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Abstract

Pulsed laser ablation and deposition find applications in various technological and scientific fields, where precise control of
the laser target interaction is crucial for achieving reproducible results. In this work, we investigated pulsed laser ablation of
single crystalline (001), (011) and (111) oriented SrTiO; (STO), (102) LaAlO; (LAO) and (001) Y;Al;0,, (YAG) targets.
The morphology, oxygen loss, and crack formation on the target surfaces after irradiation with a series of KrF excimer laser
pulses will be discussed. The target surface morphology was imaged by atomic force, scanning electron microscopy and
confocal laser scanning microscopy. Electron backscatter diffraction analysis and energy-dispersive X-ray spectroscopy were
used to analyze the crystallographic changes of the surface and the elemental composition. The target material STO shows
a significant crack formation and layer separation increasing with surface crystal orientation from (001) through (011) to
(111) and laser pulse fluence. In contrast, the laser-ablated surfaces of LAO show only thin hairline cracks and YAG stays

free of cracks in the whole laser fluence range investigated but presents large chipped areas.

Keywords Pulsed UV laser ablation - Target laser interaction - Complex oxides - Single crystalline targets

1 Introduction

Pulsed laser deposition (PLD) based on pulsed laser abla-
tion or sputtering is a highly versatile and flexible thin-film
deposition technique for complex multi-component metallic
and dielectric materials. Short, high-intensity laser pulses
with a duration of 20 ns to 30 ns and energy of several 100
m] per pulse in the case of excimer lasers and =100 fs with
an energy of several mJ in case of mode-locked Ti—sapphire
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laser systems are consecutively absorbed in a small surface
volume at the target surface, resulting in the removal of the
target material due to the high energy density deposited
[1-3].

In particular, PLD proved ideal for stoichiometric depo-
sition and epitaxial growth of complex oxides in hetero-
structures [4]. It is an extraordinarily reliable technique and
allows processing in different reactive atmospheres up to
pressures of more than 100 Pa. The ablated material is emit-
ted into a relatively well confined solid angle partially visible
by the emitted light of the generated plasma, called plasma
plume. Scanning can achieve homogeneous thin films on
tape and large substrates with minimal material loss.

In the case of fs-laser ablation, the extremely high power
per pulse > 10! W is the dominant driver for nonlinear
absorption effects, whereas, in the case of ns-laser ablation,
short wavelengths in the UV regime in connection with high
power pulses of > 107 W are needed to initiate the abla-
tion process. Ablation with fs-laser pulses decouples light
absorption from thermalization and subsequent material
ablation. In contrast, in the case of ns-laser pulses, the pho-
tons interact during the whole duration of the laser pulse
with the target material, generating free charge carriers and
finally with the plasma directly above the target surface.
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The absorption in dielectrics begins with the genera-
tion of free charge carriers, which results in a significant
change in the refractive index by increasing the imaginary
part. Multiphoton absorption is needed for photon energies
below the bandgap, whereas interband transitions can occur
directly for above bandgap energy photons. These initial
processes are very fast, followed by further heating of the
generated free charge carriers by the laser pulse. Finally, the
deposited energy is transferred into the phonon system and
leads to the desired ablation of the target material.

Among others, excimer lasers are working with excited
dimers of XeCl, KrF, and ArF emitting laser light pulses
with wavelengths of 308, 248, and 193 nm, which corre-
spond to photon energies of 4, 5 and 6.5 eV, respectively.
Excimer lasers typically emit multimode pulsed beams with
cross-sections depending on the design of the laser cavity
and particularly on the geometry of the discharge electrodes.
Directly focusing by either a cylindrical or spherical lens to
a line or spot is often performed, giving rise to inhomogene-
ous fluences and thus laterally varying ablation conditions,
ranging continuously from optimal ablation to sub-threshold
laser fluences at the target surface.

