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The Shape of The Exfoliated Surface
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Femtosecond laser ablation processes on metals are systematically observed using a Ti:sapphire
laser pump and the soft x-ray laser probe reflective imaging system. In addition to the dark disk at
the femtosecond laser-irradiated spot, an elliptical shadow that expands in the horizontal direction in
the nanosecond time domain was observed. We show that the shadow is caused by the exfoliated
surface during femtosecond laser ablation. By analyzing the shadow, we can determine the evolu-
tion of the exfoliated surface over time. The shape of the film is the result of the relationship be-
tween the spatial distribution of the laser beam profile and the ablation threshold of the metal.
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1. Introduction

Recently, the phenomena caused by femtosecond laser
ablation have been studied extensively. Femtosecond laser
processing, such as cutting of materials, has attracted much
interest because of its potential application to the microfab-
rication of transparent materials. Many interesting phe-
nomena related to multiple pulses of femtosecond laser
irradiation have been reported [1-12]. Two examples are
the femtosecond laser-induced ripples that appear on a sol-
id surface that are its subwavelength periodic structure [13,
14] and the ablation rate per one laser shot that is far lower
than 1 nm/pulse [15]. These phenomena are observed only
with femtosecond laser irradiation, not nanosecond or con-
tinuous wave laser irradiation. They may lead to novel ma-
terials processing techniques because of their potential for
precise materials processing. However, the mechanism of
femtosecond laser ablation has not been investigated.

Earlier studies on femtosecond laser ablation found that
immediately (~20 ps) after femtosecond laser irradiation,
dark disks emerged at the center of the laser-irradiated area
[16]. Simultaneously, dilatation of the sample surface was
observed for up to 50 ps [17]. Regardless of the slight dif-
ference in time, these phenomena are very similar for the
three metals that we used in our experiment: Au, W, and Pt.

The soft x-ray laser probe has several advantages over
the visible light probe. One is that laser-induced plasma is
transparent to soft x-rays, which enables the acquisition of
clear images of the laser-irradiated surface during ablation.
Second, the soft x-ray laser probe has the potential for
greater spatial resolution than the visible light probe. Thus,
for our study we employed the infrared laser pump and the
soft x-ray laser probe system.

Time-resolved single-shot reflective imaging success-
fully observed the initial process of femtosecond laser abla-
tion. In our previous study [16-21], we observed Newton’s
rings 100-1000 ps after femtosecond laser irradiation. The
rings are due to interference of the soft x-ray beam that is
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either reflected or transmitted by the exfoliated thin film
resulting from ablation. The appearance of Newton’s rings
shows that the exfoliated thin film is smooth enough to
reflect soft x-rays at its boundaries. The development of
Newton’s rings over time provides detailed information on
the dilatation of the exfoliated thin film. In addition, we
successfully determined the shape of the exfoliated surface
in the nanosecond time domain using a soft x-ray shadow-
graph of the expanded dome. In this paper, we report on
femtosecond laser ablation of Au, W, and Pt surfaces in the
nanosecond time domain.

2. Experimental

The soft x-ray laser system, constructed by the Japan
Atomic Energy Agency (JAEA), was used as the probe
beam. The system provides 7 ps soft x-ray pulses and de-
livers >10° soft x-ray photons of 89.2 ¢V (13.9 nm). The
brighter laser pulses make it possible to capture ultrafast
phenomena in a single x-ray pulse. Figure 1(a) is a sche-
matic of the femtosecond laser pump and the soft x-ray
laser probe system. Measurements were performed in a
vacuum at a pressure <10~ Pa. A focusing mirror focused
the soft x-ray in front of the sample, whereon it was defo-
cused by two injection mirrors onto the sample surface.
The incident angle of the soft x-ray on the sample surface
was about 20°. The reflectivity of soft x-ray on Au and Pt
at this angle is about 40% and that on W is about 30% [22].
An imaging mirror then transferred the sample image onto
the detector. The magnification factors by the imaging mir-
ror were about 19.1 for Au and about 38.2 for W and Pt. A
change in the experimental setup for each sample caused
the difference in magnification. The detector was a back
illuminated charge-coupled device (CCD) for soft x-rays
(Princeton Instruments, PIXIS-XO: 2048B).

