
Chapter 6
Processing with Ultrashort Laser Pulses

Jürgen Reif

Abstract This chapter reviews the peculiarities of ultrashort laser pulse interaction
with materials and the consequences for materials processing. After a short intro-
duction, presenting time scales of typical processes and comparing previous results
for femtosecond and nanosecond laser pulses, we start with the fundamentals of
laser-material coupling. Then we describe energy dissipation dynamics and direct
follow-up processes and finish with a consideration of bulk and surface relaxation
and structure formation on a time scale much longer than the pulse duration.

6.1 Introduction and General Considerations

This chapter is devoted to the application of ultrashort laser pulses (100 femto-
seconds or less) for materials processing and the peculiarities related to that short
interaction time. Generally, laser materials processing can be classified in a series
of processes: the laser energy is coupled to the material; there, it is dissipated and,
finally, results in a material reaction like photochemistry [1], melting [2], ablation
[3], and phase transformation [4]. In addition, there may be interactions outside the
target material, like absorption of laser energy in an ablation plume (cf. Chap. 4)
with subsequent plasma sputtering [5]. Further, postinteraction phenomena can play
a role in processing, like self-organized structure formation [6], diffusion, (re-)
crystallization, and annealing [7]. The time scales involved may range from a few
femtoseconds to several microseconds or even longer (cf. Chap. 3): the basic light
absorption occurs instantaneously during illumination. It starts during the first opti-
cal cycles or femtoseconds. Photochemistry can set in instantaneously and last for
nanoseconds after the illumination stops. Both ablation and melting start around one
picosecond after the onset of energy input and then may go on for a considerably
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Fig. 6.1 SEM photographs of ablated spots on Teflon for 248-nm-pulses of different duration. Left
panel: 300 fs (240 pulses at 1 J/cm2); Right panel: 16 ns (50 pulses at 2 J/cm2) (from [10])

long time. Phase transformation as well as crystallization and annealing may result
either from refreezing of the melt or from high ablation-recoil pressure, going on for
several microseconds. Usually, laser pulses with a duration of several (ten) nanosec-
onds are used for materials processing. There, the illumination continues while the
material modification already proceeds; i.e., the incident light hits a target with
changing (optical) properties. In contrast, pulses of subpicosecond duration open
new potentials for laser processing [8]. It becomes possible to concentrate the illumi-
nation to only the first steps in the series of processes [9] when a significant material
modification has not yet started. Further, the high intensity available at comparably
low energy may have implications on both the coupling and the type of materials
modification obtainable, as we will show later. Already in the very first reports on
materials processing by ultrashort laser pulses [10], a distinct effect was observed:
the definition of processed area was, obviously, much cleaner than by processing
with nanosecond pulses (cf. Fig. 6.1). This was attributed to the idea that the heat
affected zone in the material around the illuminated area was negligibly small, due
to an extremely short heat diffusion length during the pulse duration.

To date, it appears, in fact, confirmed that the application of ultrashort laser pulses
provides finer, more precise, and better defined results than the use of longer pulses.

6.2 Laser-Material Coupling

As was already addressed in Chap. 3, laser materials processing relies, essentially,
on the deposition of light energy into the target, via heating of conduction band
electrons or excitation of electrons across the band gap. In principle, band-to-band
absorption occurs if the photon energy, „!, matches the energy gap. Then, the
absorbed energy is given by the product of photon energy, „!, and number, N ,
of absorbed photons. N is given by the product of absorption probability, }, and
photon density, :

Wabs D N „! D } „!: (6.1)
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For a practical use, it is more convenient to express the absorbed energy in terms
of incident fluence, F, i.e., energy area density, and macroscopic absorption cross
section, 
 :

Wabs D 
F: (6.2)

Classically, 
 is a material constant, depending on the absorption strength of
the respective transition and on the energy mismatch between photon and mate-
rial energy structure. All material energy structure depends, however, on Coulomb
interaction between electrons and atomic cores. Therefore, at very high incident
intensity, I, the electric light field

Elight D p
2I=.c"0/ (6.3)

may severely perturb the internal Coulomb potential and thus influence, tran-
siently, the interaction cross section which is no longer a constant but depends on
the laser electric field or rather intensity:


 D 
.Elight/ D 
 0.I / (6.4)

The consequence of this intensity dependent cross section is a nonlinear absorp-
tion which will be detailed in the next paragraph.