In this work, we concentrate on laser ablation of surfaces
of oriented single crystals SrTiO; (STO), LaAlO; (LAO),
and Y;Al;0;, (YAG) by a pulsed laser beam of a KrF exci-
mer laser with a homogenous areal energy density. Single
crystals exhibit accurate cation stoichiometry, are less prone
to particle debris formation—as is often the case with sin-
tered polycrystalline targets—and provide a defined initial
surface finish. Moreover, they are of great importance for
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the growth of functional LAO/STO heterostructures and, in
the case of YAG together with Y;FesO,,, crucial for the
development of devices in the field of quantum information
processing [5-7].

2 Experimental

A KrF excimer laser COMPex 205 F from Coherent was
used in this work. The pulse energy was set to 550 mJ with a
laser pulse duration of %26 ns throughout the investigations
presented. The cross-sectional dimensions of the multimode
laser pulses at the exit of the laser cavity is ~ 10 X 24 mm?
measured at FWHM. The scheme of the laser beam path is
depicted in Fig. 1b. After the laser beam has passed through
a continuously adjustable dielectric attenuator, it is focused
(focus lens) onto a rectangular aperture with an open width
of 3 x 9 mm?. The aperture is positioned so that the rim of
the flat-top laser beams cross-section is blanked out. The
aperture opening is then imaged onto the PLD target sur-
face by the imaging lens at a reduction ratio of 5 to 1. The
fluence was controlled solely by a dielectric attenuator and
not by the laser system settings to avoid changes in the laser
pulse duration, shape and homogeneity across the laser pulse
cross-section.

The laser pulse energies were measured by an energy
monitor directly after the entrance window of the deposition
chamber. The actual laser pulse fluence on the target surface
was calculated according to the area of the produced ablation
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Fig.1 a Attenuated laser pulse fluence profiles registered with ther-
mal paper before the aperture (i), after the aperture (ii), and at the
PLD target (iii)(the proportions are correct the scaling is not). b
Scheme of the laser beam path with adjustable dielectric attenua-
tor, followed by dielectric mirrors (not shown: additional mirrors,
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PLD chamber, and beam entrance window), a focus lens, which
reduces the laser beam cross-section at the aperture. The aperture is
positioned so that the area of homogeneous laser fluence meets the
aperture opening. An image of the aperture is then projected onto the
PLD target at a ratio of 5 to 1
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Table 1 Thermophysical

- i Target material Thermal conduc-
properties of the PLD targets tivity [W K~'m]
STO 12 8]
LAO 10 [13]
YAG 12 [17-19],

Expansion coefficient [K] Melting tem- Mohs hardness
perature [°C]

3% 1075[9]3.87 x 1072 [10] 2080 [11] 6[12]

5.5%1076t06.5x 1070 [14] 2134 [15] 6.5[16]

8 x 1079[19] 1940 [20] 8.5 [21]

crater. The fluences at the target surface were chosen to be
1to6 Jem™2in 1 Jcm™ steps.

A polycarbonate target was used for bench-marking the
energy density distribution and image quality. Each ablation
crater was created by applying 30 laser pulses of constant
laser fluence to the initially mirror-polished target surface.
The laser pulse repetition rate was 1 Hz and the oxygen
pressure was 0.1 Pa. The resulting ablation crater bottom
was subsequently analyzed by AFM with a Bruker Dimen-
sion Icon AFM ScanAsyst in air with an AFM tip made
out of silicon nitride. Its morphology, surface orientation,
and composition were analyzed with a Zeiss Merlin elec-
tron microscope equipped with a Gemini 2 electron gun, an
EBSD NordlysNano system from Oxford Instruments, and
an X-Max EDX system from Oxford Instruments. The cra-
ter depth profiles and the crater topography were measured
with a Veeco Dektak profilometer and a Keyence VK-X1000
confocal laser scanning microscope.

The target materials STO, LAO, and YAG have bandgaps
of 3.2,5.6 and 6.5 eV, respectively. In the case of STO, pho-
ton excitation by 248 nm KrF excimer radiation is sufficient
to generate electron-hole pairs directly by photon-induced
interband transitions. In contrast, nonlinear effects for the
other two target materials and multiphoton absorption must

! I L 1 I
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Scanlength (pm)

occur for photon absorption. Their thermal conductivi-
ties and melting temperatures are close to each other (see
Table 1), while the coefficient of thermal expansion of STO
is about an order of magnitude larger than that of LAO and
YAG. In the case of the STO target, three different crystal
orientations (001), (011), and (111) were studied in par-
ticular. The LAO surface orientation was (102), and that of
YAG was (001).

