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When using an ultrafast laser to irradiate the surface of a material, one can induce different
changes in it depending on a set of laser parameters, such as the laser wavelength, laser fluence, and
the total number of pulses. In our materials of interest, we are mainly concerned by two different la-
ser-mater interaction regimes: the laser ablation regime and the sub-ablation modification regime,
which are separated by the ablation threshold fluence. This fluence, depends on the laser wavelength,
and the number of pulses (incubation effect). In this work, we investigated these dependencies, for
mono-crystalline silicon (Si) and germanium (Ge). We measured the ablation thresholds for irradia-
tion with 5, 10 and 50 pulses at 343, 515 and 1030 nm, for a laser pulse duration of 350 femtosec-
ond (fs). The ablation thresholds of Si and Ge for these laser conditions are traced experimentally.
The single-shot ablation thresholds for the 3 wavelengths are deduced, as well as the incubation co-
efficient, both of which are based on the experimental data from our study. We then discuss a num-
ber of factors which may contribute to the ablation thresholds and incubation coefficient when oper-

ating at different wavelengths.
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1. Introduction

Femtosecond lasers allow for the interaction with mat-
ter in timescales faster than heat processes, resulting in a
very small thermally affected area [1, 2, 3, 4]. This results
in a more precise and clean machining than the one achiev-
able with their nanosecond counterparts. Femtosecond laser
ablation of semiconductors has been an area of intense fun-
damental and applied research for about two decades. A
large amount of work has been reported on the study of
dynamics and the analysis of the final state of the material
[5, 6, 7, 8]. Most femtosecond ablation studies on semicon-
ductors published to date were performed with light pulses
centered around the central wavelengths of 800 and 1030
nm, respectively. Notwithstanding, recent technology de-
velopment such as higher harmonic generation and optic
parametric amplification has enabled femtosecond laser
irradiation at a large spectrum range. The interactive steps
in laser irradiation of semiconductors have been studied in
near infra-red (NIR) and ultra-violet regimes (UV). Despite
the large difference in photo energy of NIR and UV pho-
tons, the laser-material interaction shows similar steps,
even if the absorption mechanism goes from two photon
absorption to linear absorption. First, there is the generation
of a free-electron plasma, then, non-thermal melting occurs,
followed by, if the laser fluence (defined by the energy
density of the irradiation) is sufficiently high, the ablation
onset and expansion of a semi-transparent ablation layer
with sharp interfaces [8].
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The lowest fluence for a given number of pulses at
which ablation takes place is known as the ablation thresh-
old, and it is dependent on the laser condition and the sam-
ple’s physical characteristics. Analysis of ablation and sub-
ablation surface modifications of materials over a broader
range of wavelengths can provide important information
about the absorption processes and serve as experimental
tests for advanced theoretical models [9]. In the interaction
of semiconductors with femtosecond lasers there are 3 dis-
tinct regimes according to the fluence deposited: at very
low fluence, the material would remain unchanged; at
higher fluence, some micro-structural modification will be
induced, such as amorphization [10]; at even higher flu-
ences, ablation will take place, where the matter is ejected
from the sample. It is worth mentioning that in the second
regime discussed above, the underlying material is evolv-
ing on a pulse-by-pulse basis: the more laser pulses im-
pinge on the surface the more micro-structural modifica-
tions are introduced into the material, until, at some point,
the material collapses and ablation takes place, even if the
laser fluence is under the single shot laser ablation thresh-
old fluence. This effect by which the ablation threshold
diminishes when irradiating with a larger number of pulses
is called incubation effect [11].

Both laser ablation and incubation are of great technol-
ogy importance [12, 13]. Therefore, it is worthwhile to in-
vestigate the process conditions that lead laser material
interaction to undergo these routines. Laser induced mate-
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rial ablation is very useful for drilling, cutting, engraving
and structuring etc, whereas the subablation effects such as
laser induced defects formation and/or amorphization do
not entail material removal, but do cause an optic in dices
modification and material properties change such as re-
sistance to chemical etch. In particular, an application of
laser induced defect formation is laser-assisted chemical
etching [14, 15]. Laser-assisted selective etching is a mask-
less high throughput process suitable for production of
high-quality complex structures, which is being widely
spread since it can create structures with much higher form
factor than other laser structuring techniques. To maximize
the efficiency of this technique, one needs to use a laser
fluence close but bellow the ablation threshold [16, 17, 18].
By precisely manipulating the laser-material interaction
process, alternating amorphous-crystalline structures can be
generated with almost no material removal. Following aux-
iliary chemical etching, highly homogeneous structures can
be obtained, and the topography of the structures can be
flexibly managed through precisely controlling the duration
of the etching process.

