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Abstract. We investigated the initial modification and abla-
tion of crystalline silicon with single and multiple Ti:sapphire
laser pulses of 5 to 400 fs duration. In accordance with earlier
established models, we found the phenomena amorphization,
melting, re-crystallization, nucleated vaporization, and abla-
tion to occur with increasing laser fluence down to the short-
est pulse durations. We noticed new morphological features
(bubbles) as well as familiar ones (ripples, columns). A nearly
constant ablation threshold fluence on the order of 0.2 J/cm2

for all pulse durations and multiple-pulse irradiation was ob-
served. For a duration of ≈ 100 fs, significant incubation can
be observed, whereas for 5 fs pulses, the ablation threshold
does not depend on the pulse number within the experimental
error. For micromachining of silicon, a pulse duration of less
than 500 fs is not advantageous.

PACS: 79.20D; 42.70.Q

Micromachining with ultrashort laser pulses has attracted
growing interest even in industry and medicine since the ap-
propriate lasers were made readily available for a wide set
of parameters [1, 2]. It has been demonstrated that ultrashort
pulses bear the potential for precise micromachining (later-
ally and vertically) in transparent dielectrics [3]. In the course
of investigations with femtosecond pulses, it became obvious
that the detailed mechanisms of damage to solids caused by
laser light are far from fully understood.

A number of phenomena concerning photo-induced mod-
ification of silicon surfaces have been explored in different
ranges of wavelength, intensity and duration of the applied
laser pulses. In this paper, we want to extend the existing
investigations on laser-induced surface damage in silicon to
pulse durations as short as 5 fs. We also observed several
different phenomena; we try to methodically “file” these ob-
servations into a physical overview.

We will demonstrate that the so-far-assumed sequence
of physical processes, namely amorphization [4], melting [5,
6], re-crystallization [4, 7], nucleated vaporization [8], and fi-
nally ablation [9], can also account for these experimental re-
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sults. Various well-known features, for example, ripples [10]
and columns [11], could be realized and appropriately ex-
plained as well. In Sect. 1, the current knowledge about
the interaction between laser pulses and silicon is reviewed.
Our experimental results are shown and compared to this
in Sect. 2.

1 Physical considerations

The deposition of the laser energy into a solid is usually
viewed in the quantum-mechanical formalism of particle in-
teraction. The incident pulse energy is absorbed by the elec-
trons, dependent on the peak intensity, by one-, two- or more-
photon absorption. Absorption by free carriers (sometimes
called inverse bremsstrahlung) depends on the number of al-
ready existing carriers and is therefore a subsequent process.
The same applies to collisional ionization, which utilizes part
of the energy of highly excited carriers to generate new free
electrons. These carriers then thermalize to a Fermi–Dirac
distribution while transferring their excess energy to phonons,
typically on a time scale of 100 fs. These phonons afterwards
recombine to a Bose–Einstein distribution in a few picosec-
onds [12]. During the detailed exploitation of pulsed-laser
annealing (PLA, typically done with nanosecond pulses), a
“plasma-annealing” model was established, which stated that
a non-thermal “bond softening” was responsible for the loss
of the crystal structure [13, 14]. Recently, this non-thermal
model was shown to be applicable for several semiconductors
irradiated with femtosecond pulses [15–18].

So far, no spatial transport of energy out of the excitation
region has been considered. In order to treat the subsequent
processes, including melting, boiling, and ablation of mate-
rial, one usually uses either a two-temperature model [19, 20],
which distinguishes between electron and lattice (ion) tem-
peratures, or a completely classical model of thermal trans-
port in a continuum [8, 21]. The latter one describes phase
changes from the molten phase to a gas, considering the ex-
istence of transient thermodynamical states (such as super-
heated liquids) due to the rapid action of the ultrashort laser
pulses.

The physical mechanisms that are involved in photo-
excitation of the solid are manifested also in irreversible
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changes of the irradiated surface. These changes can be used
for identification of some of the processes and also for deter-
mination of their threshold fluences.