3 Results and discussion
3.1 Image quality at the target surface

Profilometer scans were used to verify the quality of the
rectangular ablation craters along their short and long sides
for the six laser fluences on the polycarbonate film used
in this work. The crater rim was additionally analyzed by
confocal laser scanning microscopy. Figure 2a shows depth
profiles for laser pulse fluences between 1 and 6 J cm™2 after
applying 30 laser pulses. The depth profiles present a well-
defined crater with increased crater depth and laser fluence.
The crater bottom remains well defined up to a laser fluence
of 4] cm_z, at higher fluences, an uneven crater bottom is

(b)

19.5pm
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Fig.2 a Depth profiles in two directions of the laser craters on polycarbonate from different laser fluences. b-top Differential interference con-

trast image of the crater irradiated with 4 J cm™2, marked are the scan lines

from a). b)-bottom Crater rim from the crater irradiated with 6 J cm™

@ Springer



750 Page4of12

F.Jung etal.

(a)

120 1 1 I ) ) I
STO(100) —=—
STO(110) —m—

100 | STO(111 N
Z a0 | i
”_g-‘

5 60 | 3 .
o
= 40
2 3
20 | i
Jem—2
O 1 1 1 1 1 1
0 1 2 3 4 5 6 7
Laser fluence (Jem™2
(b) ( )
100 1 I 1 ) 1 I
(6]

80 < -
= =
E S =
260 5 Z i
=} = —=|
a, = =
5 =R
2 40 | 8 o= _
< = =
= =} o)

5} g g
QA2 | 2 i
=
o
S LAQ —3—
0 C 1 1 1 1 |YAG 1 ]
0 1 2 3 4 5 6 7

Laser fluence (Jem=2)

Fig.3 a Ablated target thickness per laser pulse for the single crystal
targets of STO with the orientations (001), (011) and (111). The inset
shows an optical photography of a 10 x 10mm? STO target with the
6 laser ablated surface positions. b Ablated target thickness for (102)
LAO and (001) YAG versus fluence per laser pulse

visible, which can be caused by carbonization of the poly-
carbonate, which occurs due to the high thermal energy
[22]. The long crater side agrees with the intended aper-
ture image ratio 5 to 1. The short side shows a ratio 6.5 to
1, which is due to the inclination angle of the laser beam
onto the target surface. This inclination leads to a tilt of the
focus plane and, therefore, to a small gradient in the laser
fluence. The two scan directions are shown in a differential
interference contrast image in Fig. 2b-top. The laser scan-
ning microscopy image in Fig. 2b-bottom of the crater rim
irradiated with 6 J cm™2 presents a very steep drop with a
width of only ~ 50 ym.

3.2 Ablated target thickness per laser pulse

The ablated thickness per laser pulse for all target mate-
rials investigated in this work is shown in Fig. 3. The

@ Springer

thickness was measured by profilometer scans analo-
gously to Fig. 2a. In Fig. 3a, the ablated thickness per
laser pulse is the same for all three crystal orientations of
STO and laser fluences, whereby the ablation threshold
lies below 1 J cm™. With increasing laser pulse fluence,
the ablated layer thickness per laser pulse increases sub-
linearly, which can be attributed to absorption and mirror
effects due to the laser-generated plasma and free charge
carriers [23].

For the LAO and YAG target depicted in Fig. 3b, an abla-
tion threshold of more than 1 Jcm™2 and 2 J cm™2 respec-
tively, can be determined, which is mainly a consequence
of the need of nonlinear photon absorption mechanisms due
to their wide bandgaps. Above the ablation threshold, the
ablated thickness per pulse increases sublinearly with the
laser pulse fluence for LAO, whereas in the case of YAG, a
nearly linear increase is found.

