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Abstract

We propose the use of Focused Ion Beam/Scanning Electron Microscope (FIB/SEM) devices for the analysis of
ablation results. Ablated samples have been obtained by irradiating an Al planar target with an optically smoothed iodine
laser working at 0.44 um. The interpretation of FIB images shows the high potentiality of the technique.
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INTRODUCTION

Laser ablation is a very active subject of theoretical and
experimental investigation, which has been widely studied
in the last 20 years, for its intrinsic physical interest, and for
its large applications ranging from basic physics investiga-
tions to medical and technical applications (Miller, 1994;
Beilis, 2007; Bashir, 2007; Alti & Khare, 2006; Schade
et al., 2006; Thareja & Sharma, 2006; Fernandez et al.,
2005; Trusso et al., 2005; Veiko et al., 2006; Wieger et al.,
2006; Di Bernardo et al., 2003; Batani et al., 2003; Desai
et al., 2005; Trtica et al., 2006a, 2006b). Such large interest
and its industrial relevance, justifies the development of
diagnostics, which are more and more refined, and allows a
deeper insight into the ablation process.

Recent advances in laser technologies offer new regimes
to the investigation, for instance, the new short-pulse high-
intensity regime which is available thanks to the introduc-
tion of chirped pulse amplification (CPA) technique, and the
introduction of optical smoothing techniques. Particular
relevance is also derived from the study of ablation (and
damage) process in dielectric transparent materials (for
instance, to the construction of very large laser systems like
NIF and LMJ). Finally, while lasers can be used for produc-
ing ablation, ablation itself can be used as a potential diag-
nostics in realizing the laser beam characteristics (e.g.,
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measuring laser intensity profile with shots at low-enough
laser energy).

In this paper, we propose the use of focused ion beam
(FIB) devices for the analysis of ablation in laser irradiated
targets, and we present some images (obtained by primary
electrons and ions, as explained later) showing the potenti-
ality of this technique, which is largely and routinely used in
microelectronics industry (Perrey et al., 2004; Phaneuf,
1999; Steer et al., 2002; Sivel et al., 2004), and now is
beginning to find applications in biological imaging (Bal-
lerini et al., 1997, 2001; Milani ef al., 2004, 2005, 2006), but
to our knowledge, has never been used for the interpretation/
determination of ablated mechanisms based on surface mor-
phology analysis, with partial exceptions (Bleiner & Gasser,
2004; Bleiner & Bogaerts, 2006), unlike the work presented
here, using the FIB capabilities only for milling, while the
samples were imaged using electron beams.

Our images were recorded using the PALS laser system
on an Al target irradiated by an iodine laser (Jungwirth ez al.,
2001; Jungwirth, 2005). The large laser energy available per
shot allowed for the use of very large focal spots (while
keeping the required laser intensity). Optical smoothing
techniques were used because it produced a focal spot which
is quite uniform (i.e., free from large size hot spots which
could influence the ablation mechanism). This is quite impor-
tant since experiments are often done by focusing on small
focal spots in order to achieve large intensities, thereby,
two-dimensional effects affect the results. When optically
smoothing is not used, then the beam is characterized as



122

“hot spots.” The measured ablation parameters are therefore
dominated by the effect connected to the short-scale
inhomogeneities.

To achieve optical smoothing, we used phase zone plates
(PZPs) (Batani et al., 2002, 1996; Koenig et al., 1994;
Stevenson et al., 1994), which give the overall shape of the
laser intensity distribution in the focal spot, which is flat-top
in the central region with Gaussian wings. Therefore, the
ablation parameters in the central flat region can be directly
compared to analytical results obtained from a one-dimensional
model, which by definition assume a spatially uniform
intensity. This work is only preliminary/initial, and the only
aim is showing the large potentiality of using FIB for the
analysis of ablation experimental results.

LASER ABLATION

In our experiment, we irradiated planar Al targets (100 wm
thick, 99.99% purity) with an iodine laser using PALS,
which delivers a single beam, 29 cm in diameter, with
typical energy of 250 J per pulse at 0.44 um (Jungwirth
etal.,2001; Jungwirth, 2005). The laser pulse is Gaussian in
time with a full width at half maximum (FWHM) of about
350 ps. Of course, such very high energy per pulse was not
required, and not used in the present experiment; we limited
ourselves to using energies = 10 J. However, this energy was
still too high and did allow using a very large focal spots for
the irradiation of the samples.

