Materials Response to Glancing Incidence Femtosecond Laser Ablation

McLean P. Echlin®, Michael S. Titus?, Marcus Straw®, Peter Gumbsch®d, Tresa M. Pollock?

“Materials Department, University of California - Santa Barbara, Santa Barbara CA 93106-5050, USA
YFEI Company, Hillsboro, OR, USA
CInstitute of Applied Materials (IAM), Karlsruhe Institute of Technology, Germany
4 Fraunhofer IWM, Freiburg 79108, Germany

Abstract

A femtosecond Ti:sapphire laser was used to ablate samples of copper, strontium titanate (STO), a nickel alloy René 88DT (R88),
{111}-oriented single crystal silicon, and gallium nitride (GaN) in situ in a focused ion beam scanning electron microscope (FIB-
SEM). The laser beam was scanned parallel to the specimen surface, which resulted in laser ablation using the tail of the Gaussian
beam distribution, near the ablation threshold for each of the materials. Transmission electron microscopy (TEM) and electron
backscatter diffraction (EBSD) were utilized to investigate damage in the bulk and at the surface of the laser ablated samples in
cross-sections that were extracted by FIB-SEM. In contrast to normal incidence, post-ablation damage in the glancing incidence
configuration was extremely limited across a wide range of laser pulse energies. Elevated dislocation densities were observed within
150-200 nm of the ablated surface in the Cu, STO, and R88 samples. An amorphized Si layer as thin as 30-50 nm was observed
with no dislocations near the surface or in the bulk. Gallium nitride exhibited exceptional damage resistance to femtosecond laser
irradiation, whereby no laser-induced dislocations or amorphization near the ablated surface was observed. For materials where
there is surface damage following laser ablation, we show that a subsequent machining step with a Ga* FIB beam located in the
same chamber can remove this damage in a short period of time.
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1. Introduction

Femtosecond lasers have enabled new pathways for surface
texturing and rapid material removal across many materials sys-
tems [1H8]]. Femtosecond laser induced material removal also
allows for chemical analysis of the ablating species via light
induced breakdown spectroscopy [9} [10]]. For specific experi-
mental geometries, the resulting low-fluence femtosecond laser
pulses used to ablate material result in very low damage sur-
faces that are amenable for direct imaging for emerging tomog-
raphy techniques. This enables 3D mesoscale materials char-
acterization with nm-scale resolution and multiple chemical,
structural, and crystallographic imaging modalities [11} [12]].

The unique low damage nature of ultrashort pulsed laser-
material interactions are a result of the large impulse of energy
(m] pulse energies) tightly focused onto the sample surface over
time periods often substantially less than 500 fs. Kinetic trans-
port and the ablation processes do not begin to occur until long
after (>100 ps) the laser pulse has been deposited [13H15]]. The
large amount of energy deposited into the structure over such
short time scales suppresses large scale structural damage and
melting in crystalline and amorphous materials because the in-
teraction is mostly confined within the electronic structure of
the material [[16}[17]]. The difference in thermalization time be-
tween the electronic structure and the lattice significantly re-
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duces the extent of thermal damage surrounding the ablation
event [4}13].

The mechanisms by which material is removed during
femtosecond laser ablation and the resulting forms of damage
are dependent on the absorbed fluence on the target and the
material properties. Under beam-normal to surface incidence
conditions, distinct transitions in the type of damage and laser
ablation rates are observed across fluence thresholds in many
materials. Transitions in damage type occur as the ablation
threshold is crossed [2, [18}[19] and with the crossing from low
fluence to high fluence threshold [6l 20]. The values of these
discrete thresholds depend on the optical penetration depth and
the electronic heat conduction within the irradiated material,
which have been studied in detail for some metals [19]. For
instance, laser ablated metals may experience dislocation in-
jection [SL 21} 22]], phase changes [23]], or recrystallization [24]]
during laser ablation. However, semiconductors are observed
to amorphize [2], recrystallize [25]], exhibit phase changes [26],
and generate dislocations [27]] under certain laser processing
conditions. Dielectrics respond differently by not exhibiting
discrete changes in the rate of material removal during ablation
[8, 28] - likely due to their low thermal conductivity.