6.2.1 Nonlinear Absorption

As the electric light field may be considered as a perturbation of the static electronic
properties, the nonlinear cross section may be developed in a power series of the
incident intensity:


 0.I / D
X

n


 .n/I n�1I n D 1; 2; ::: (6.5)

with 
 .1/ being the “classical,” intensity independent, absorption cross section.
As a consequence, the absorbed energy becomes:

W D 
 0F D
 X
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 .n/I .n�1/
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F D

 X
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 .n/I .n�1/

!
I� D

X
n


 .n/I n�; (6.6)

where � is the pulse duration1 and the fluence is F D I �� . Assuming an incident
field E D E0 � expfi.!t � kr/g, the local component .r D 0/, E.n/ D En, of the
perturbing field contains contributions at frequency n � !, i.e., the interaction energy

1 For simplicity, here only pulses with rectangular shape in time are considered.
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Fig. 6.2 Multiphoton
absorption across the band
gap. (a) Three photon
absorption; (b) resonance
enhancement by defect state

is n times the photon energy. Correspondingly, the interaction may be considered as
the simultaneous work of n photons and is termed a “multiphoton” transition. Thus,
a nominally “transparent” material can absorb light (Fig. 6.2). The absorption can
even be enhanced if there are localized defect states within the band gap.

6.2.2 Hot Electron Generation

If electrons are already present in the conduction band (from multiphoton absorp-
tion or intrinsic [metals, semiconductors]), these electrons can be heated by the laser
energy and then, potentially, create more hot electrons by avalanche and Auger pro-
cesses [9,11]. Because of the short pulse duration, the electron heating is much faster
than any energy transfer to the lattice, and a “two-temperature” regime is established
(high temperature of the electron gas, low lattice temperature) [9, 11]. Target mod-
ification, i.e., actual processing, occurs, usually, only after the return to a thermal
equilibrium between lattice and electrons which depends on the electron–phonon
collision rate.

6.2.3 Incubation

An interesting phenomenon is observed for processing under multiple-pulse irradi-
ation. In particular, in the case of multiphoton absorption, the coupling efficiency
increases significantly with successive pulses (Fig. 6.3) In a first attempt to under-
stand this incubation a merely statistical model was introduced [12], assuming the
ablation threshold It to decrease inversely proportional to a power of the number
of pulses N : It .N / � 1=N ˛. A more “physical” model, assuming an exponen-
tial increase of the number of defects (responsible for the threshold reduction), was
presented in [13], postulating It .N / � exp.�˛N /. In fact, as is shown in Fig. 6.3,
recent experimental results favor this exponential model [14].
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Fig. 6.3 Multipulse
(N -on-1) desorption
threshold intensity as a
function of number N of
subsequent pulses [14]. The
comparison with the
“physical” exponential model
(solid line) and the statistical
model (dashed line) confirms
the idea of increasing defect
generation as the origin of
incubation

Fig. 6.4 Focal beam profile (normalized) for Gaussian beam (solid line) and squared Gaussian
beam (dashed line). The dashed horizontal line indicates the threshold intensity. Obviously, the
squared-beam radius is smaller than the diffraction limit, given by the Gaussian beam. The dotted
line indicates the situation where only the most intense central part of the beam profile overcomes
the action threshold

6.2.4 Resolution Below the Diffraction Limit

Another interesting consequence of multiphoton absorption is the possibility of gen-
erating structures below the diffraction limit [15]. This is schematically illustrated
in Fig. 6.4 for a two-photon transition: As the absorption cross-section depends, in
this case, on the square of the local intensity, the effective spatial beam profile is the
square of the original pulse.

Even stronger confinement of the surface interaction region can be obtained by
using an optical near-field microscope [16]. Another possibility consists in adjust-
ing the laser pulse peak intensity in the focal region just only slightly above the
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threshold for material modification (Sect. 6.5 and Chaps. 3, 5, 7, 8). Then, only the
very top of the beam profile will act, thus significantly reducing the modified spot
size [17] (cf. dotted line in Fig. 6.4).

6.3 Dissipation Dynamics

Once the laser energy is deposited in the target electronic system, it will be dis-
sipated and transferred to the lattice. Only then, in fact, material modification and
processing can take place.