After irradiation with short laser pulses, re-solidification
of molten material was observed to happen in two stages:
amorphization and re-crystallization [4]. The difference was
simply attributed to the amount of energy deposited in the ma-
terial (the temperature) and the consequent cooling velocity.
At lower temperatures, the material has not enough time to
re-crystallize from the melt, thus leaving the semiconductor
in an amorphous state. In regions with higher temperatures,
cooling is sufficiently slow to allow re-crystallization.

Already in previous experiments, a rather mysterious phe-
nomenon has been discovered after the solids have been ir-
radiated with multiple subsequent pulses [22]. Finally termed
“ripples”, these periodic surface structures appear as lines
orthogonal to the direction of the electric field vector of the
incident light and show a period on the order of the wave-
length of the generating light [10, 23]. The generally accepted
explanation of these ripples is an interference between the in-
cident light and a surface wave (generated by scattering). This
interference leads to periodic modulation of the absorbed in-
tensity and consequently to modulated ablation.

Column formation in crystalline silicon as a result of
multi-pulse laser irradiation has been observed in the past
at different laser wavelengths (UV–NIR), for different pulse
durations (fs–ns), and in different environments (vacuum,
air, different gases). A certain number of laser pulses is re-
quired to initiate the self-organized growth process of Si
microcolumns in the irradiated region. This phenomenon
is of major importance because it can limit the precision
of laser ablation. For the treatment with ultrashort (fs)
laser pulses, the Si-column formation was observed by sev-
eral groups under different experimental conditions (λ =
248 nm, τ = 105 fs, vacuum [24]; λ = 390 nm, τ = 250 fs,
vacuum [9]; λ = 620 nm, τ = 300 fs, air [25]; λ = 780 nm,
τ = 100 fs, SF6, Cl2, N2, He, vacuum [11]). The phenomenon
was also found for short-pulse (ns) excimer-laser irradiation
(λ = 193 nm, τ = 23 ns, air [26]; λ = 248 nm, τ = 25 ns,
SF6, N2, O2, Ar [27]; λ = 248 nm, τ = 12 ns, vacuum [28];
λ = 308 nm, τ = 28 ns, vacuum [29]).

The process strongly depends on the number of pulses ap-
plied to the same spot and the laser fluence. A further key
parameter for the formation process and the shape of the
microstructures seems to be the ambient environment. Ox-
idizing or halogen-containing atmospheres such as air, O2
or SF6 support the generation of high-aspect-ratio pillars,
whereas the formation of sharp spikes can be reduced in vac-
uum, N2 or He [11]. On the other hand, column formation is
rather insensitive to the laser wavelength [9, 11, 24, 25] and
the pulse duration [30, 31]. Influences of the doping concen-
tration have not been observed [11, 27]. For these reasons,
a chemical control of the dimensions of microcolumns seems
to be possible [31].

2 Experimental results and analysis

Experiments were carried out with two different Ti:sap-
phire laser systems, a commercial CPA system (SPECTRA
PHYSICS, Spitfire) at the BAM Berlin and the Vienna sys-
tem, comprised of an amplifier and hollow fiber compressor,

which is capable of producing 5-fs pulses with a maximum
energy of 500 µJ [32]. The pulse duration of the latter one
was changed between 5 fs and 400 fs by inserting dispersive
material (glass blocks) in the beam path. The experimen-
tal conditions were kept similar. The center wavelengths of
the linearly polarized laser pulses differed by only 20 nm
(BAM: 800 nm, Vienna: 780 nm). The different repetition
rates (BAM: 10 Hz, Vienna: 1 kHz) should have no influence
on the experimental results because every physical process
known to be important here is terminated after 1 ms. An im-
portant measurement – actually the one that dominates the
overall error – is the energy detection. Here we used a py-
roelectric detector BESTEC PM200 (BAM) and the OPHIR
pulse energy detector NOVA (Vienna), respectively.