Since both ablation and sub-ablation surface modifica-
tion are of great interest, in this work, we investigated the
influence of the pulse wavelength on the ablation threshold
and the incubation coefficient of silicon (Si) and germani-
um (Ge). Si is extensively used in, for instance, semicon-
ductor industry, electronics, and high-performance photo-
voltaics, whereas Ge is widely used as lenses and windows
for thermal imaging systems. All these applications could
benefit from high precision femtosecond laser microm-
achining of Si and Ge, such as realization of 3D micro-
electronic [19], device fabrication [20], and surface func-
tionalization [21]. Therefore, in this study, we measured the
ablation thresholds for 5, 10 and 50 pulses at three different
wavelengths (343, 515 and 1030 nm) that are covering pho-
ton energies above and below the bandgap of Si and Ge.
Then, we also studied the influence of the number of pulses
in the ablation threshold. The correlation between ablation
thresholds/incubation coefficients and wavelengths is
sought for. The correlations of Si and Ge are compared.
The difference seems to be associated with the band struc-
tures of the materials.

2. Materials and methods

The investigation was performed on 2 semiconductor
materials that are commonly used in microelectronics in-
dustry: 1 mm thick silicon wafers (1 0 0) polished on both
sides, and 1 mm thick high purity germanium wafers (1 0
0) polished in both sides. The surface roughness Ra of both
materials is well below 1 nm. We positioned the samples
using motorized XYZ translation stages from Thorlabs Inc
and New Port. The control of the number of pulses and
laser fluence was realized via the laser system software.
The irradiation was carried out in air, at ambient conditions
of temperature and pressure. Each laser irradiation condi-
tion was repeatedly used to produced multiple laser impacts
and the averaged values from the measurements of these
individual impacts were used for the evaluation in this re-
port. The fluence of the pulses was calculated through di-
viding power measurements by the beam spot size. We
measured the crater sizes with an Optical Microscope (OM)
of AXIO model from Zeiss. We took the crater size as the
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diameter of the area with a significant contrast change. Fur-
thermore, for the visualization of the features beyond the
OM resolution, and for the morphological inspection of the
impacts on Si and Ge produced by laser irradiation, a
Scanning Electron Microscope (SEM) of Jeol IT-800-SHL
was used. We irradiated the samples with laser pulses cen-
tered at 1030, 515 and 343 nm wavelengths. The femtosec-
ond laser pulses at 1030 and 515 nm were obtained from
the fundamental and second harmonic of a commercial
femtosecond laser system of Pharos model from Light
Conversion. This laser allows for repetition rates up to 1
MHz and pulse widths varying from 100 fs to 10 ps. We
selected 350 fs and a repetition rate of 50 KHz. Regarding
the 343 nm pulses, we obtained them from another com-
mercial Monaco UV laser system of Coherent Inc., that
provides 343 fs pulses at the same repetition rate. All puls-
es were focused with /0 lenses and the nominal focal
lengths of the {/0 lenses for the different wavelengths were
all identical and being 100 mm. For each wavelength, the
laser fluence was adjusted using a half-wave plate (A/2)
associated with a polarizer. The pulse energy was measured
with a thermopile power-meter (Gentec). The determina-
tion of the ablation threshold allows us to work in the re-
gimes that interest us. That is why the effect in the ablation
threshold of different parameters such as pulse length [10,
22] and repetition rate [23] has been studied. A widely used
method for the determination of this threshold is the D?
method [24]. It assumes a Gaussian beam and it can be
expressed as eq.(1):

>
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where A is the ablated area, Ao is the beam area and P and
P are the irradiation power and threshold power respec-
tively. This ablation threshold diminishes with the number
of pulses due to several mechanisms grouped together in
the term “incubation”. Eq.(2) shows the incubation process:
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here FNy, and F'y, are the ablation threshold fluences (J/cm?)
for N and 1 pulses respectively, N is the number of pulses
and S is the so-called incubation parameter [11]. It stands
toreason that this equation must not be applicable for a very
high number of pulses, since the fluence tends to zero,
which is well known to be untrue. That is why some au-
thors introduced different models taking this into account
[25, 26]. However, in our case, the number of pulses we
used is low enough that we can apply eq.(2).
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3. Results and discussion

