due to the non-
linear optical Kerr effect may be used to induce long narrow
3d-modification traces in the bulk of wide band-gap materials.
Laser drilling of high-aspect-ratio micrometer-thin channels
with ultrashort laser pulses has been demonstrated, utilizing
the advantages in the high ablation rates combined with a rela-
tively low heat deposition [1, 2].

Concomitantly, an increased interest in probing the nature
of excitation has been stimulated. This includes the dynamics
of energy redistribution in irradiated solids and the precursor
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mechanisms for material removal [3–5]. The initiating exci-
tation 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. In a real
crystal, complex multi-photon transition routes seed the con-
duction band with free carriers, increasing the plasma density
of the dielectric. Additional photons in the laser pulse enhance
the free-electron heating process with additional ionization
due to electron impact [1]. This is accompanied by photo-
electron emission with surface charging and thermalization
of the quasi-free electronic system on a material-dependent
time-scale. Energy transfer to the lattice by electron–phonon
coupling follows with subsequent heating of the sample [6].
Recently, the observation of fast ions in the initial gentle
etch phase [7] of femtosecond laser ablation of sapphire has
been reported, in which ions of different mass have the same
momenta, which scales only with the carried charge. This
was interpreted as originating from an impulsive macroscopic
Coulomb explosion (CE) of the charged dielectric surface [8].

2 Fundamental aspects in the dynamics of
ultrashort laser ablation
The dynamics of the initial stages of excitation in

solids leading to charging, heating, and material expulsion
was explored using pump–probe laser techniques and charged
particle detection to emphasize the material-dependent com-
petition between non-thermal and thermal mechanism [8].
The positive ion and electron emission was monitored as
a function of the delay between two sub-threshold 100-fs
800-nm laser pulses. Comparing the results for metals, semi-
conductors, and dielectrics, it was confirmed that the CE
mechanism is only significant for dielectrics [9]. Pump–probe
measurements for both prompt electron and Al+ production
for Al2O3 are shown in Fig. 1. The ion data were obtained
by choosing two different velocity windows in the time-of-
flight mass spectrometer for the detected ions and scanning
the pump–probe delay in both cases. The pump–probe signal
from the faster ions (squares) shows a double-peak struc-
ture, illustrating the competition between the different mech-
anisms. The slower ions (circles) have a single broad peak
at 20 ps. It can be seen from Fig. 1b that the prompt elec-
tron pump–probe data (electrons generated by photoemis-
sion) correlate very well with the first peak in the fast ion sig-
nal, indicating that prompt photoemission is indeed the origin
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FIGURE 1 Pump–probe measurement of Al2O3: a Al+ yield as a function
of time delay between two equal sub-threshold 100-fs laser pulses at 800 nm.
Squares: “fast” ion signal with a velocity of 2×104 m s−1 demonstrating
a double-peak structure. Circles: “thermal” ion signal with a velocity of
1.2×104 m s−1. Inset: Al+ velocity distribution for two delays: 12 (circles)
and 0.6 ps (squares); b Prompt electron signal under identical pump–probe
conditions as in a

of the observed ion CE. The first results show that sufficient
charge can be accumulated at the dielectric surface to initiate
Coulomb explosion on the 100-fs time-scale. With semicon-
ductors and metals, the higher electron mobility and higher
density of available free electrons ensures effective screening
and a much smaller net positive charge accumulated during
the laser pulse. This accumulated charge is not sufficient, by
orders of magnitude, to induce a macroscopic electrostatic
break-up of the outer layers of the substrate.

To explain the observed behavior, we have calculated the
electronic dynamics including surface charging effects for
Al2O3, Si, and Au. The bulk substrate is divided into layers
each of depth 0.5 nm and the time dependence of charging
and relaxation is calculated for each layer using appropriate
boundary conditions. For the purposes of these calculations,
we are mainly interested in the induced charge at the outer
layer of the bulk material. We use a slightly different approach
for metals compared with dielectrics and semiconductors. For
Al2O3 we write the continuity equation for free electrons ex-
cited by the 800 nm laser pulse as