The focusing lens had a focal length f = 600 mm ( f/2
aperture). We used PZP in order to produce a uniform
irradiation profile without laser hot spots. Since, for techni-
cal reasons, it was not possible to produce a PZP with the
full size of the laser beam, a smaller PZP was designed to be
placed at f/2 from the target. The design of our optical
system (PZP + focusing lens) implied a focal spot of 400
pum FWHM, with a 250 um flat region in the center. Sam-
ples were irradiated perpendicularly to their surface under
vacuum conditions.

THE FIB DEVICE

The FIB apparatus is an extremely important tool in semi-
conductor manufacturing, which allows for high resolution
and sample manipulation during imaging, in particular,
sample sectioning along selected planes at selected places,
this technique relies on the use of a variable current beam,
ranging from pA to nA depending on the type and mode of
operation, of metal ions (usually Ga™ operated at 30 kV)
focused and scanned over the surface of the sample. The
interaction of the ion beam with the sample results in ejec-
tion of atoms from the surface (sputtering), and the produc-
tion of secondary electrons and ions, which are collected to
obtain images. It offers the possibility of changing the plane
of observation in situ depending on the ongoing collection
of information. Imaging resolution lower then 15 nm is
possible. The obtained image will show both topographic
information and material contrast, and can be used for
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navigating around the sample. This process can be used to
form a cross-sectional view when the sample is tilted and
imaged. A further advantage of the FIB/SEM is the pres-
ence of an electron column that provide high resolution
electron images, that is, when coupled to the ion generated
images, can provide detailed information not only on sur-
face, subsurface, and internal morphology, but also on elec-
trical and crystallographic properties.

In the present investigation, we used a FIB/SEM Dual
Beam Strata 235 (FEI) and a FIB/SEM Cross beam XL
1540 (Zeiss). All the previously recalled features of the FIB
technique (high resolution, navigation, three-dimensional
imaging) appear to be viable and useful for the analysis of
ablation samples, as it will be shown later.

MEASURING ABLATION WITH FIB

Researchers on laser ablation have contributed to a complex
picture of metal removal under energetic laser-pulse action.
Depending on pulse intensity, three photo-thermal compo-
nents can be seen: vaporization, melt displacement, and
explosive or volumetric melt ejection. Figures 1 and 2
shows FIB images obtained with two different laser-irradiated
Al-samples. Microscopy analysis done by FIB with e- and
i-beams, which we will show later, clearly shows melting
pool formation, melt displacement, and explosive or volu-
metric melt ejection of material (Fig. 1). Vaporization or/and
laser beam sputtering is dominant (Fig. 2).

The sample in Figure 1 was irradiated with one laser pulse
in a vacuum by iodine laser, 440 nm wavelength, intensity ~
10'* W/cm?, pulse duration (FWHM) = 350 ps. The target
was Al (purity 99.99%) and plate thickness 100 wm. PZP
were used for intensity profile modification.

The damaged area is composed of four main regions,
clearer from the i-beam image of Figure 1B with the central
part convex in relation to the surface. Irradiation was accom-
panied by plasma formation. The ablation in the central zone
caused a partial drilling of Al, visible small hole in Fig-
ures 1A and 1B.

There is a clear appearance of hydrodynamic structures
like re-solidified droplets and splashed melt at the periphery
of the central region and the consequence of rapid heating
and cooling are visible in all inner crater regions as seen in
Figures 1C and 1D. Figure 1E shows the surface structure in
a third zone, at larger distances from the central region.

Let’s describe in details the ablation based on FIB analy-
sis: The sample in Figure 2 was irradiated with one laser
pulse in a vacuum by an iodine laser, 440 nm wavelength,
but intensity was below 10'° W/cm?, pulse duration (FWHM)
7 = 350 ps. In this case, PZP were not used for intensity
profile modifications.