Different pulse numbers with varying energy were fo-
cused to a diameter on the order of several 10 µm (BAM:
f = 60 mm plano-convex lens, Vienna: R = 100 mm spher-
ical silver mirror) onto the polished (111) surface of n-
doped silicon samples. On these samples, a native oxide
layer of about 2.7 nm thickness has been found from ellip-
sometric measurements. For higher applied fluences (in the
single-pulse case for 5-fs pulses), the sample was placed in
a slightly evacuated chamber ( p ≈ 10−4 mbar) in order to pre-
vent ionization or non-linear effects in air and resulting pulse
distortions.

Inspection of the irradiated surface regions was performed
using an optical microscope (Reichert–Jung, Polyvar) in No-
marski mode. A more detailed characterization of morpho-
logical changes of the laser-modified areas was done by
means of a scanning electron microscope (SEM) equipped
with a cold-field electron emission cathode (Hitachi, S-4100,
accelerating voltage 10 kV) and an atomic force microscope
(AFM, Digital Instruments, Dimension 3000 SPM) operated
in tapping mode.

Anticipating the results of our investigations, we outline
the principal physical processes occurring on the Si surface
after a Gaussian laser pulse was incident in Fig. 1. For com-
parison, a damage spot on the silicon surface generated by a
single laser pulse is shown in Fig. 2 exhibiting different cir-
cular regions of modification, annealing, and ablation. The
formation of ripples cannot be seen in this picture because
it only occurs after irradiation with multiple pulses onto the
same sample spot. In the following section, these thresholds
will be further investigated and classified quantitatively.

2.1 Modification thresholds

Some of the early experiments on laser-induced modification
of silicon surfaces distinguish regions of amorphization and
crystallization [4]. We observed the same phenomena in our
experiments, but the zone of amorphization showed a fur-
ther substructure which we believe is related to oxidation of
the surface layers of silicon. The thresholds of oxidation and
amorphization are so close together that unambiguous iden-
tification is hardly possible. However, in order to take this
fact into account, we call the physical process in this region
modification rather than amorphization.

The threshold fluences for these phenomena can be de-
termined similar to the ablation threshold fluence, namely
measuring the diameter of the modified areas versus the pulse
fluence and extrapolating to zero [33]. In Fig. 3, the square of
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Fig. 1. Physical processes during the modification of silicon with femtosec-
ond laser pulses and their threshold fluences

Fig. 2. Nomarski optical micrograph of the silicon sample surface treated
with a single laser pulse in air (λ = 800 nm, τ = 130 fs, Φ0 = 1.5 J/cm2).
The outermost ring has a diameter of 45 µm

the diameter (corresponding to a modified area) is depicted
versus increasing peak fluence of the laser pulses. Extending
the regression of this line to zero yields the threshold values to
Φmod = 0.26 J/cm2 and Φann = 0.55 J/cm2, respectively. For

the applied pulse duration, this is identical to the single-pulse
threshold measured by Pronko et al. [20].

The ablation thresholds of multi-shot experiments in air
for different pulse durations are shown in Fig. 4. For pulse
durations below 100 fs, the threshold becomes constant, a be-
havior that is well known for metals [34].

For higher pulse numbers, one can find no more evidence
for crystallization or oxidation/amorphization. A clean edge
of ablation as in Fig. 9a can be recognized. From the dimen-
sions of these craters, an ablation threshold is determined
which cannot be distinguished from other thresholds due to
morphological changes in the irradiated surface region.

The values in Fig. 4 are significantly lower than the single-
pulse thresholds evaluated from Fig. 3, because the thresholds
of modification and ablation depend on the number of applied
laser pulses. This incubation effect rests on a non-ablating
modification of the sample material by the laser pulses in such
a manner that the threshold for damage decreases. This effect
has been extensively studied at the surface of single-crystal
metals [35]. A dependence in the form of a power law was
found:

Φmod(N) = Φmod(1) · Nξ−1. (1)

Φmod(N) denotes the modification threshold fluence for N
laser pulses, and ξ is a material-dependent coefficient. In-
cubation is related to an accumulation of energy (i.e. non-
complete dissipation of the deposited energy) into plastic
stress–strain of the metal. However, this formula has also suc-
cessfully been employed in the case of indium phosphide
(InP) [36], where it is unclear whether intermediate storage
of laser energy is mechanical or, for example, chemical (as
in several glasses by F-center formation [37]). In Fig. 5, the
dependence of N ·Φmod(N) on the number of pulses is plot-
ted for our data. The fit according to (1) (solid line) yields
a coefficient ξ of 0.84.