Femtosecond laser ablated surfaces have been studied using
a range of analytical techniques. These include optical mi-
croscopy [29], scanning electron microscopy (SEM) [5} 20],



electron backscatter diffraction (EBSD) [21,22], and transmis-
sion electron microscopy (TEM) [5,130-33]] imaging of the ab-
lation region resulting from single laser pulses impinging with
normal incidence to the sample surface. For most materials,
melting occurs at very high fluences, often near the peak of
the Gaussian beam with regions of high dislocation densities or
amorphization radially surrounding the high fluence region of
the pulse. In contrast, laser ablation at glancing incidence to the
sample surface limits laser pulse energy deposited at the mate-
rial removal interface to low fluences near the ablation thresh-
old. This results in low levels of damage [5} 31} 33]], though
damage resulting from glancing incidence irradiation has not
yet been studied in detail. In this research, results of dam-
age studies performed on a series of laser ablated materials,
including metals, semiconductors, and ceramics with glanc-
ing incidence ablation are presented. These different materi-
als classes were methodically examined using consistent exper-
imental methodologies and characterization approaches.

2. Experimental

Samples of annealed oxygen-free high conductivity (OFHC)
Cu, strontium titanate (STO), a Ni-based superalloy René 88DT
(R88), Si, and GaN were irradiated using the TriBeam [12]],
which is a FIB-SEM microscope with in-situ femtosecond laser
capability. A Ti:sapphire gain medium femtosecond laser oper-
ating at 780 nm wavelength, 1 kHz repetition rate, and 150 fs
pulse width was used to ablate sample surfaces in the TriBeam
FIB-SEM vacuum chamber at a pressure of 4 X 10~ mbar. The
laser beam propagation direction was aligned parallel with the
sample surfaces and then scanned laterally, as shown schemat-
ically in Figure|l} The stage on which the sample is mounted
is composed of piezoelectric driven nm-resolution actuators (X,
Y, Z, tilt) that permit material removal by incrementally mov-
ing the sample surface into the scanning beam path, shown in
Figure [Th. The TriBeam system and the femtosecond ablation
process is described in more detail elsewhere [|34]].

The sample surfaces were incrementally laser machined with
a scanned beam by raising the specimen using the z-positioner
of the piezo substage at micron to sub-micron step sizes. The
femtosecond laser beam is tightly focused into a spot diameter
of 15-35 um with a Gaussian profile. The beam is scanned hor-
izontally, as shown in Figure |Ip and b, with 75% spot overlap
in the beam scanning direction. The beam is scanned across the
surface with a width up to 1.2 mm for 100-200 lateral passes
in order to remove all material within the focused and scanned
beam region that is above the ablation threshold (6;;), the point
at which vaporization occurs [35]. The location of the ablation
threshold along the radial edge of the Gaussian beam is shown
schematically in Figure [Tp. As a result, the tail of the Gaus-
sian beam profile that has fluence at or very near the ablation
threshold of the material, is the only part of the beam interact-
ing with the final sample surface. The removal rate as a function
of beam fluence is shown in Figure [Tk for laser pulses across a
wide range of fluences in a nickel base superalloy [20]. Laser
machining with the beam parallel results in irradiation fluences
at or near the ablation threshold, which is a property unique to

each material [36]]. The focusing optics have a depth of focus
of 0.98 mm. The sample surface was incrementally raised with
the piezo stage z-positioner with 1um steps into the tail of the
Gaussian beam between laser beam scanning operations. The
sample surfaces were milled at least 50-100um (50-100 slices)
in depth. The laser machining procedure used in this study is
in contrast to other single pulse type laser machining studies
or hole drilling, where the laser beam propagation direction is
orthogonal to the sample surface that experiences the full Gaus-
sian distribution of the beam energy.

Measurements of the light induced periodic surface structure
(LIPSS) wavelength were made from secondary electron SEM
images collected from the laser machined sample surfaces. The
LIPSS structures form with their long axis oriented orthogonal
to the linear polarization vector of the laser light [2l |37H39],
which has been chosen such that the long axis of the LIPSS
structures is also orthogonal to the propagation direction of the
laser beam. The amplitude of the LIPSS structures were ad-
ditionally measured in the TEM lamellae extracted from the
laser machined sample surface. The long axis of the lamellae
was oriented to be orthogonal to the prevailing LIPSS structure
orientation, therefore capturing a cross-section of the LIPSS
wavelength where the damage is observed to vary somewhat
between the maximum and minimum amplitude. A summary
of the LIPSS wavelength and amplitude measurements, using
SEM and TEM, are given in Table

Electron backscatter diffraction (EBSD) maps were collected
from the laser machined surfaces surrounding the lift-out ar-
eas using a FEI Quanta 3D FIB-SEM equipped with an EDAX
Hikari XP EBSD in order to determine the crystallographic ori-
entations of the grains contained in the TEM foils. Grain ori-
entation information was collected directly from the laser ab-
lated surfaces with a 0.5 um resolution at 70° tilt relative to the
25keV electron beam operating at a 3-30 nA beam current.