In this section we show first of all the morphological
features, and next the determination of the ablation thresh-
olds of Si and Ge at the 3 different laser wavelengths for 5,
10 and 50 pulses. We then use that data to calculate the
single pulse ablation thresholds and incubation coefficients
for each underlying material. The influence of laser wave-
length on ablation and on incubation coefficient for the 2
materials is discussed, respectively.

Ablation site morphology: For each sample, the abla-
tion thresholds were determined for a series of fixed num-
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ber of pulses, as well as the different wavelengths by using
the aforementioned D? method. SEM micrographs of some
typical ablation craters on Si and on Ge are shown in Fig-
ure 1, where the area considered has been marked.

Fig. 1: SEM micrographs of Ge and Si irradated at different laser
configurations, typically, multiple shots at 1030, 515 and 343 nm
central wavelengths. The blue circle represents the considered
area.

One can observe from all the SEM micrographs that la-
ser irradiation above the ablation threshold entails the for-
mation of a circular impact, also called an ablation crater,
at all wavelengths applied in this study. The circular shape
of the craters is associated with the Gaussian profile of the
laser beam. The size of the craters is dependent on the
Gaussian beam spot size, laser pulse energy, and number of
pulses used to produce these craters. It is also seen that
within each impact there are various different micro- and
nano structures from the centre to the peripheral area of the
laser impacts. Many of these micro- and nano-structures
have been reported in literature, such as Laser-Induced
Periodic Surface Structures (LIPSS) within which further
definitions are given to nanostructures of different scales,
such as coarse LIPSS, low spatial frequency LIPSS, high
spatial frequency LIPSS etc. In Figure 1, one observes
clearly some of these LIPSS structures and their character-
istics are clearly related to the laser wavelengths applied
[28]. Notwithstanding the scientific interest, we do not in-
vestigate the LIPSS in this report but rather the surface area
where the surface topography modification took place. The
surface areas of the laser impacts were measured (as above-
mentioned multiple measures of the craters diameters were
taken from identical impacts, and averaged values are used
in this study), and their correlation with the laser pulse en-
ergy are studied and plotted in Figure 2.
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Fig. 2: Representation of the dependence of the crater size on the
irradiation power for the determination of the ablation threshold at
515 nm.

Ablation thresholds: One example of the linear re-
gressions used for this method is depicted in Figure 2,
where the square powers of the craters’ diameters are plot-
ted against the natural logarithm of the laser power applied
to create those craters. Both plots for Si and Ge for 515 nm
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wavelength are presented in Figure 2. Furthermore, in each
individual plot, one finds the data points for experiment
conditions of fixed number of 5 pulses, 10 pulses, and 50
pulses. By tracking the fitting slopes and the intercepts of
these data points, one derives the laser beam waist at the
focal plane, as well as the ablation threshold power (from
which the threshold pulse energy and threshold fluence can
be calculated henceforth). Similar plots were also made for
Si and Ge at 1030 and 515 nm wavelengths, but for the
sake of simplicity, these are not displayed in this communi-
cation (these plots are available upon request). Nonetheless,
the results of the ablation thresholds for each laser wave-
length of interest are summarized in Table 1 and in Table 2,
for the Si and Ge samples, respectively.

Table 1 Si ablation threshold for different number of
pulses at different wavelengths.

A(nm) Pulses Fun(J/cm?)
1030 5 0.33
1030 10 0.22
1030 50 0.14
515 5 0.20
515 10 0.13
515 50 0.08
343 5 0.11
343 10 0.08
343 50 0.06

Table 2 Ge ablation threshold for different number of
pulses at different wavelengths.