From Fig. 5, one can conclude that there is significant in-
cubation in silicon for pulses with a duration of ≈ 100 fs.
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Fig. 3. Diameter (squared) of modification and re-crystallization of the sili-
con surface versus the incident peak fluence of the laser pulse (λ = 800 nm,
τ = 130 fs, N = 1, in air). Squares belong to the areas of modification,
whereas circles belong to the re-crystallization regions. Solid lines are lin-
ear regressions within the semi-logarithmic plot. The deviation of the data
from the regression for high fluences is attributed to a slightly non-Gaussian
beam profile (caused by apertures)
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Fig. 4. Ablation threshold fluence of n-Si(111) for several pulse durations,
100 pulses per spot, in air. Values measured at λ = 780 nm, except the solid
circle (λ = 800 nm)
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Fig. 5. Threshold fluence of laser-induced damage of silicon versus num-
ber of laser pulses with a duration of τ = 130 fs and λ = 800 nm in an air
environment. The solid line represents a least-squares-fit with (1), where
ξ = 0.84

Fig. 6. AFM picture of damage in silicon generated with a single
Ti:sapphire laser pulse (λ = 780 nm, τ = 5 fs, Φ0 = 7.7 J/cm2). Dark areas
indicate more ablated material. The inset at the bottom of the picture is
a line-scan along the dotted white line, the depth scale is indicated in black

The precise nature of this effect, whether energy is stored in
the form of chemical modification or by mechanical stress
(as in the case of metals), cannot be deduced from these
results.

Interestingly, single-shot measurements with 5-fs pulses
yield a damage threshold of 0.20 ±0.05 J/cm2, which agrees
with the threshold achieved with multiple pulses within the
experimental error (compare Fig. 4). Obviously – for these
short pulses – there is no such intermediate storage of energy
below the damage threshold as it was found, for example, in
fused silica [38].

2.2 Single-pulse experiments

Surface images taken with an atomic force microscope
(AFM) and a scanning electron microscope (SEM) reveal in-
teresting morphological features of the damaged areas. The

Fig. 7a,b. SEM picture (0◦) of damage in silicon generated with Ti: sap-
phire laser pulses in air (λ = 780 nm, τ = 5 fs, Φ0 = 2.5 J/cm2, N = 5).
Three different regions of modification (ablation including ripples, re-
crystallization, and amorphization) can be recognized. a Full view, b detail
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formation of circular substructures (holes) within the cavities
can be observed (see Fig. 6). These holes vanish or are ob-
scured by other morphological features when the same spot
is illuminated with subsequent pulses. With increasing laser
fluence, the size of these holes increases. Phenomena such
as these are frequently attributed to a locally enhanced car-
rier density generated either by an inhomogeneous laser beam
profile or by locally enhanced absorption (scratches, crystal
defects, dust).

An initialization of inhomogeneous surface structures due
to “hot spots” in the beam profile can be ruled out because
– due to the efficient spatial filtering by guiding in a hollow
fiber – the Vienna system exhibits an extremely smooth beam
profile [32].

External surface impurities (dust, scratches due to pol-
ishing) cannot be significant, as we will see in the follow-
ing argument. We consider indirect two-photon absorption
with a coefficient of only 1 cm/GW [39] as the domin-
ant carrier-generating mechanism. Calculating the penetra-
tion depth induced by this mechanism, one finds that the
number of absorbing atoms in the excited volume is far
smaller than the number of photons supposedly absorbed
in this volume. Thus, even the indirect two-photon absorp-
tion is already strongly saturated. Virtually all available
electrons are excited and it is hardly conceivable that the
carrier density exhibits local spikes (e.g. by absorption of
defects) so distinct that locally enhanced ablation could
occur.