∂ne

∂t
+ 1

e

∂J

∂x
= (

σ6 I6 +αne I
) na

(na +ni)
− Re − PE, (1)

where σ6 I6 is the rate of multi-photon ionization, nx is the
density of particles (a: neutral atoms, i: positive ions, e: elec-
trons), I is the laser intensity, J is the electric current density,
αne I is the avalanche term, Re is the recombination term, and
PE is photoemission. The rate of multi-photon ionization and
the avalanche coefficient were based on a fit to the experimen-
tal results for the optical damage thresholds at different pulse
durations [10] following a similar approach to Stuart et al. [11]
(taking also into consideration the observed decay in the
threshold electron density at longer pulse durations [12]) and
estimated for Al2O3 with σ6 = 8 ×109 cm−3 ps−1 (cm2/TW)6

and α = 6 cm2/J.
The spatially and temporally dependent laser power in-

side the dielectric is determined by the optical response of

a free electron plasma and the vacuum–plasma interface, be-
ing given by the complex dielectric function and Fresnel for-
mulas [11, 13] with a damping term ωτ = 3 to match the
observed reflectivity of 70% for supercritical electron densi-
ties [14]. We consider a statistical distribution of free elec-
tronic momenta in a dielectric, in which the vacuum level is
close to the conduction band minimum, thus facilitating ion-
ization. Only electrons with a momentum component normal
to and in the direction of the surface can escape. This assump-
tion is justified for most dielectrics such as a-SiO2, in which
the vacuum level is approximately 1.1 eV above the conduc-
tion band [15]. Thus, we assume that, on average, half of
the free electrons produced by multi-photon ionization and
avalanche are immediately photo-emitted from a layer near
the surface. Maximum photoemission occurs from the surface
and decreases exponentially towards the bulk giving a photoe-
mission term

PE = 1

2
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)
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with the electron escape depth l = 1 nm [16].
The ion density is given by a similar equation as (1) disre-

garding photoemission, and the electric current density is put
in a relevant form dominant in the depletion region as

J = −eneµe E − eD∇ne, (3)

with the electron mobility µe = 3 ×10−5 m2/(V s) (ten times
lower than that reported by Hughes [17] for a better match
to the measured diffusivities [18]). The drift term was calcu-
lated using the Poisson equation. Since we consider transport
in the local electric field, calculated from the Poisson equa-
tion, plasma-screening effects within the bulk material are
automatically accounted for. The diffusion coefficient D =
kBTeµe/e is considered negligible for dielectrics compared
with semiconductors and metals.

The same approach was used for Si, for which both
one and two-photon ionization was considered. The cross-
sections for photoionization and the reflection coefficient
were taken into account [13]. An equation for hole gener-
ation and consideration of both the electron and the hole
current density was included into the calculation (µe =
0.15 m2/(V s); µh = 0.045 m2/(V s)). The photoemission
term was treated analogously to that for metals [19, 20] (see
below). The metallic case is considered as a plasma with a su-
percritical electron density. The system of equations used to
describe the electric field generation consists of the heat flow
equation for electrons (4) (lattice coupling was neglected on
this short time scale) [21], the equation for the electric cur-
rent density, the continuity equation (1) without source/sink
terms, and the Poisson equation:
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where Te and Tl are the electron and lattice temperatures, re-
spectively, Ce is the electron heat capacity, Ke,0(Te/Tl) is the
thermal conductivity of the electrons, and the energy source
term S is as given in [21]. The photoemission condition takes
into account a 3-photon electron emission process [19].
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FIGURE 2 Calculation of net surface charge density as a function of time
for a laser fluence slightly above the single shot ion emission threshold for
each material. Laser pulse is centered at τ = 0 fs (FWHM = 100 fs). Note the
change in density scales

The build-up of net positive charge on the surface of each
target as a function of time is plotted in Fig. 2. The Gaus-
sian laser pulse is centered at t = 0 with a FWHM of 100 fs.
The laser fluence used to calculate the charging dynamics are
slightly above the experimental ablation threshold [10, 13]. It
is clear that the net charge is much larger for the dielectric
target than for the metal or semiconductor. It is also time-
retarded, instead of roughly following the laser pulse envelope
as for metals and semiconductors. If we estimate the mag-
nitude of the electric field at the surface of Al2O3, due to
the net accumulation of positive charge, and assume that this
field exists for 50 fs (FWHM), we can assess the velocity
with which the Coulomb-exploded Al+ ions are emitted from
the surface based on momentum conservation laws. This is
2.3 ×104 m s−1, in excellent agreement with the experimen-
tally determined values for Al2O3 [6].

