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Ablation thresholds for the metallic elements Ti, Mo, Pt, Au, and Al were investigated using a
XeCl excimer laser in the fluence range of 0.1–20 J/cm2. The ablation thresholds were estimated
from the dependence of the ablation rate and the diameter of the crater produced by the laser
irradiation on laser fluence. Two ablation thresholds obtained from the ablation rate dependence on
fluence agreed well with those obtained from the diameter dependence. The lower ablation
threshold is related to the threshold calculated using a one-dimensional thermal diffusion model.
The results suggest that even at such extremely low ablation rates, melting plays an essential role in
excimer laser ablation.
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1. Introduction
Laser ablation has various applications, such as
observation of the target composition [1], removal of
radioactive surfaces and small debris in spaces [2], and
material processing of nanostructures [3–5]. To develop
these applications, it is important to have more-accurate
knowledge of laser ablation mechanisms. A large amount
of both experimental and theoretical work has been done
on laser ablation for metals [6–18]. In our previous
experimental studies, the laser ablation rate (ablation depth
per shot) of metals as a function of laser wavelength and
pulse width (nanoseconds to femtoseconds) were reported
[19–24]. We found that the ablation rate was related to the
melting point of the target metal. It is known that the
mechanisms for forming nanostructures by laser ablation
depend on the laser irradiation conditions (e.g., wavelength,
pulse width, number of pulses), the fluence, and the
ablation threshold for material. In this work, we determine
the ablation thresholds of the metallic elements Ti, Mo, Pt,
Au, and Al using a XeCl excimer laser.

Fig. 1 Experimental setup using the XeCl excimer laser.

2. Experimental
The experimental setup used to measure the ablation
threshold is shown in Fig. 1. The samples used were
mirror-polished metals of Ti, Mo, Pt, Au, and Al. The
samples were ablated using a XeCl excimer laser
(COMPex 102; Lambda Physik) with an oscillation
wavelength of 308 nm and a pulse width of 20.6 ns (full
width at half-maximum). The laser was passed through an
aperture with a diameter of 5 mm. The laser fluence was
controlled using an attenuator that comprised a polarizer
and half-wave plate. The Gaussian beam profile shown in
Fig. 2 was obtained using a spatial filter comprising a lens
with a focal length of 1000 mm and an aperture with a
diameter of 0.5 mm. The sample was irradiated by focusing
the beam using a lens with a focal length of 100 mm.

Fig. 2 Beam profile of the XeCl excimer laser.
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On the target surface, a laser spot size of around 40 µm
(full width at e−1 maximum) with Gaussian distribution was
used for the ablation experiments. The laser energy (with
stability of 12%) and the number of pulses were adjusted in
the ranges of 0.1–20 J/cm2 (fluence) and 1–3000 shots,
respectively. During ablation, the sample was irradiated by
a He-Ne laser beam defocused using a lens with a focal
length of 250 mm.
The sample surface was observed in situ with a CCD
camera (ARTCAM-150P5-BW-WOM-NCG; Artray). After
laser ablation, the diameter and depth of craters produced
on the surface of the sample were measured with a laser
scanning microscope (VK-X250, Keyence).

ablation depth was directly proportional to the number of
shots and linear fits are shown in Fig. 3. The ablation rates
were estimated from the slopes of the fitted lines and are
plotted in Fig. 4 as a function of laser fluence. We
estimated the ablation threshold from the measured
dependences of the ablation rate and crater diameter on the
laser fluence. The validity of this procedure has been
confirmed by analyzing the ablation threshold for
femtosecond laser ablation [25,26].
Figure 4 shows the ablation rate dependence on laser
fluence for Mo. The ablation rate was calculated as the
ablation depth per shot, and its dependence on the fluence
is given by Eq. (1) [25–28]:
R = α−1 ln (F /Fth),

3. Results and discussion
3.1 Estimation of ablation thresholds

(1)

where R is the ablation rate [nm/pulse], α−1 is the
penetration depth of light or thermal diffusion [nm], F is
the laser fluence of the ablation source [J/cm2], and Fth is
the ablation threshold [J/cm2]. The ablation rates were
fitted well with Eq. (1), as shown by the solid lines in
Fig. 4. Two different ablation regions appeared in the laser
fluence region of 0.1–20 J/cm2. The lowest laser fluence at
which the ablation rate could be measured, referred to here
as the low ablation threshold Fth,L, was 1.54 J/cm2. At 6.35
J/cm2, the ablation rate increased sharply, showing a
different dependence on laser fluence from that at lower
fluences. Therefore, the fluence of Fth,H = 6.35 J/cm2 was
identified as the high ablation threshold.

(a) Laser fluence at 12.3 J/cm2

Fig. 4 Ablation rate dependence on laser fluence for Mo.