The pump laser was a Ti:sapphire laser with a Gaussian
lateral intensity profile. The duration of a laser pulse was
80 fs and the central wavelength of the laser beam was
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Figure 1. (a) Schematic of the femtosecond laser pump and
the soft x-ray laser probe system. (b) Output image from
the detector after femtosecond laser irradiation of Au. (c)
Image in (b) expanded horizontally 1/sin 20° times while
the vertical remained the same. (d) Optical microscopy
image of ablation crater.

795 nm. The emitted pulse was focused by a lens
(f= 600 mm) onto the sample surface at nearly normal in-
cidence. Focal spot sizes (full width at half maximum,
FWHM) of the pump laser beam on the sample surface
were about 100 um. The pumping energy was adjusted by a
combination of a half-wavelength plate and a polarizing
beam splitter. To evaluate the pulse energy of each shot on
the sample, a photodiode joulemeter (OPHIR, PD10-SH-
V2) sampled a fraction of the incident pulse.

Each sample was evaporated onto a fused silica sub-
strate. The Au, W, and Pt layers were 100, 113, and 100 nm
thick, respectively. These metals were chosen as samples
because of their high reflectivity to soft x-rays and their
wide range of melting points. These characteristics enabled
us to observe the femtosecond laser ablation dynamics
more easily and thus enable discussion of the effect of a
material’s properties on the ablation phenomena. An atomic
force microscope (AFM) measured the initial surface
roughness; the root mean square (rms) deviations of the
roughness of all sample surfaces were <1.0 nm.

3. Results and Discussion

Soft x-ray reflective imaging of Au, W, and Pt was per-
formed using the setup shown Fig. 1(a). Soft x-ray reflec-
tivity is quite sensitive to surface roughness. If the rms sur-
face roughness of Au is 5 nm, soft x-ray reflectivity de-
creases to 15%. The output image of the detector after
femtosecond laser irradiation of Au is shown in Fig. 1(b).
For our study, we used images that were expanded along
the horizontal by 1/sin 20° times, such as that shown in Fig.
1(c). That image is the same as the optical microscopy im-
age in Fig. 1(d). These images show that the reflectivity of
soft x-rays on the femtosecond laser-irradiated area, which
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is often roughened by the irradiation, is significantly re-
duced, but it is not reduced outside of the laser-irradiated
area. However, in addition to the dark disk at the center of
the irradiated spot, an elliptical shadow was observed in the
horizontally expanded image, outside of the femtosecond
laser-irradiated area. This shadow, a typical example of
which is shown in Fig. 2(a), can be observed from 20 to
500 ns after femtosecond laser irradiation. The mechanism
of the origin of this shadow is shown Fig. 2(b). The num-
bered optical paths correspond to the areas in the soft x-ray
reflective image [Fig. 2(a)]. Optical path @ represents the
soft x-ray that reflects off the ablated crater and passes the
exfoliated thin film twice, i.e., incoming and outgoing, on
its way to the dome formed by the exfoliated thin film.
Thus, the soft x-ray photon count from path @ on the CCD
is the lowest. Optical path @ shows that the soft x-ray
passes the exfoliated thin film, goes into the dome, and
passes the exfoliated thin film again. However, the soft x-
ray is not reflected on the ablated crater, which would
cause a drastic decrease in soft x-ray reflectivity because of
its rough surface. Optical path @ indicates that the soft x-
ray did not reflect off the ablated crater or pass the exfoliat-
ed thin film. The area marked @ in the CCD image shows
that the soft x-ray reflectivity was not affected by the flat
surface, i.e., the nonirradiated area. Thus, the CCD image
can be divided into three areas: the round dark disk at the
center, the elliptical shadow outside the dark disk, and the
area with no significant change. These results suggest that
the elliptical shadow evolves over time because of the ex-
pansion of the exfoliated thin film after femtosecond laser
irradiation. Because the configuration for soft x-ray irradia-
tion was fixed for all measurements, e.g., the incident angle
of the soft x-ray was about 20°. It is not difficult to esti-
mate the vertical spatial profiles of the exfoliated thin
films.