6.3.1 Dissipation Channels

The only direct action of the laser energy input is an ionization of the interaction
volume. For further energy dissipation from the electrons to the lattice there are,
in principle, two channels: (1) thermodynamic equilibration between electron bath
and lattice by electron–phonon collisions [9, 11, 18] and (2) perturbation of crys-
talline bonds when binding electrons are excited from their state of equilibrium.
For channel (2) molecular dynamics calculations [19, 20] and tight-binding simula-
tions [21] indicate that within a few 10 fs the crystalline lattice starts to be severely
disturbed and dissolved. The dissolution can go so far that atoms start to leave
the crystal surface and, thus, initiate ablation. The subsequent route for channel
(1) is more complicated: since the dissipation occurs very rapidly, the temperature
can, occasionally, rise accordingly, and homogeneous nucleation may take place
in the interaction volume, giving rise to a phase explosion [9, 22, 23]. Usually, the
time scale of the actual explosion, i.e., material removal, is at the order of a few
nanoseconds. This is significantly after the end of energy input. However, the lattice
excitation, via both routes (1) and (2), does not necessarily result in ablation. It can,
as well, relax via classical thermodynamic pathways into the liquid state and, then,
end in (re-)crystallization, again on a time scale much longer than the pulse duration.

6.3.2 Transient Material Modification

As was just indicated, a main feature of materials processing with ultrashort laser
pulses is the temporal separation between energy input and (macroscopic) action.
This implies that during and immediately after the laser pulse the material is in a
transiently modified state. Similar to the effect of incubation, this modified state can
result in a changed response to a second laser pulse following immediately after, as
shown in Fig. 6.5.
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Fig. 6.5 Transient
modification of material
response: pump-probe
investigation of femtosecond
laser desorption from BaF2 .
For a second pulse about
700 fs after irradiation with a
first laser pulse, desorption is
significantly enhanced,
indicating an increased
absorption which,
subsequently, decays again

Fig. 6.6 Typical
autocorrelation of an
“optimally shaped” pulse
after phase modulation of a
femtosecond pulse in a
programmable spatial light
modulator (SLM)

This transient modification can be successfully exploited by sending appropri-
ately shaped pulses [24] to the target, which can be considered to produce modulated
trains of pulses over a certain range of time (Fig. 6.6). It has been demonstrated [24]
that thus the processing result can be optimized.

A particular type of transient material modification is the possibility of driving
the target out of thermal equilibrium [6, 25]. Then, classical thermodynamics is no
longer a good way of describing the evolution of the system. In fact, pump-probe
x-ray diffraction [26–28] indicates the presence of such nonequilibrium systems,
also termed “nonclassical liquids,” exhibiting the loss of near order but keeping far
order. As will be shown later, relaxation from this instability results in a very special
type of materials processing, namely self-organized surface structure formation.
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6.4 Desorption/Ablation

6.4.1 Concept

One of the most dramatic effects of the laser impact is the removal of material from
the target surface. At moderate pulse energy only individual ions or clusters come
off, frequently attributed to Coulomb explosion of an electrostatically destabilized
surface. However, this “desorption” is, normally, too weak for materials processing.
The much stronger removal for this purpose, termed “ablation,” occurs only beyond
an (empirical) threshold pulse energy. The corresponding processes are more com-
plex than for desorption and combine Coulomb explosion, phase explosion and,
potentially, plasma expansion. This plasma is the consequence of an extremely high
excitation, with a high density of hot electrons, directly within the target. In con-
trast to the interaction of longer pulses it does not result from an excitation of the
ablation plume in front of the target. Laser ablation is, certainly, the base of the
most important field of laser materials processing. Cutting, drilling, lithography but
also pulsed-laser-deposition (PLD) rely on this phenomenon. As suggested already
by the first experiments [10], the ultra-short-pulse results appear, in most cases,
much cleaner and better defined than those obtained with longer pulses [29–42].
Taking into account the timescales and processes involved, the early explanation of
a reduced heat affected zone (HAZ) appears evident. Because the energy input is
terminated before particle emission occurs, all excited material is ejected, and no
additional energy is deposited in the surrounding target region (Fig. 6.7). This has
been confirmed experimentally [43].