3 Examples of micro-processing with ultrashort
laser pulses

3.1 Surface Coulomb explosion and thermal ablation
phases in c-Al2O3

A suitable choice of laser parameters can tune
the transition between different processes, dominated by ei-
ther non-thermal or thermal mechanisms, respectively. This
change of mechanisms, which is attributed to different abla-
tion phases, is most evidently identified by the visual appear-
ance of the irradiated area in a scanning electron microscope
(SEM) detection. This is illustrated in Fig. 3 for different
numbers of shots per site (N) at constant fluence. 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 side-wall
and at the bottom of the dip, with almost no pattern devel-
oping except ripples [1] and with no debris particles around
the rim. The ablation rate is low, around 20–30 nm/pulse,
as determined by a volume evaluation using AFM [7]. The
ripple modulation depth is also approximately 30 nm, com-
parable with the ablation rate per shot. It is believed that

FIGURE 3 Transition from gentle to strong etch phase in c-Al2O3 irradi-
ated by 200-fs laser pulses

interference between incoming and scattered light on the sur-
face generates an interference pattern, impinging on the spa-
tial distribution of excited electrons in the conduction band.
Material is removed with every laser pulse, including the
first one.

At a higher 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
a thermal nature, including droplets, melting traces, and splin-
tered edges. At a still higher number of shots, crater formation
isobserved.Themechanismsunderlying this strongetchphase
is basically thermal and may be associated with phase explo-
sion [22, 23]. The change from the gentle to the strong etch
phase occurs between 25 and 30 laser pulses per site at this
particular fluence and depends also on the fluence and laser
pulse-width. At the same time the ablation rate increases dras-
tically (∼ 300 nm/pulse) with an additional strong decrease in
the ionization degree. This allows a determination of the cross-
over between the two phases in a quantitative manner [24].

The strong electron photoemission drives an electrostatic
breakup of a finite layer (ca. 3–5-nm thickness) with a domin-
ant non-thermal character of the charged particles involved in
the Coulomb material explosion. The gentle ablation appears
as a consequence of energy absorption in the laser-induced
electron plasma at almost solid density, localized within the
non-linear absorption range. Therefore, in the gentle etch
phase, the ablation is subject to non-thermal and to thermal
mechanism(s). A discrimination between the two is demon-
strated in the different dynamics. For repetitive irradiation,
the defect-affected region is extended in volume. Non-linear
excitation via defect states is more probable at larger optical
penetration depths. In effect, this yields a magnitude higher
ablation rate with a more dominant thermal character. The ap-
pearance of this strong ablation phase at a shot-number cross-
over is a consequence of defect accumulation. The energy
penetration depth for material removal increases significantly,
leading to an overwhelming thermal contribution in the ab-
lation, i.e. in the form of a phase explosion, in response to
the homogenous nucleation of liquid bubbles near the criti-
cal thermodynamic temperature. The smoothing effect in the
material removal based on Coulomb explosion (and in the
“gentle” etch phase) can be utilized for the laser-polishing
of dielectric surfaces. Preliminary studies performed at the
Max Born Institute demonstrate the benefits in laser surface
processing and refurnishing based on intensive photoelectron
emission with ultrafast laser technology.
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3.2 Selective thermal removal of thin transparent layers
with laser pulses

Laser material structuring based on thermal mech-
anisms may lead to very good results in, for example, the
surface mean roughness and processing quality, provided the
energy penetration characterizing the thermal activation re-
mains localized in the selected region. For semi-conductive
and metallic materials, for example, thin films, the ablation
processes are of a thermal nature under the discussed con-
dition. Coulomb explosion, as in the case of sapphire, is not
expected for conductive layers. A well-defined localization
of photon energy is crucial for any high quality removal of
one or several thin layer(s) from the substrate. The selective
removal of only one single layer on a multi-layer system is
a even more challenging, since thermal effects should remain
confined [25, 26]. This is more true if these layers are trans-
parent, since in the linear case, the optical penetration depth
is usually large (� 1 µm) compared with the typical layer
thickness (< 1 µm). The processing window in this case for
a successful application yields a reduced choice in the ap-
propriate wavelength–pulse width combinations available. At
first glance one would recommend UV laser light for transpar-
ent thin layers. However, successful selective laser-induced
removal of thin transparent layers using laser pulses in the IR
was reported recently [27].