According to Gamaly et al. (2002), the ablation threshold
in the ps regime for metals is given by Fy, [J/cm?]~ 0.05 7
[ps]°°. For 7 = 350 ps, we get Fy, [J/cm?] ~ 1 J/cm? Now
for Figure 1, the flux on the target is ~ 3500 J/cm?
(10" W/cm? X 350 ps), while for Figure 2, it is 3.5 J/cm?
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Fig. 1. PALS-Iodine laser-induced morphology changes of aluminum (Al) target. Analysis was carried out by scanning microscopy.
Laser parameters: wavelength = 440 nm, pulse duration = 350 ps (FWHM), power density about 10'* W/cmZ (A-E): Aluminum target
after one pulse irradiation. (A) and (B), central part of damaged area recorded with e- and i-beam, respectively. (C and D), part of
second zone, recorded with e- and i-beam, respectively. (E), part of third zone, recorded with e-beam.

(10'° W/cm? X 350 ps). Hence, in the first case we have a
flux, which is three orders of magnitude above the ablation
threshold, while in the case of Figure 2; it is close to the
threshold. Theoretically, it is also possible to calculate the
number of ablated atoms per unit surface as n., ~ Iy /E},,
that is, the ratio of laser intensity to the ionic binding energy.
For E;, ~ 4 eV, we then get n,, ~1.5 X 103! cm ™25~ ! for the
case in Figure 1 (I, ~ 10" W/cm?) and ng, ~ 1.5 X
1028 cm~2s™! for the case in Figure 2 (I, =~ 10'° W/cm?).

Let’s consider the second case, by multiplying the laser
pulse duration and the measured focal spot size (=125 um),
we get a total number of ablated atoms N,,; =~ 0.75 X 106, or
a number of mole of material removed from the surface
Niot = Napti/Na =~ 1.1 X 1078 (here N, is the Avogadrro
number ~ 6 10%*). Finally, taking into account that for Al,
atomic number and density are respectively A =27 and p =
2.7g/cm? We can calculate the volume and by dividing for
the surface, we get an ablation depth ~ 550 nm. This
qualitatively corresponds to what is shown in Figure 2, that
is, an ablation pattern which does not go in depth into the
material (in agreement with the fact that we are very close to
the ablation threshold).

The same calculation in the case of Figure 1 would give a
depth of 550 um. In reality, the ablation depth is large (as
seen in Fig. 1), but not so large. However, we did not expect
that the formula n,, =~ I; /E;,, and its implicit linear scaling
vs. laser pulse energy, to hold up in such high-pulse-energy
relatively-long-pulse case. Indeed various other phenomena
will affect the laser plasma interaction (screening by plasma
corona, reducing laser absorption; lateral heat transport,
increasing the effective ablation surface; etc.).

Coming back to the analysis of the figures, several effects
of single pulse action are evidenced in the images:

1. Cleary visible modified region. In the irradiated zone,
Figures 2A and 2B, Al surface roughness was changed.

2. After irradiation there is not evidence of melting pool
formation.

3. Sharp edge and grainy structure in inner region, prob-
able after sputtering of Al.

4. Noevidence of hydrodynamic structures like re-solidified
droplets and splashed melt at the periphery.

In summary, we can conclude that vaporization and laser
beam sputtering is the main mechanisms in laser ablation,
under our conditions. Notice that in Figures 2C and 2D, the
FIB apparatus was first used with a high (nA) current of Ga™
ions allowing sample manipulation, that is, the sectioning of
the sample in the vertical direction. This allows for checking
the situation and possible changes in the deep layers of the
material. In other words, FIB can provide detailed informa-
tion not only on surface, but also on subsurface and internal
morphology, and its electrical and crystallographic proper-
ties. Again, this shows the potentiality of the technique.

CONCLUSIONS

In this paper, we have proposed the use of FIB for the
analysis of ablation results obtained by irradiating an Al
planar target with an optically smoothed iodine laser work-
ing at 0.44 um. Although, the present work is however only
preliminary, the interpretation of FIB images shows the high
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Fig. 2. PALS-Iodine laser-induced morphology changes of aluminum (Al) target. Analysis was carried out by scanning microscopy.
Laser parameters: wavelength = 440 nm, pulse duration = 350 ps (FWHM), power density below 10'° W/cm? (A-E): Aluminum
target after one pulse irradiation. (A) and (B), damaged area recorded with e- and i-beam, respectively. (C and D), part of central zone,

recorded with e- and i-beam, respectively.

potentiality of using FIB for the analysis of ablation exper-
imental results.
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