However, this scenario only holds as long as the initial excitation is not too large.
Otherwise, the dissipation rate can be faster than the ablation process, and a larger
region than originally irradiated is affected, leading to a heat affected zone similar
to the case of long-pulse irradiation.

Once ablated, the material can be recondensed on a substrate in the ablated par-
ticle stream. This is the basic idea of pulsed laser deposition of thin films, which is
the subject of Chap. 5 of this volume. The peculiarities of using femtosecond laser
ablation may be that the ablation plume consists of higher-energetic ions than for
longer pulses [44]. On the other hand, the droplet content in the plume is strongly
reduced while there is a large amount of ionic clusters [45, 46], resulting in new
properties of the deposited films.

6.4.2 Applications

One application of ultrafast (multiphoton-)ablation is, certainly, the direct writing
of fine, well-defined structures with a feature size below 1 �m, such as holographic
gratings [47] or Fresnel lenses [48] (Fig. 6.8).
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Fig. 6.7 Difference between femtosecond (upper) and long-pulse (lower) ablation. (The shaded
area is the excited region. The darker the shading, the stronger is the excitation). For the short
pulse, the irradiated area is immediately highly excited. After a dissipation delay, the whole excited
volume is ablated. For the long pulse, at the beginning, only the central part is weakly excited. For
increasing pulse duration, the central-part excitation increases above threshold, the surrounding
area is weakly excited. Still later (yet during the pulse), the central area material leaves the target,
the surrounding reaches the threshold and a still wider range is weakly excited. At the same time,
the ablated plume still absorbs laser light, generating a plasma which, for still longer pulse duration,
is heated by inverse bremsstrahlung and, then, sputters back to the surface

Fig. 6.8 Direct writing of well defined structures with femtosecond laser: Fresnel phase plates
infused silica [48], Overview (left) and detail (right). The white bar corresponds to 100 �m in both
panels

Another field is the structuring of thin films on supporting substrates [49]. Of
particular interest is the repair of defects in photomasks, e.g., Cr on quartz [40],
without affecting the substrate. In another application, tiny pores were introduced
in a protective TiN thin film to improve its tribological performance [50] (Fig. 6.9).
Again, the low thermal budget of femtosecond processing was necessary to prevent
delamination of the thin film.
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Fig. 6.9 Wear traces on TiN protective film. (left: unpatterned; right: femtosecond patterned [50])

Fig. 6.10 Sketch of the intensity variation in the focal region. The shaded section represents the
action threshold. It is easily seen, that the threshold intensity is exceeded is only in a limited volume
(unshaded). Depending on focussing conditions and multiphoton order (cf. Fig. 6.4) this volume
can be minimized in 3-D

6.5 3-D Bulk Modifications, Waveguide Writing

Because of the high intensity available at relatively low fluence, the possibility to
easily rely on multiphoton absorption with femtosecond pulses opens new channels
also for processing in the bulk of a material. Restricting the action volume, where
the threshold intensity is exceeded, by tight focussing, even three-dimensional
processing becomes feasible (Fig. 6.10).
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Fig. 6.11 Writing of 3-D structures in fused silica [51]. Left: The laser is tightly focused inside
the transparent sample. In the focal region, a void is generated after multiphoton absorption and
subsequent bond breaking. To write the structure, the sample – and thus the focus – is moved in
3-D. The right panel shows the adjacent voids aligned to obtain a trace

6.5.1 Bulk Structuring, Waveguide Writing

This effect is exploited to write structures inside the bulk of a transparent material
[51, 52]. The principle is shown in Fig. 6.11.

The laser is focussed into the bulk of the transparent target. Only in the con-
focal region, the intensity is high enough to allow multiphoton absorption. The
resulting ionization, subsequent local plasma formation and lattice destabilization
result in a rearrangement of the material, e.g., the generation of voids, on the one
hand, and a local densification on the other hand. By moving the focus inside the
sample, complex structures can be written [53–56]. An important application of
such bulk modification is the writing of micro-channels for lab-on-chip applications
[57] and integrated optical waveguides [58–61] and even more complex photonic
devices [52].