Figure 3(a) shows the change in the soft x-ray reflectiv-
ity on Au over time. The peak fluence of the femtosecond
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Figure 2. (a) Typical shadowgraph of Au 200 ns after
femtosecond laser irradiation. (b) Mechanism of the origin
of the shadow. @O corresponds to the area in the red circle in
(a), @ corresponds to the area in the blue ellipse in (a), and
@ corresponds the area outside of the blue ellipse in (a).
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laser pulse was 1.6 J/em’. The elliptical shadow extended
in the horizontal direction over time. Figure 3(b) shows the
shapes of the exfoliated surface on Au estimated using the
elliptical shadow on the shadowgraph at each delay time.
The shapes of the elliptical shadows were fitted by a
Gaussian curve, indicating that the shape of the exfoliated
surface also had a Gaussian vertical profile.

Figures 4(a) and (b) show the soft x-ray shadowgraph
and the evolution of the shape of the exfoliated surface on
W over time. Figures 4(c) and 4(d) show the soft x-ray
shadowgraph and the evolution of the shape of the exfoliat-
ed surface on Pt over time. Peak fluence was 1.0 J/cm® for
W and 0.7 J/em® for Pt. Similar to that of Au, the elliptical
shadows of W and Pt extended in the horizontal direction
and their shapes over time were well fitted by a Gaussian

curve.
The shape of the exfoliated surface over time is fitted
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Figure 3. (a) Soft x-ray shadowgraphs showing the evolution
of soft x-ray reflectivity on Au over time. (b) Shape of the ex-
foliated surface on Au estimated from the soft x-ray shadow-
graph at each delay time. The markers indicate measured points
fitted by the solid lines.
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by a Gaussian curve because the radial distribution of the
intensity of the femtosecond laser has a Gaussian-shaped
profile. If we assume that the input energy of the laser was
linearly converted into kinetic energy in the exfoliated thin
film, the spatial velocity distribution and thus the height of
the exfoliated thin film should have Gaussian-shaped pro-
files.

Comparing Fig. 3(b), 4(b) and 4(d), the tail of the exfo-
liated film are different for the three metals. This differ-
ence can be explained by the relationship between the ab-
lation threshold of the metal and the intensity profile of
the irradiating laser beam. Some laser energy is used to
break the bonds between atoms in the metals and the re-
mainder is converted into the kinetic energy of the frag-
mented atoms of the exfoliated surfaces (Fig. 5). This flu-
ence relationship is expressed by
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Figure 4. (a) Soft x-ray shadowgraph on W. (b) Shapes of
the exfoliated surface on W at each delay time. (c) Soft x-
ray shadowgraph on Pt. (d) Shapes of the exfoliated surface
on Pt at each delay time. The markers indicate measuring
points fitted by the solid lines. The scale bar = 50 um in (a)
and (c).
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Fkinetic energy — Flaser energy ~ {ablation threshold (1)

The fluences of the ablation thresholds of Au, W, and Pt
are approximately 0.8, 0.4, and 0.2 J/cm?®, respectively.
Thus, the shapes of the exfoliated surfaces of the three
metals are different but they are all fitted by a Gaussian
curve.

The findings of this study provide insight into the initial
process of femtosecond laser ablation.
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Figure 5. The solid lines are the radial distributions of the
intensity of the femtosecond laser and the dotted lines are the
ablation thresholds of the metal.

4. Conclusion

A Ti:sapphire laser pump and the soft x-ray laser probe
reflective imaging system were used to observe femtosec-
ond laser ablation dynamics on Au, W, and Pt. We found
that the laser irradiation exfoliated the surface of the sam-
ple. The exfoliated thin films were observed as horizontally
expanded elliptical shadows in the oblique incident soft x-
ray shadowgraphs. The shadows were observed tens to
hundreds of nanoseconds after femtosecond laser irradia-
tion. Similar to the intensity profile of femtosecond laser
irradiation, the shape of the exfoliated surface was Gaussi-
an. These results suggest that the shape of the exfoliated
surface can be controlled by controlling the radial profile of
the intensity of the femtosecond laser beam.
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