The processing experiments were conducted by focus-
ing ultrashort laser pulses, generated by a Ti:sapphire laser
system with chirped pulse amplification (Quantronix/Spectra
Physics), on the sample with one or more layers using fused
silica lenses with a focal length of 75 mm. In addition, low-
power cw He-Ne laser light illuminated the region of interest
on the sample to monitor possible changes in surface rough-
ness during the (multi) pulsed processing. In situ inspection
was achieved by enlarged visualization of the (pulsed laser-
activated) surface by a combination of far-field microscope,
CCD-camera, and video monitor. This allowed an on-line es-
timation of the damage threshold, which was determined with
higher precision using ex situ methods. The variation of single
pulse energy (i.e. laser fluence) was accomplished by means
of an attenuator (Newport). A shutter was used for single laser
shot control, i.e. N on 1 damage threshold studies, where N
specifies the number of shots placed on the same spot under
identical conditions at a repetition rate between 1 and 100 Hz.
Processing of grooves and areas was performed at a 100- to
1000-Hz repetition rate [28]. As an example of laser process-
ing of a single layer system, Fig. 4 depicts a 150-nm thin
indium tin oxide (ITO) layer partly removed from a 1.1-mm-
thick glass substrate using 3-ps laser pulses at a wavelength of
800 nm. Note that the linear absorption coefficient for ITO at
800 nm is < 1%, compared with > 80% at 266 nm. The fairly
well-defined edges of the resulting 150-nm-deep groove is
outlined by a rim with a curl of only 20 nm. A further improve-
ment in quality was observed after using sub-ps laser pulses
at an equal wavelength. Atomic force analysis of the laser
processed ITO layer reveals the following situation: at a flu-
ence of < 2 J/cm2 the first shot slightly roughens the surface.
The second shot initiates the ablation, and additional shots re-
move any remaining ITO from the glass surface, depending on
the fluence level. The AFM profile analysis suggests a linear

FIGURE 4 AFM analysis of a laser-induced micro-pocket after removal of
ITO layer using 10 laser pulses at a wavelength of 800 nm, a pulse width of
3.6 ps and a single laser pulse fluence of ca. 1 J/cm2. The depth profile in the
cross-section (right) illustrates the quality of removal

increase of ablated volume with increasing fluence. In other
words, applying USLP at 800 nm even enables a partial re-
moval of the 150-nm thin ITO layer. With UV laser pulses at
a pulse width in the ns range, the processing quality is strongly
reduced: a curl of several 100 nm to 1 µm is obtained, not ad-
equate for most applications. Using UV laser pulses (266 nm)
at a pulse width of 0.2 ps, the precision compared with the ns
case is improved as expected, however, not to an extent above
the processing quality using ultrashort laser pulses at 800 nm,
as in the example shown in Fig. 4.

Figure 5 reveals a continuous rise in threshold with in-
creasing pulse duration, a tendency also observed at a much
higher fluence level for transparent dielectrics, e.g. glass or
fused silica [28]. Specifically in the case of ITO (on glass),
the results in Fig. 5 may be explained by an expected large
optical penetration depth due to the minor linear absorption
coefficient at 800 nm. Any form of efficient localization of
laser energy can be explained only by invoking non-linear
effects such as multi-photon absorption, which is more effi-
cient at higher peak intensities, i.e. reduced pulse duration.
The damage threshold for ultrashort laser pulses at 800 nm is
less than 30% of the glass substrate (polished and uncoated).
This ensures a wide fluence processing window for the re-
moval of ITO from the glass substrate using ultrashort laser
pulses in the IR. Thermal activation of the ablation process is
predominant.