6.5.2 Multiphoton Polymerization

Even more complicated structures can be produced, not only in the bulk, by
exploiting a photochemical reaction, also induced by multiphoton absorption. Light-
induced polymerization, usually, requires UV light to induce the reaction. By
multiphoton absorption, however, the same transitions in the precursor of the
polymer can be used, with the advantage of precise 3-D-localization. Thus, by
moving the focal point inside the precursor, complex structures can be polymer-
ized [53, 56, 57, 62–64]. A particularly useful group of materials are photosensitive
glasses like, e.g., Ormocer R� [65].
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6.6 Phase Transformation, Laser Annealing

One of the consequences of the ultrafast perturbation of the target lattice is that the
material after relaxation does not return to the phase it was before. Thus, amorphous
material can be crystallized if the cooling from the (super-)liquid phase is suffi-
ciently slow [66] (laser annealing). On the other hand, if the cooling is very rapid,
an initially crystalline material can turn into the amorphous phase [67]. Both effects
have been observed on silicon. The main difference appears to be the surrounding
condition: at the surface, crystallization was found, in deep drilled holes the material
became amorphous. In any case, the advantage of femtosecond pulses appears to be
the very rapid generation of an electron–hole plasma instead of a “regular” liquid as
the state of crystal perturbation.

6.7 Medical Applications

An important field of laser materials processing are applications in medicine and
biology. The specific point for the application of ultrashort laser pulses lies, again, in
the fact that high intensity, enough to enable multiphoton processes, can be obtained
at relatively low fluence. Thus, localized action can be achieved without thermally
overloading (and potentially destroying) the target. This is particularly important
for the isolation and manipulation of single biological cells [68, 69], nanosurgery
of cells and tissue [70, 71], or material transfer [72]. But also in more mechanical
field, the treatment of dental and bone material, femtosecond lasers are successfully
applied [73,74]. Here the advantage lies in the fact that the high intensity achievable
makes multiphoton absorption almost as efficient as single photon absorption. Also
the interaction is extremely short. Therefore, complex materials, like dental and
bone tissue, are ablated simultaneously, independent of their detailed composition.

6.8 Nanostructures and Nanoparticles

As the irradiated target surface is, usually, in a state well away from thermal
equilibrium, the emitted material is neither atomized nor does it consist of large
droplets from the melt (cf. PLD with femtosecond pulses). If the deposited energy
is sufficiently low, so that no hot electron–hole plasma is generated, the ablated
material can consist of a mixture of atomic ions, considerably large clusters and
even nanoparticles. The latter are, especially, observed, when the ablation takes
place under a liquid environment, i.e., the free expansion of the ablation plume
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Fig. 6.12 Self-organized regular nanostructure (ripples) upon femtosecond laser ablation with
circularly polarized laser light. The left panel shows an AFM image of a part of the ablated area,
the right panel is an analysis along the black line in the right panel

Fig. 6.13 Ripples produced with linearly polarized light on silicon. The image shows a part of the
ablated spot, with the spot center at the right and the spot edge to the left. With increasing intensity
along the beam profile, the structure becomes coarser, changing in distinct steps of period doubling

is hindered by the surrounding medium [75]. This appears to be a promising way
to produce gold colloids which may be used for drug delivery [76, 77]. But even in
vacuum, silicon nanoparticles have been produced [78]. Another consequence of the
thermodynamic instability, induced in the target upon the rapid energy input, is the
phenomenon of self-organized structure formation in the area where ablation took
place [6] (Fig. 6.12).

The dynamics of the formation of these structures, called “ripples”, is still not
fully understood. Their features depend, however on the absorbed energy dose. Typ-
ical for self-organization, they exhibit, e.g., phenomena like period doubling under
an increase of energy across the beam profile (Fig. 6.13).

It has been shown, recently, that it is possible to produce arrays of ripples struc-
tures, coherently covering larger areas [79–81]. Such larger areas can, then, be used
as stencils to produce replica showing a maximized hydrophobicity, the so-called
“lotus-effect” [82].
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6.9 Conclusions

Materials processing using ultrashort laser pulses provide some distinct features of
interest, compared to the application of longer pulses. First of all, the energy input
is usually separated from the subsequent steps leading to materials modification.
Second, the high intensity at comparably low fluence facilitates, on the one hand,
multiphoton interaction and reduces, on the other hand, the thermal load on the
target. The second point is responsible for the outstanding precision and cleanliness
of the processing, the first point accounts for the finesse of possible results, well
confined and smaller than the diffraction limit.
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