3.3 Topography and morphology
of the laser-ablated STO targets

AFM images of the crater bottoms for the STO targets with
surface orientation (001), (011) and (111) versus the laser
pulse fluence are shown in Fig. 4. Cracks can be identified
with partially upward curved layer separations in case of all
crystal orientations and fluences. The crack density shows
a dependency on the crystal orientation and increases from
the surface orientation (001) to (011) and further to (111)
as shown in the crystal surface orientation—Ilaser fluence
matrix depicted in Fig. 4. In addition, the formation of holes
with a diameter ranging from ~ 0.5 to 1 ym can be detected,
which appear to form preferentially along a fracture line. The
SEM image taken from a cleaved STO target at the ablation
crater irradiated with 6 J cm ™2 is shown in Fig. 5a. The thick-
ness of the partially delaminated layer is = 350 nm and inde-
pendent of the laser fluence (corresponding series of SEM
images not shown). Furthermore, circular and ellipsoidal
voids can be identified below the partially delaminated layer.

It is known that STO has a dynamic oxygen exchange
chemistry, starting already at relatively low temperatures
[24-26]. The voids below the partially delaminated layer
(see Fig. 5a) and holes observed on the surface (see Fig. 4)
can be formed by decomposition liberating volatile oxygen
during the short heating period of the ablation process. To
measure the oxygen content of the irradiated area, spatially
resolved energy-dispersive X-ray spectroscopy was per-
formed. Figure 6 shows in (a) the crater rim on the (001)
oriented STO target surface irradiated with a laser fluence of
6J cm™? and the corresponding EDX scan in (b). The EDX
signal reveals an apparent reduction of the oxygen content
of 3.1% within the crater. Due to the increase in noise of
the signal within the crater caused by the rough surface, a
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Fig.4 AFM images of the cra-
ter bottom for the STO crystal
targets with surface orientation
(001), (011), and (111) versus
laser pulse fluence. Visible

are cracks in the surface with
partially upward curved layer

SrTiO; orientation

(z-wd() @duan|4

: . 1

separations in case of all crystal

orientations and fluences. How-

ever, the crack density increases

with laser pulse fluence and

with orientation from (001),

(011) to (111). Another surface

feature is the formation of holes

with a diameter of =~ 0.5 ym >
3
4
5
6

change in the St/Ti ratio could not be determined. The (110)
and (111) STO orientations showed similar results.

From these observations, we conclude that this layer is
formed by melting and release of oxygen gas, followed by
rapid recrystallization. The formed voids and recrystalliza-
tion process leads to mechanical strain, cracks, and delami-
nation, which is most likely the consequence of the large
expansion coefficient of STO (see Table 1). The depend-
ence of crack density on crystal orientation shows preferen-
tial cracking along the main lattice planes. This is in good

agreement with nanoindentation tests performed on STO
[27], where the crack formation happened preferably along
the (110) plane when the (001) surface was indented. Crack-
ing during laser irradiation of STO has already been reported
[28, 29] and explained by a thermal shock effect due to the
low thermal conductivity of 12 W K 'm of STO, and that fs-
pulse ablation can suppress it [29]. However, details on the
underlying process were neither discussed nor investigated.

To elucidate the crystallinity of the irradiated target sur-
face, electron backscatter diffraction (EBSD) images of the

@ Springer
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(a) ™l

(c)

Fig.5 a, b and ¢ SEM side view images of the cleaved targets STO,
LAO, and YAG (SEM sample holder tilt angle 30°). For each sub-
strate studied, an identifiable layer forms in the ablated area (horizon-
tal arrows indicate the top and bottom of this layer)

crater bottom of STO (001), (011) and (111) were taken.
Figure 7a, c and e show SEM images of the laser ablated
(001), (011), and (111) STO target surface together with
corresponding overlay images of the Kernel Average Misori-
entation (KAM) and the corresponding band contrast (BC)
image, shown in Fig. 7b, d and f, respectively. The KAM
images were generated by numerical analysis of the Kikuchi
patterns originating from multiple elastic electron scatter-
ing. The laser pulse fluence was 4 J cm™ for all surface

@ Springer

orientations of STO. This series of images shows that the
STO material in the ablated area is single crystalline to the
surface and has recovered its original crystalline orienta-
tion. The observed crystalline misorientation is mainly due
to bending at the layer boundaries.