FIGURE 5 Single and multiple shot damage threshold for ITO on glass at
800 nm as a function of the laser pulse width



ASHKENASI et al. Fundamentals and advantages of ultrafast micro-structuring of transparent materials 227

For ITO on glass we also performed processing experi-
ments using only the oscillator system of the fs laser sys-
tem. Focusing the fs laser pulses to a diameter below 3 µm
at a single pulse energy of only 10 nJ and a repetition rate
of 80 MHz, we obtain a complete and very precise removal
of ITO from the glass substrate at fluence levels around only
100 mJ/cm2. This drop in processing threshold – compared to
the sub-1-kHz application – seems to have its origin in the re-
duced diffusion rate for 80-MHz processing, underlying our
assumption of a predominant thermal activation in the mate-
rial removal of ITO with fs laser pulses. However, to avoid
any misunderstanding, the high peak power of the low-energy
fs laser pulses is an absolute necessity for achieving a mini-
mal free-electron plasma density as a precursor for additional
(thermal) photon absorption on the surface (or inside) of the
transparent layer. This case of localized energy accumulation
is comparable to the fs high repetition laser-induced plasma
reactions and modifications reported in bulk glass and fused
silica at single pulse energies below 100 nJ [29].

Another example of selective thin layer processing is dis-
cussed in the following two layer case: 200-nm thin polyani-
line (PANI) layer on a 1-µm-thick photo-resist film located
on a glass substrate. PANI on glass shows a high absorption
of 55% at 800 nm compared with the photo-resist on glass of
less than 1%. At a wavelength of 266 nm the absorption coeffi-
cients are practically identical for both layers and reach levels
above 80%.

Figure 6 depicts the laser threshold fluence for damage and
ablation of a 200-nm thin PANI layer on a 1-µm-thick photo-
resist on the 1.1-mm-thick glass substrate using ultrashort
laser pulses at a wavelength of 800 nm and a pulse duration
of 0.2 ps. In this case it is necessary to discriminate between
the observation of increasing surface roughness (damage) and
actual material removal (ablation). The former appears to be
independent of the number of laser pulses. On the contrary,
the ablation threshold drops sharply between a single shot and
ten successive laser pulses. As the laser fluence is reduced be-
low 20 mJ/cm2 (1/4 of the single shot threshold fluence for
ablation) no ablation is observed even after several thousand
laser pulses. Laser fluence in an interval between the single

FIGURE 6 Laser-induced damage (squares) and ablation (circles) thresh-
old of PANI (on photo-resist on glass) at a wavelength of 800 nm and a pulse
width of 0.2 ps as a function of the number of laser shots N per location

shot threshold for damage and ablation leads to an increased
roughening of the surface. This effect causes a reduction in
the penetration depth at 800 nm and, hence, leads to a lower
threshold for ablation. The damage and ablation thresholds
for 800-nm and 5-ps laser pulses show an almost identical be-
havior as depicted in Fig. 6 for 0.2-ps laser pulses. In contrast
to the ITO on the glass substrate, the threshold values are far
less dependent on the pulse duration in the fs and ps range.
Also, the damage threshold is approximately an order of mag-
nitude lower for the PANI on the photo-resist compared with
the single layer ITO sample. The low damage threshold and
the nature of the modification prior to (complete) removal of
the PANI layer is indicative of optical absorption or thermal
activation mainly at the interface between the PANI and the
photo-resist. Damage seems to have its origin at the rear side
of the PANI layer. Sub-layer removal of PANI as in ITO on
glass was not achieved.

Figure 7 depicts six processing examples of the sample
200-nm PANI on 1-µm photo-resist on a 1.1-mm glass sub-
strate using ultrashort laser pulses at 0.2 ps and 800 nm. The
top left laser-induced modification at 44 mJ/cm2 and N = 1
laser shot illustrates the first signs of surface roughening at
a fluence level just above the damage threshold. After a sec-
ond laser shot at an equal fluence of 44 mJ/cm2 (top-middle of
Fig. 7) the optical impression suggests an increase in surface
roughening. A third laser shot finally yields additional rough-
ening and localized partial removal (ablation) of the transpar-
ent PANI layer. The photo-resist layer remains unaltered, as
verified by high-resolution profile analysis of these structures.
For single shot processing at a laser fluence of 50 mJ/cm2

one observes additional surface roughness in size and depth
(middle left picture of Fig. 7) compared with the lower flu-
ence case, still without removing the top PANI layer from
the photo-resist. Selective removal at N = 1 actually starts at
a fluence level above 100 mJ/cm2, beginning in the center re-
gion of the focused laser beam (bottom-left picture of Fig. 7).
In the picture at the bottom-right of Fig. 7, we present an ex-
ample of the successful removal of the 200-nm PANI layer