TEM analysis was carried out on lamellae extracted from the
laser ablated surfaces in each sample to determine the extent of
subsurface damage. TEM specimens were extracted from the
samples using a FEI dual-beam Helios Nanolab 600 FIB-SEM
equipped with a tungsten Omniprobe needle for lamella extrac-
tion. In order to ensure that ion damage or implantation did
not occur on the specimen surface, the TEM lamellae were pro-
tected with approximately 500 nm of electron beam deposited
Pt, followed by an additional 1.5 um of ion-beam deposited Pt.
The TEM lamella were investigated using a FEI T20 TEM oper-
ated at 200 keV in both conventional bright-field and dark-field
imaging modes.

EBSD information was also collected from the Cu TEM
lamella to quantitatively determine misorientation gradients
that can result from laser irradiation. These scans were per-
formed with the samples tilted to 70° relative to the 30keV
electron beam operating at a 0.5-5nA beam currents and col-
lected with 0.5 um in plane resolution.

In order to investigate methods to remove small-scale ma-
terial damage from near-surface regions the STO, nickel alloy,
and Si specimens were also milled after laser ablation using a
near glancing angle Ga™ focused ion beam at the accelerating
voltages and beam currents shown in Table 2] TEM lamellae



were extracted from the laser ablated and ion milled regions us-
ing the same protocol as detailed for the laser ablated surfaces.
Detailed analysis of the near-surface damage resulting from the
laser ablation and FIB milling are presented here, and protocols
for the further reduction of damage in each class of material are
discussed.

3. Results

All the materials investigated exhibited surface structuring
via light-induced periodic surface structures (LIPSS), and most
materials exhibited some form of near-surface solid-state dam-
age that may include dislocation generation, recrystallization,
or low angle boundary formation. LIPSS are a well-known phe-
nomenon resulting from the interactions of pulsed laser light
with materials [38} 40, 41]]. In the following section we present
detailed analysis performed on each material in order of ascend-
ing critical resolved shear stress (CRSS) for dislocation motion,
given that dislocations were the primary defect introduced.

3.1. Copper

Analysis of the Cu specimen revealed LIPSS with a wave-
length of 342 nm + 55 nm from peak to peak, as shown in Fig-
ure @a, and amplitude of 323 nm + 102 nm. The location of the
extracted TEM lamella is shown in Figure Zb. The Cu TEM
lamella revealed dislocation damage that extended in some re-
gions to 5 um below the specimen surface, as shown in Fig-
ure 2. A bright field condition near a zone axis was cho-
sen to image the lamella in near surface regions in Figure 2f.
Crystallographic rotations (bend contours) were observed in 1
to 4 um of the specimen surface. These crystallographic rota-
tions presumably result from high dislocation densities. Indi-
vidual dislocations were not characterized due to the high dis-
location density and large crystal lattice rotation near the speci-
men surface. Significant differences in the dislocation densities
between the two grains was not clearly discernible in the TEM
images.

The lattice rotation was measured by convergent beam elec-
tron diffraction (CBED). Both grains exhibited lattice rotations
ranging from 0.2-3.0° when measured from the bulk to the sur-
face. The near surface regions in the TEM lamella shown in
Figure 2k exhibited rotations of about 0.5-1.5° in the 1-2 um
below the surface, as measured using TEM. EBSD was also per-
formed on the identical TEM foil. The inverse pole figure (IPF)
and image quality (IQ) maps from the EBSD data in Figure 2Jd,f
show the same grain orientation and surface morphology mea-
sured by TEM. Grain reference orientation deviations (GROD)
were calculated from the EBSD dataset with a step size of 50
nm and are plotted in Figure[Ze. Geometrically necessary dislo-
cation (GND) densities were calculated to be between 10'°-101©
m~2 using the methodologies presented elsewhere [21} 42]]. A
1-2 um diameter region near the surface shows misorientation
gradients of 4-7° from the surrounding grain. While twinning
has been reported in Cu samples irradiated at high fluences [43]],
no evidence of twinning was found in these samples.