3.4 Topography and morphology
of the laser-ablated LAO and YAG target

Figures 8 and 9 show optical microscopy and laser
microscopy images of the craters from LAO and YAG,
respectively. In the case of YAG, no significant depend-
ency of the topography with the laser fluence could be
observed. Therefore, Fig. 8 only shows the crater with the
highest fluence of 6 J cm™~2, which presents a flat surface
with tiny bubbles on the left side of the image and large
chipped areas with conchoidal fractures on the right side.
In contrast to the YAG crater, the crater bottoms of the
LAO target show significant changes with increasing laser
fluence. Figure 9 presents very smooth surfaces and an
increase in the number of thin hairline cracks on the LAO
surface with increasing laser fluence. The laser micros-
copy images also show round structures, which have an
inverse dependency of their number with increasing laser
fluence. These structures can be attributed to irregular
cracks located underneath the surface, which have already
been observed in LAO [30] after irradiation with a KrF
excimer laser. The observed dependency of their number
with the laser fluence could be caused by a variation of
the distance of these cracks from the surface with increas-
ing laser fluence. Since the focus of the laser microscope
is on the target surface, an increased distance of these
subsurface cracks brings them out of focus, which can be
observed in Fig. 9.

AFM images for the ablated areas on LAO and YAG are
shown in Fig. 10. The AFM images of YAG were taken
on the flat, non-chipped surfaces (see. Fig. 8). For all laser
fluences, the irradiated target surface of LAO remains very
flat, except for fluence 4 J cm_z, where some particles were
found on the ablated surface. Similarly, a very flat ablated
surface in the case of YAG at the laser fluences of 3 and
4J cm™2 was found. At fluences of 5 and 6 J cm ™ elongated
structures reminiscent of splashes of molten material are
detectable. Figure 5b, ¢ shows SEM images taken from a
cleaved LAO and YAG target at the ablation craters, irradi-
ated with 6 J cm™2. Both target materials show a distinct
layer which has a thickness of ~ 290 nm for LAO and =
350 nm for YAG, respectively. In contrast to the layer in
STO in Fig. 5a, both layers show no signs of voids, cracks,
or delamination features. Analogously to the observed STO
layer, the layers observed on LAO and YAG also do not
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Fig.6 SEM image of the crater rim irradiated with a laser fluence of 6 J cm™2 on a (001) STO target in a and the corresponding EDX scan pro-
file for the elements Sr, Ti and O in b. The EDX scan shows a reduction in the oxygen content in the irradiated area

show a significant dependency of their thickness with laser
fluence.

Similar to the STO targets, spatially resolved energy-
dispersive X-ray spectroscopy was performed to measure
possible variations of the oxygen content of the irradiated
areas. For these measurements, both samples were coated
with a 15 nm thick carbon layer to avoid the charging
effect of the two electrically isolating substrates. Figure 11
shows in a a SEM image of the crater rim on the YAG
target surface irradiated with a laser fluence of 6 J cm™
and the corresponding EDX scan in (b). The EDX signal
reveals no change in the target stoichiometry between the
crater and the non-irradiated surface. The EDX measure-
ment of the LAO crater rim, irradiated with 6 J cm~2 is
shown in Fig. 12. The EDX measurement shows a slight
change of around 1% for both the oxygen and aluminum
content between the crater and the non-irradiated target
surface. Due to the increase in noise on the crater signal,
there is likely no change in the stoichiometry between
the irradiated and non-irradiated area. The very flat sur-
face observed in the AFM images combined with the thin
hairline cracks, which—in contrast to the surface features
observed on STO—do not bend upwards at the edges,
gives rise to the conclusion that no significant outgassing
takes place and the stoichiometry is unaffected by the laser
irradiation.