For nanosecond laser irradiation, the penetration length

α−1 can generally be treated as the thermal diffusion length

(b) Laser fluence at 2.30 J/cm2

[29] because the laser pulse duration is much longer than
the timescale of electron–phonon coupling (a few
picoseconds for metals). The penetration length α−1 can be
calculated easily from the physical constants of the
material; for Mo, α−1 = 1.49 µm. From the experimental
data, the fitted logarithmic lines give α−1 = 0.47 µm for the
high-fluence region and 0.002 µm for the low-fluence
region. The calculated penetration length (1.49 µm) agrees
with the experimentally determined one (0.47 µm) at high

Fig. 3 Relationships between ablation depth and number of
shots for Ti irradiated at fluences of (a) 12.3 J/cm2 and (b)
2.30 J/cm2.
The relationships between ablation depth and number of
shots for Ti irradiated at fluences of 12.3 J/cm2 and 2.30
J/cm2 are shown in Fig. 3(a) and (b), respectively. The
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Table 1 Ablation thresholds, melting points (Tm), and work
functions (WF) for Ti, Mo, Pt, Au, and Al

fluence to within an order of magnitude. Therefore,
ablation by high-fluence irradiation will occur thermally.
By contrast, in the low-fluence region, the experimentally
determined penetration length (0.002 µm) is characterized
well by the optical penetration depth (0.007 µm). For the
other metals considered herein, the relationship between
the theoretical and experimental values of penetration
depth α−1 was similar to that for Mo.

Fth,L
[J/cm2]

Fth,H
[J/cm2]

Fth*
[J/cm2]

Tm
[K]

WF
[eV]

Ti

0.173

1.91

0.244

1933

3.57

Mo

1.54

6.35

1.46

2890

4.41

Pt

0.46

3.68

0.777

2045

5.63

Au

0.25

2.18

0.586

1337

5.32

Al

1.60

4.53

0.970

933.5

4.19

*

Threshold calculated with one-dimensional thermal
diffusion model
3.2 Relationship between measured and calculated ablation
thresholds
We compared two ablation thresholds with one
calculated using a one-dimensional thermal diffusion
model [32,33]. The calculated ablation threshold Fth is
given by

Fth =
Fig. 5 Dependence of crater diameter on laser fluence for
Mo.

( )
Fth

,

2A

πCi ki

τL ,

(3)

where Tm is the melting point of the sample [K], T0 is the
initial temperature [K], Ci is the heat capacity [J/cm3/K], ki
is the thermal conductivity [W/cm/K], τL is the laser pulse
width [s], and A is the absorption factor. The relationship
between the measured and calculated ablation thresholds
for each metal is shown in Fig. 6. It is found that the two
ablation thresholds Fth,H and Fth,L are related to the
calculated threshold. In particular, a sufficiently good
correlation is observed between the obtained low ablation
threshold Fth,L and the calculated threshold. Therefore, the
low ablation threshold might be due to the excimer laser
irradiation melting the metal. The experimental results
suggest that, even at such extremely low ablation rates,
melting plays an essential role in laser ablation.

The dependence of crater diameter on laser fluence is
shown in Fig. 5. At laser fluences above 7 J/cm2, the craters
consisted of regions of deeper and shallower ablation. The
diameter of each ablated region is plotted against laser
fluence in Fig. 5. When a laser with a Gaussian beam
profile was used as the ablation source, the dependence of
crater diameter on laser fluence is given by Eq. (2) [26,30]:

Γ =a ln F

(Tm -T0 )

(2)

where Γ is the diameter of the crater [µm], a is the diameter
of the laser beam on the sample surface [µm], F is the laser
fluence of the ablation source [J/cm2], and Fth is the
ablation threshold [J/cm2]. The curves fitted with Eq. (2)
are the solid lines in Fig. 5. Two ablation thresholds can
also be distinguished from the dependence of crater
diameter on laser fluence. The obtained thresholds agree
well with those obtained from the ablation rate dependence.
The ablation thresholds, the melting points, and the
work functions [31] for Ti, Mo, Pt, Au, and Al are listed in
Table 1. Similar tendencies were observed for other metals.
It is found that the two ablation thresholds Fth,H and Fth,L
are independent of melting point and work function.

Fig. 6 Relationship between measured and calculated
ablation thresholds for each metal.
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4. Conclusions
Ablation thresholds for the metallic elements Ti, Mo, Pt,
Au, and Al were measured with a XeCl excimer laser in the
fluence range of 0.1–20 J/cm2. The ablation thresholds
were estimated from the dependence of ablation rate and
the diameter of the crater produced by the laser irradiation
on laser fluence. Two ablation thresholds obtained from the
ablation rate dependence on the fluence agreed well with
those obtained from the diameter dependence. The lower
ablation threshold was related to the threshold calculated
using a one-dimensional thermal diffusion model. The
results suggested that even at such extremely low ablation
rates, melting plays an essential role in the excimer laser
ablation of metals.
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