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Abstract Femtosecond laser material processing as micro-
machining and nanoparticles fabrication require a careful
control of the fluences deposited on the samples. In many
cases, best results are obtained by using fluences slightly
above the Laser Ablation Threshold (LAT), therefore its ac-
curate determination is an important requirement. LAT can
be obtained by measuring the intensity of the acoustic sig-
nal generated during the ablation process as a function of the
laser fluence.

In this work femtosecond laser ablation thresholds of
commercially polished stainless steel plates, white high im-
pact polystyrene, frosted glass, antique rag papers and sil-
icon oxynitride thin films were determined by using laser
ablation induced photoacoustics (LAIP). Results were com-
pared with similar data previously obtained by using a
nanosecond Nd:YAG laser.

1 Introduction

Femtosecond laser ablation methods are increasingly used
for studying laser–matter interactions and material pro-
cessing [1–3]. A wide range of applications include high-
precision materials micromachining [4], synthesis of nano-
particles [5, 6], Laser Induced Breakdown Spectroscopy [7–
9] and thin-film deposition [10, 11]. For those applications
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a variety of materials are used. Among them, SiON films
and glass are used to make waveguides produced by direct-
femtosecond laser writing [12, 13]. Femtosecond laser mi-
crostructured steel substrates are employed to generate su-
perhydrophobic surfaces for subsequent silanization [14].
Polystyrene plastics are widely used to make microfluidic
devices by femtosecond laser ablation [15]. Laser cleaning
with ultrashort pulses is a promising tool in conservation
and restoration of heritage objects, particularly documents
and historical papers. In most of these applications the flu-
ence deposited on the samples is a key parameter, and the
knowledge of the Laser Ablation Threshold (LAT) of the
treated materials is essential for improving the efficiency
and quality of the procedure. For instance, in many cases
the best results are obtained by using fluences slightly above
the LAT.

Several approaches have been proposed for LAT deter-
mination. One of the first methods used is based on pho-
tothermal deflection, by detecting the refractive index gradi-
ent changes around the crater formed by the ablation process
[16–18]. Another widely used procedure is the measurement
of the diameter or depth of the craters produced, assuming a
Gaussian beam profile for the laser [19, 20]. There are also
methods based on the measurement of the quantity of mass
extracted [21] and procedures that use a high-speed framing
camera to photograph the movement of the material ejected
from the surface [22]. The measurement of photoinduced
electricity and the charge of ionized species stemming from
the ablation process were also reported for the determination
of LAT [23].

Some of the techniques described above require complex
and expensive laboratory equipment (quartz crystal balances
or high-speed cameras). the others are not in real time and
involve several steps. An additional problem is that in many
cases the values of the ablation thresholds of a material ob-
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tained by using different techniques do not coincide and
there is a large dispersion between the results.

Laser Ablation Induced Photoacoustics (LAIP) was also
used to determine LAT in nanosecond ablation regime [24–
26]. By using this technique it has been shown that acoustic
detection with a microphone allows to monitoring the abla-
tion process in real time and perform ablation curves in a
simpler and cheaper way.

In this work we used Laser Ablation Induced Photoa-
coustics for the determination of femtosecond laser ablation
thresholds of commercially polished stainless steel plates;
white high impact polystyrene (HIPS), frosted glass, an-
tique rag papers and silicon oxynitride (SiON) thin films.
We compare the obtained results with previous data obtained
with nanosecond ablation.

2 Experimental setup

Figure 1 shows the experimental setup used. The ablation
laser was a pulsed Ti:Sapphire laser of a micromachining
station (120 fs, 1 mJ, 800 nm). The beam was focused on
the sample using a 10-cm focal lens. A combined system
of a λ/2 plate and a polarizer was used to change the en-
ergy of the laser pulse to produce laser fluences (F ) ranging
0 < F < 10 J/cm2. The energy was monitored by means of
a calibrated beam-splitter and a thermopile detector (407A
Spectra Physic). All the experiments were performed at nor-
mal atmospheric conditions.

The acoustic signal generated during ablation was de-
tected with an electret microphone and a conventional am-
plifier, and registered in a digital oscilloscope (Tektronix
TDS 3032, 300 MHz; 2.5 Gs/s). The peak-to-peak ampli-
tude of the first oscillation of the acoustic signal was mea-
sured [24]. Laser ablation threshold fluence (F0) has been
determined as the abscissa of the linear regression plot (lin-
ear region) of the acoustic signal (S) as a function of laser
fluence.

The studied samples were: commercially polished stain-
less steel plates, white high impact polystyrene (HIPS),
frosted glass, antique rag papers and silicon oxynitride
(SiON) thin films (thickness 700 nm approx.) deposited on
silicon.

3 Results

Figure 2 shows a typical ablation curve for stainless steel, in
which the peak-to-peak amplitude of the acoustic signal was
plotted as a function of the Ti:Sapphire laser fluence (the left
scale). In the same figure the previous results obtained with
nanosecond pulses by using an Nd:YAG laser of 10 ns pulse
width at 1064 nm were also plotted (the right scale). Each

Table 1 Laser ablation thresholds of the studied materials

Sample
Laser ablation threshold (J/cm2)

Femtosecond Nanosecond [26]

Stainless Steel 0.15 ± 0.03 0.8 ± 0.2

White HIPS 0.12 ± 0.03 2.6 ± 0.5

Frosted Glass 0.15 ± 0.03 4.2 ± 0.8

Rag Paper 0.17 ± 0.04 2,2 ±0.5

SiON 0.04 ± 0.01 3.0 ± 0.5

point on the plot corresponds to a measurement in a fresh
position on the sample.