EBSD scans for the LAO and YAG samples were not
possible due to the carbon coating. The low electrical con-
ductivity of these materials also agrees well with the fact
that their oxygen stoichiometry remains unchanged during

the ablation process. In contrast, STO loses oxygen, resulting
in an electrically conductive surface, thus eliminating the
need to coat the surface with carbon and therefore EBSD
measurements could be performed.

The lack of quantitative dynamic thermophysical
parameters of STO, LAO, and YAG during all stages
of the ablation process makes it difficult to determine
the decisive material properties explaining the observed
differences. Assisted by the oxygen release and oxygen
diffusion in STO in reducing atmosphere, the shock-
wave energy leads to the delamination of a thin layer.
The formation of voids and holes, also originating from
the oxygen release, further encourages the formation of
cracks and, therefore, delamination, driven by the large
expansion coefficient of STO (see Table 1). In the case of
the target materials LAO and YAG, the energy is mainly
released by conchoidal fractures in the case of YAG and
thin hairline cracks and irregular under-surface cracks in
the case of LAO. These findings are probably due to their
more significant hardness [31] and higher temperature
stability concerning oxygen release and oxygen diffusion
in a reducing atmosphere compared to STO [26, 32]. The
observed difference between YAG and LAO could also
be the consequence of the lower melting point of YAG
in comparison to LAO (see Table 1), leading to a rapid
melting of the top layer followed by recrystallization. This
hypothesis can be supported by the observation of bub-
bles within this molten layer in the microscopy image in
Fig. 8 and the increase in splashes of molten material in
the AFM images in Fig. 10.
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(100)

(110)

(111)

Fig.7 a, c and e SEM images of the ablated areas of (001), (011) and (111) oriented STO laser ablated with 4 J cm™2. b, d and f The corre-
sponding overlays of the KAM and BC images. The color code indicates the laterally resolved crystal misorientation in degree

4 Conclusion

We investigated the changes of the surfaces of single crys-
talline PLD target materials STO, LAO, and YAG after
ablation with a series of KrF excimer laser pulses in terms
of topography, crystallinity, and stoichiometry in the laser
fluence range from 1 to 6 J cm™2. The formation of a several
hundred nm thick layer could be observed for all target
materials studied. Hole formation, cracking and partial
delamination of this layer was observed at STO for all laser
fluences, whereby the crack density and hole formation
increase with surface orientation from (001) through (011)

@ Springer

to (111). Compared to STO, the surfaces of the LAO tar-
get shows only thin hairline cracks above 2 J cm~2 and no
delamination or hole formation. The YAG target remained
free of cracks and delamination of the layer but exhibited
conchoidal fractures and large chipped areas, independent
from the laser fluence. We conclude that thermal shock is
not the only mechanism that must be considered to explain
the observed surface features, but also mechanical strain
due to thermal expansion and decomposition due to the
release of oxygen in the case of STO. For STO, EBSD
images also show that the delaminated layer is single crys-
talline. The layers formed are thicker than the layer ablated
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(a) Optical

Fig.8 a Optical microscopy image of the crater created with 6 J cm™2 on YAG and the corresponding laser microscopy image in b
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Fig.9 Optical microscopy images of the crater bottom for the LAO Fig. :{3 tAFN: llin ages ﬂOf the clra:er 2b<J)ttorr12for tlt1)e ILA?h an(i)lYtAG
crystal target and the corresponding laser microscopy images on the crystal target. Laser fuences 1 1o cm - are below the ablation
right threshold (Fig. 3b)
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Fig. 11 SEM image of the crater rim irradiated with a laser fluence of 6 J cm™2 on a YAG target in a and the corresponding EDX scan profile for

the elements Y, Aland O in b
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Fig. 12 SEM image of the crater rim irradiated with a laser fluence of 6 J cm™2 on a LAO target in a and the corresponding EDX scan profile for

the elements La, Aland O in b

by a single laser pulse for all three target materials. We
conclude that this layer is formed by periodic melting and
recrystallization with each laser pulse as the material is
ablated from its surface. These results might help to opti-
mize target selection for PLD or patterning by excimer
laser irradiation of these materials.
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