A(nm) Pulses Fun(J/cm?)
1030 5 0.25
1030 10 0.25
1030 50 0.20
515 5 0.10
515 10 0.10
515 50 0.08
343 5 0.15
343 10 0.09
343 50 0.07

For Si, we witness a decrease of the ablation threshold
from 0.33 J/cm? to 0.14 J/cm? at laser wavelength of 1030
nm, representing a more than twofold of threshold drop
when the number of pulses increased from 5 to 50. Similar-
ly, a drop of the ablation threshold fluence at 515 nm was
also observed, from 0.20 J/cm? down to 0.08 J/cm?, which
is also registering a more than twofold threshold value drop.
Once again, at 343 nm, the ablation threshold drops from
0.11 J/em? to 0.06 J/cm?, almost two times smaller when
the total pulse number shifted from 5 to 50. Concerning Ge,
this tendency of ablation threshold decreasing with increas-
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ing number of laser pulse still holds, at all the wavelengths.
Nevertheless, we observe that the amplitude at which the
ablation threshold value drops for Ge with the pulse num-
ber increase is systematically smaller than that of Si, for all
the three wavelengths investigated.

Single-shot ablation threshold: In order to be able to
compare our results with existing literature, and also to be
able to operate our future experiment at any given number
of laser pulses, for each sample and wavelength, we calcu-
lated their ablation threshold for 1 pulse (sing-shot condi-
tion) and their incubation coefficient, by using eq. (2) and
by making a linear regression (y = x + b) where
y = In(FN4 N), x =InN , a = S and b = InF's. The linear
regressions used for this method are plotted in Figure 3,
and their numerical results are summarized in Table 3 and
Table 4, for the Si and Ge samples, respectively.

® 343nm

515 nm

® 1030 nm

2

25 25
InN InN

Fig. 3: Representation of the dependence of In(FNm N), of a) Si
and b) Ge with In(N) for the calculation of their incubation coeffi-
cients and threshold fluences at 1 pulse.

3 3.5 2 3 35 4

We can see from Table 3 and Table 4 that, as expected,
for each material, for each wavelength, the ablation thresh-
old diminishes with the number of laser pulses applied. As
for the effect of the irradiation wavelength on ablation
threshold value, it is known in materials, semiconductors
and dielectrics, for which there exists an energy gap be-
tween the valence and conduction band, it is necessary to
supply enough energy to bridge this gap to promote va-
lence band electrons to the conduction band. Depending on
the photon energy, the absorption can be either linear or
nonlinear. In each case, the result of the absorption process
is the creation of free electrons in the material. As is ap-
plied to our study, the ablation threshold of Si diminishes
with the wavelength of the laser, from 0.5 J/cm? at 1030 nm,
to 0.33 J/cm? at 515 nm, and then to 0.18 J/cm? at 343 nm.
As for that of Ge, it diminishes from 0.3 J/cm? at 1030 nm
to 0.15 J/em? at 515 nm. However, it does not decrease
further at 343 nm wavelength. Comparing the ablation
thresholds of both materials, the ones for Ge are constantly
smaller than those of Si at both 1030 and 515 nm but be-
come similar at 343 nm. We attribute such evolution to the
difference in band gaps, from 1.2 ¢V in Si to 0.71 eV in Ge
[29]. The reduction of the ablation threshold with decreas-
ing wavelengths can be roughly explained, to a first order
of approximation, by an increase in the linear absorption
coefficient. To be more specific, in Si the linear absorption
coefficient goes from 29.339 cm ! at 1030 nm [30] to
1.4886-10* cm™! at 515 nm, and then to 1.0983-10° cm™ at
343 nm [31]. The small fluence threshold change from 515
nm to 343 nm, given the 70 times increase in linear absorp-
tion, points towards the importance of two-photon absorp-
tion at 515 nm. As for Ge, the coefficient goes from 1.9730
-10* cm™! at 1030 nm [32] to 5.9770-10° cm™" at 515 nm,
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and to 10.165-10° cm™ at 343 nm [31]. It is clear from
these data that with decreasing of the wavelength the ab-
sorption coefficient increases monotonously for Si, while
for Ge this absorption is small for 1030 nm, but rather simi-
lar for 515 and 343 nm wavelengths.

The results obtained for the single pulse ablation
threshold of Si at the 3 different wavelengths of interest are
in good agreements to the ones in bibliography with 3 ps
duration pulses for the same wavelengths [33], where abla-
tion threshold values of 0.43, 0.22 and 0.10 J/cm?® were
published. Similar tendency was also reported for 50 ps
laser pulses at these wavelengths [9]. As for the ones in Ge,
we admit that we have found much less literature which is
available to compare with the values we obtained through
our experiments. We found nevertheless a similar result at
1030 nm central wavelength and at of pulse duration of 300
fs [34] and a similar tendency with switching wavelengths:
from 800 nm and 300 fs [35], to 400 nm and 100 fs (as a
side note, we assume the variation of pulse duration plays a
minor role here).