As it can be seen in Fig. 2, two main regions can be
identified in the ablation plot. The first one, located below
the ablation threshold, in which no ablation takes place and
no acoustic signal can be detected; and the second region,
where the acoustic signal has a linear response with the laser
fluence. From Fig. 2 the laser ablation threshold fluence of
stainless steel was determined as 0.15 ± 0.03 J/cm2.

Figures 3, 4 and 5 show ablation curves in the fluence
region near the threshold made with the Ti:Sapphire laser
(left scale) of HIPS, frosted glass and antique rag paper, re-
spectively. In each figure the previous results obtained with
nanosecond pulses by using a Nd:YAG laser of 10 ns pulse
width at 1064 nm (right scale) were also plotted. Table 1
summarizes the values obtained for the laser ablation thresh-
olds in each case. The uncertainty of these measurements is
around 20 %, mainly due to the uncertainty in the determi-
nation of their radiated area.

Figure 6 shows the ablation curve for SiON. In this case
three main regions can be identified. The first two are ex-
tended to values up to 0.7 J/cm2 and have the same behavior
previously discussed for the other studied samples. Around
0.8 J/cm2 there is a change in the slope of the ablation curve
and again a linear behavior is observed for higher fluences.
This can be explained assuming that at a higher fluences the
laser interacts not only with the SiON film but also with the
Si substrate. This was confirmed by inspection of the craters
formed, which are shown as inserts in Fig. 6. As it can be
seen, the same behavior was observed in the nanosecond
regime. From the extrapolation of the first linear part of the
curve a thresholds fluence of 0.04 ± 0.01 J/cm2 was deter-
mined for SiON. The extrapolation of the second linear part
of the curve gives a value 0.6 ± 0.1 J/cm2 which is in agree-
ment with the threshold fluence value for Si determined in
the literature [27, 28].

4 Discussion and conclusions

From Table 1 in all the samples femtosecond laser ablation
threshold fluences are considerably lower, at least by one or-
der of magnitude, than the nanosecond ones. This result is



Determination of femtosecond ablation thresholds by using laser ablation induced photoacoustics (LAIP) 737

Fig. 1 Experimental setup

Fig. 2 Femtosecond (left scale)
and nanosecond (right scale)
laser ablation curve of stainless
steel plate performed with the
LAIP technique. The insert
shows a detail of the low fluence
region. Photographs 1 and 2
show the effect of the laser on
the substrate. See that only
photograph 2 shows a defined
crater

Fig. 3 Femtosecond (left scale)
and nanosecond (right scale)
laser ablation curve of white
high impact polystyrene
performed with the LAIP
technique

in agreement with the literature reports [29–31] and can be
explained by the different mechanisms that take place dur-
ing ablation with short and ultrashort laser pulses. In fem-

tosecond regime the time diffusion of heat in the material is
several orders of magnitude greater than the pulse duration,
therefore the laser interaction is strongly localized. For this
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Fig. 4 Femtosecond (left scale)
and nanosecond (right scale)
laser ablation curve of frosted
glass performed with the LAIP
technique

Fig. 5 Femtosecond (left scale)
and nanosecond (right scale)
laser ablation curve of antique
rag paper performed with the
LAIP technique

Fig. 6 Femtosecond (left scale)
and nanosecond (right scale)
laser ablation curve of SiON
thin film deposited on a silicon
substrate performed with the
LAIP technique. The insert
shows a detail of the ablation
threshold and the first linear
region. Photographs 1 to 4 show
the craters produced in the
SiON film at different fluences.
Photographs 1 and 2 show only
SiON film ablation.
Photographs 3 and 4 show film
ablation plus substrate damage
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reason the ablation process with femtosecond laser pulses is
highly efficient. In the case of laser ablation with nanosec-
ond pulses the first part of the pulse interacts with the sample
producing a change of the state from solid to liquid. After
that, evaporation from the liquid phase and plasma forma-
tion take place. The last part of the laser pulse interacts with
this plasma and does not reach the surface of the material
[32]. Then, nanosecond laser ablation is less efficient than
that performed with femtosecond lasers. For this reason, in
regard to nanosecond irradiation, the laser ablation threshold
fluence has, in most materials, lower values when femtosec-
ond lasers pulses are used.

In conclusion, by using Laser Ablation Induced Pho-
toacoustics we have measured the femtosecond ablation
thresholds of stainless steel, white high impact polystyrene,
frosted glass, antique rag paper and SiON films. In the case
of SiON, LAIP allows also to detect the fluences in which
the laser begins to interact with the substrate. Determination
of laser ablation threshold with the LAIP technique has the
advantage that is simpler and cheaper than other usually em-
ployed methods, and that measurements can be performed in
real time.
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