Although an enhancement of surface absorption is no
appropriate explanation for the observed substructures, en-
hancement of absorption at depth in the semiconductor
(where the light intensity already dropped one or more orders

Fig. 9a–f. SEM pictures (60◦) of damage in silicon generated with Ti:sapphire laser pulses in air. a Φ0 = 1.0 J/cm2, b 1.3 J/cm2, c 1.8 J/cm2 (λ = 780 nm,
τ = 100 fs, N = 100). d Φ0 = 2.0 J/cm2, e 2.8 J/cm2, f 4.1 J/cm2 (λ = 800 nm, τ = 130 fs, N = 100)

of magnitude) could account for an evolving inhomogeneous
energy deposition.

Consequently, after the strongly saturated and overheated
surface layer was removed by phase explosion, normal boil-
ing including inhomogeneous nucleation of bubbles occurs
in the remaining liquid layer [21]. This scenario is sup-
ported by the fact that larger bubbles are formed in regions
of higher fluences, i.e. regions of higher temperature (and
therefore slower cooling) where bubbles have more time to
grow.

Fig. 8. SEM picture (0◦) of damage in silicon generated with Ti:sapphire
laser pulses in air (λ = 800 nm, τ = 130 fs, Φ0 = 0.42 J/cm2, N = 5)
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2.3 Ablation with multiple pulses

The application of a moderate number (N ≈ 5) of laser pulses
leads to characteristic laser-induced periodic surface struc-
tures (ripples). In single-pulse experiments, these highly ori-
ented structures were not observed, indicating that a feed-
back mechanism is involved during the formation of the sur-
face patterns. Fig. 7 shows typical surface damage in silicon
(λ = 800 nm, τ = 5 fs) at a fluence of 2.5 J/cm2. Three dif-
ferent modified zones are clearly visible (compare Fig. 1):
ablation and ripple-formation in the central region, anneal-
ing in the first annular structure, and modification in the outer
annular border. It is interesting to note, that all these surface
modifications known from longer pulses also occur at this ul-
trashort pulse duration of 5 fs. A magnified view (Fig. 7b)
reveals average lateral ripple periods between 650 nm and
750 nm which is comparable to the laser wavelength. The rip-
ples were always oriented perpendicular to the electric-field
vector of the incident radiation. Thus, we attribute this phe-
nomenon to the well-known mechanism of interference and
subsequent local field enhancement [10]. Small globules of
re-deposited material were observed on the top of the surface
corrugations.

The same characteristic ripple morphology was detected
in the central crater region at an ≈ 25 times longer pulse
duration (λ = 800 nm, τ = 130 fs, Φ0 = 0.42 J/cm2, N = 5,
see Fig. 8). Additionally, some outspread periodic patterned
(triangular) regions are seen in the direction of the electric
field.

A further increased number of laser pulses (N ≈ 100)
leads to another characteristic surface morphology: the
columns or pillars, already introduced in Sect. 1. A certain
pulse number is required to nucleate the column growth pro-
cess. The evolution of silicon microcones and mirocolumns
in a series of laser-generated craters, obtained with a con-
stant number of 100 Ti:sapphire laser pulses (τ = 100 fs at
λ = 780 nm, and τ = 130 fs at λ = 800 nm) at varying peak
fluences in air is shown in Fig. 9.