Table 3 Single pulse ablation threshold and incubation coet-
ficient of Si obtained via a linear regression applying eq. (2).

A(nm) Flth(J/cm?) S
1030 0.5+0.1 0.65+0.07
515 0.33+0.07 0.63+0.08
343 0.18+0.04 0.69+0.07

Table 4 Single pulse ablation threshold and incubation coef-
ficient of Ge obtained via a linear regression applying eq. (2).

A(nm) Fltn(J/cm?) S
1030 0.30£0.06 0.87+0.07
515 0.15+0.01 0.83+0.02
343 0.18+0.07 0.74+0.14

Incubation effect: Concerning the incubation, we ob-
serve little variation of the incubation coefficient from Ta-
ble 3 and Table 4. The incubation is thought to be an inter-
play that is dynamically associated with laser light coupling.
Therefore, the incubation effect rests on the influence of
the transient temperature increase on the absorption coeffi-
cients of the sample, the transient surface morphology re-
duction of reflectivity, as well as a non-ablating modifica-
tion of the sample material by the laser pulses in such a
manner that the threshold for damage decreases [36]. This
effect has been extensively studied at the surface of single-
crystal metals and for dielectrics. In metal cases, incubation
is related to an accumulation of energy (i.e. non-complete
dissipation of the deposited energy) into plastic-strain of
metal. Whereas for dielectrics the emergence of the incuba-
tion effect is closely linked to the formation of self-trapped
excitons (STEs), electron-hole pairs that become bound due
to Coulomb attraction. STEs can induced localized lattice
rearrangements and accumulation of the defects that con-
tribute to an increase of the material’s optical absorption,
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which leads to energy of subsequent laser pulses being ab-
sorbed more efficiently, ultimately leading to the reduction
of the ablation threshold. Concerning semiconductors, the
exact mechanisms underlying the incubation effect are not
fully understood and remain a subject of ongoing research.
As we mentioned earlier, the fact that the ablation threshold
diminishes with increasing number of laser pulses applied
per sample area suggests both materials exhibit incubation
effect [37, 38], at all wavelengths examined. In terms of
value, we only found some valuable information from the
bibliography for it in silicon [39], in which the result for
800 nm (S=0.80) is slightly bigger than ours. We associate
this smaller incubation effect to the fact that in this paper
they use a repetition rate 50 times smaller than ours, giving
the material more time to relax between pulses. We believe
that our results spanning over the three wavelengths are
novel and valuable to the community. In Table 3 and Table
4 we see that, apart from the incubation coefficient stays
fairly constant with the change in wavelength for both Si
and Ge, the coefficients are slightly greater in Ge than in Si,
signifying a smaller importance of incubation effects. Alt-
hough intriguing, we haven’t been able to find any incuba-
tion study for Ge in the ultrafast laser irradiation regime.
We wish our experiment data on incubation coefficient of
these semiconductor materials at different laser wave-
lengths could shed lights and help further understanding to
be achieved in future research endeavors.

4. Conclusions

Femtosecond laser ablation of Si and Ge at different
harmonic wavelengths was investigated in this study. Both
laser ablation thresholds and incubation coefficient of Si
and Ge were sought experimentally, at 1030, 515 and 343
nm wavelengths. Experimental results reveal a decrease of
the damage threshold with the wavelength, and with a de-
pendence on the bandgap of the underlying material, bring-
ing new data for the community in this field.

For Si, the ablation threshold values are found to de-
crease with the wavelength, in agreement with the existing
literature. For Ge, the ablation threshold diminishes from
1030 nm to 515 nm but stays similar at 343 and 515 nm.
This is qualitatively explained by taking the linear optical
absorption coefficient into account. The results are found
comparable to the ones in the bibliography finding similar
wavelength dependency. Moreover, the incubation coeffi-
cient was also deduced for Si as well as for Ge. For a given
material, the incubation coefficient remains almost invaria-
ble at different wavelengths. The incubation coefficient for
Ge is slightly greater than that of Si, implying a smaller
incubation behavior.
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