FIGURE 7 Optical microscope pictures of laser-induced modifications on
the multi-layer system II: PANI on photo-resist on glass using fs laser pulses
at 800 nm. N: number of laser shots. The laser fluence of 44 mJ/cm2 was
used to generate the top three modifications
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after 10 laser shots at a laser fluence of 300 mJ/cm2. We ob-
serve a transition from a dark to a light optical impression
in the center of illumination corresponding to the surface of
the photo-resist. The photo-resist film itself is not removed,
not even partially. The mean roughness inside the processed
surface area, i.e. the unconfined photo resist, equals that of
the original coating, unless the laser fluence is tuned above
500 mJ/cm2. One drawback in the application is an increased
elevation of 50 nm at the rim of the processed area, as illus-
trated in a dark line between the unaffected and the ablated
region (Fig. 7). This effect may be reduced by introducing
a “top-hat” profile in the processing beam, instead of a Gaus-
sian intensity distribution. The modifications are surprisingly
reproducible, considering the significant changes obtained by
slight adjustments in the laser fluence. Also, the results for the
wavelength–pulse duration combination of 800 nm and 5 ps
are equivalent to the fs case, with a slight tendency to increase
the rim elevation. In the near IR region, fs laser pulses appear
to be superior to the ps pulses with regard to the quality of the
irradiated area as well as the ablation efficiency.

In contrast to the removal of ITO on glass, the choice of
the wavelength is much more crucial when it comes to the
ablation of PANI on photo-resist on glass. A selective re-
moval using ultrashort UV laser pulses (266 nm/0.2 ps) was
not obtainable. The variation of the laser fluence and num-
ber of shots under this condition demonstrated a complete
removal of PANI with the photo-resist, as confirmed by de-
termination of the depth profiles for the processed multi-layer
system. The material reaction in the damage stage in the form
of surface roughening, acting as a pre-cursor of ablation, es-
tablishes “optical windows” for the laser light to penetrate
into the lower layer, the photo-resist. Additional laser pulses
may then interact very strongly with the second layer. Using
ultrashort laser pulses in the IR, this effect is much less signifi-
cant, since the linear absorption coefficient of the photo-resist
layer is very low. This result is quite the opposite to the UV
case, in which the high linear absorption coefficient of the
photo-resist leads to the observed non-discriminative dam-
age and ablation in both layers. In other words: even though
the wavelength–pulse width combination of sub-ps and UV
is generally believed to have several advantages, such as ef-
ficient localization of photon energy, high ionization prob-
ability and significant potential for non-thermal ablation as
CE, this study has proven that this combination is not the
number one choice for processing certain delicate multi-layer
systems.

4 Summary

In conclusion, we have studied, both experimen-
tally and theoretically, the dynamics of electronic and lat-
tice excitation and material removal in ultrafast laser abla-
tion of dielectrics, semiconductors, and metals. Different dy-
namical behaviors are observed, which have important con-
sequences for the mechanisms of material removal. In par-
ticular, it is possible to obtain a very high charging of di-
electric surfaces, which can lead to a macroscopic Coulomb

explosion of the top surface layers. The calculations are in
good agreement with fs pump–probe studies and measure-
ments of velocity distributions of emitted ions. Concerning
possible applications, a comparison of ultrashort laser pulse
processing for dielectric surfaces and thin conductive trans-
parent layers is discussed. For the laser-induced ablation in
sapphire the observed gentle etch phase is subject to non-
thermal and thermal mechanism(s). Discrimination between
the two is demonstrated in the different dynamics. Thermal
mechanism(s) dominate, especially for semi-conductive and
metallic surfaces. Thin transparent layers of films, such as
ITO or PANI on photo-resists, can be removed selectively
using ultrashort laser pulses in the IR.
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