At a comparatively low fluence of 1.0 J/cm2 (which is
≈ 5 − 6 times above the ablation threshold), a uniformly
ablated crater with a rough, but featureless bottom can be
seen as well as highly directed nearly wavelength-sized rip-
ple structures in the border region (Fig. 9a). With increas-
ing laser fluence, small conical structures arise from the
bottom of the craters to form the initial stages of micro-
columns (Fig. 9b,c). The lateral and vertical extent of the
columns and the spacing between them strongly depends
on the local fluence. In the center of the irradiated area,
the columns are wider, taller and more sparse. In the bor-
der region they are packed closer together. Up to a fluence
of ≈ 2 J/cm2, the columns are formed in the middle of the
crater (Fig. 9d), while at higher fluences (Φ0 = 2.8 J/cm2)
the morphology appears crown-like. At this stage of devel-
opment, the columns can protrude above the original surface
plane (Fig. 9e), which provides conclusive evidence for the
redeposition/re-crystallization origin of these columns. At
further increased laser fluences of Φ0 ≈ 4.1 J/cm2, a volcano-
like structure is observed within the ablated region (Fig. 9f).
It is probably formed by not completely ejected mate-
rial, which is redeposited at the crater walls when the
crater depth exceeds a certain value. The height of the
columns grows with an increasing number of laser pulses.

If a critical size is reached, a destruction of the Si pillars
occurs [24].

Concerning the formation mechanism of the silicon
columns, we suggest a similar explanation as Lowndes et
al. [31]. Initial surface corrugation inhomogeneously nucle-
ates from local vaporization (bubble ejection from the melt
layer) and/or ripple formation and subsequently re-deposited
material. On the edges of these corrugations, the absorbed
local laser fluence is reduced due to an altered angle of inci-
dence of the laser radiation. Therefore, ablation takes place
preferably at the minima and maxima of the surface topog-
raphy. The silicon-rich vapor which is formed at the grooves
cools during the material transport (expansion of the vapor
plume) and can be re-deposited at the protruding features
of the surface. During a large number of these transport
cycles, a highly protruding column can be formed. Addi-
tionally, the effect can be enhanced by multiple reflections
of the incident laser radiation on the bodies of the columns,

Fig. 10a,b. Cross-sectional SEM picture of damage in silicon gener-
ated with Ti:sapphire laser pulses in air (λ = 800 nm, τ = 130 fs, Φ0 =
0.65 J/cm2, N = 500). a Full view, b detail
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Fig. 11. Scheme of the different morphological phenomena after irradiation
of the silicon surface with linearly polarized femtosecond laser pulses of
typically 100 fs duration

which “guides” the light into the grooves. Therefore, the re-
gions between the columns again act as emitters of ablated
material.

A cross-section through a crater (depth ≈ 9 µm) in silicon
obtained after the application of 500 subsequent laser pulses
in air (λ = 800 nm, τ = 130 fs, Φ0 = 0.65 J/cm2) is shown in
Fig. 10a. A detail of the crater wall can be seen in Fig. 10b.
Besides an irregular surface morphology and remaining parts
of small columns, only a thin thermally or chemically modi-
fied layer (depth < 500 nm) is visible.

Figure 11 summarizes the different morphological fea-
tures (bubbles, ripples, microcolumns) formed after irradi-
ation of silicon surfaces with linearly polarized laser pulses
for pulse durations of approximately 100 fs.

3 Conclusion

We investigated laser-induced modification and ablation of
silicon surfaces with laser pulse durations in the range be-
tween 5 fs and 400 fs. The multi-pulse ablation threshold flu-
ence is almost constant around 0.2 J/cm2. We found several
physical processes resulting in clearly distinguishable mor-
phological features. These are (from lower to higher fluences)
oxidation, amorphization, re-crystallization, the formation of
bubbles due to boiling below the surface, and finally ablation.
Other features occur while treating the sample with multiple
subsequent pulses, namely ripple formation, column growth,
and crater formation due to material removal. Although these
phenomena can limit the precision of micromachining, there
are potential applications of controlled manufactured sili-
con microcolumns and needles, for example, field-emission
sources in the display technology [40]. With respect to the
feasibility of using femtosecond pulses for microstructuring
of semiconductors one can state that – in contrast to transpar-
ent materials – a reduction of the pulse duration below 500 fs
does not offer significant advantage, because of the nearly
constant ablation threshold fluence and the similarity of the
observed surface morphologies.
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