3.2. Strontium Titanate

An overview of the laser irradiated STO surface is shown
in Figure Bp. The LIPSS exhibited a wavelength of 400 nm
+ 50 nm and an amplitude of 74 nm + 45nm. The extraction
location of the TEM lamella is shown in Figure Eh, and the
corresponding bright field TEM micrograph is shown in Fig-
ure Bp. Within the first 100 nm of the specimen surface, ele-
vated dislocation densities were observed, which prevented the
observation of individual dislocations and the ability to charac-
terize them, as shown in Figure E}) However, individual dis-
locations are present in the grain on the left in Figure [3p to
depths of 1.5 um below the specimen surface. Previous research
has shown that these dislocations are of (110) {ITO}—type [36],
which are the same type frequently observed in mechanically
compressed STO specimens [44H47]. These dislocations are
not observed in the bulk in the adjacent grain on the right in
Figure , which was less favorably oriented for (110) {ITO}-
type dislocation slip [36].

3.3. René 88DT

The polycrystalline nickel alloy, René 88DT (R88), forms
LIPSS structures during femtosecond laser ablation, which are
visible in the SEM images in Figure [dp, with a measured pe-
riodicity of 337 nm + 58 nm from peak to peak and an ampli-
tude of 222 nm + 72nm. The TEM image in Figure @d shows
the LIPSS in cross section in a René 88DT sample, shown in
Figure @p. LIPSS amplitudes ranged from 100 to 300 nm. El-
evated dislocation densities were observed near the surface of
the LIPSS structures. The dislocation density reduces sharply
as a function of depth from the surface in the first 100-200 nm.
However, the occasional dislocations visible at depths below
100-300 nm from the surface were scarce. These deep disloca-
tions are characteristic of those that result from material pro-
cessing and are likely present before laser ablation.

Selected area diffraction TEM imaging revealed occasional
recrystallized grains less than 150 nm in width at a frequency
of 1-2 per 10 um, as shown in Figure @b and c. A reciprocal
lattice point was used to image the recrystallized grain in dark
field mode in Figure @, as shown in the diffraction pattern in
the figure inset. Recrystallized grains were not resolved in large
EBSD surface scans collected directly from the laser ablated
surfaces at 0.2 um/pixel or coarser resolutions or by 3-D EBSD
reconstructions of the microstructure detailed elsewhere [12].
Thus it is likely that the conditions that enable boundary motion
in the recrystallization process were present for only very short
periods of time.

3.4. Silicon

The femtosecond laser irradiated Si specimens also con-
tained LIPSS that exhibited a wavelength of approximately
363 nm =+ 64 nm, as shown in Figure and elsewhere [2, 48]].
The amplitude of the LIPSS in Silicon is 55 nm + 16 nm. Bright
field TEM micrographs of the cross-sectioned areas revealed a
54nm + 19 nm layer of amorphous Si (a-Si), as shown in Fig-
ure Sp-e. Convergent beam electron diffraction patterns were
obtained in: (c) the electron beam deposited Pt (E-Pt) layer, (d)



a-Si layer, and (e) bulk crystalline Si. The amorphous diffrac-
tion pattern in Figure 5 indicates that crystallinity was lost
in this layer, and the pattern differs from that of the nanocrys-
talline E-Pt layer shown in Figure [5k. Furthermore, TEM en-
ergy dispersive X-ray spectroscopy (EDS) measurements con-
firmed that the a-Si layer was pure Si. The a-Si layer resulting
from femtosecond laser ablation did not change in thickness
with varied irradiation parameters, including peak beam fluence
or number of scan passes. Below the a-Si layer, no dislocations
or other signs of damaged material was observed in the bulk
material, as shown in Figure[5] This is in contrast to the previ-
ous materials (Cu, R88, STO), where high dislocation densities
were present within the first 100 nm of the surface and lower
densities deeper into the bulk of the material.

3.5. Gallium Nitride

The GaN specimen exhibited 320 nm + 28 nm wavelength
LIPSS with a amplitude of 177 nm + 87 nm, as shown in Fig-
ure[6h and b. The cross section bright field TEM image in Fig-
ure [6b revealed a thin damaged layer of GaN within the first
100 nm of the surface, which is similar to that observed in STO
and R88 (Figure [3p and Figure ). No amorphization or evi-
dence of recrystallization was observed near the surface of the
GaN specimen.

No dislocations were observed in the bulk of the GaN nitride
specimen, except for one on the left side of Figure[6c. This dis-
location was likely grown-in during the crystal growth process.
Of all the materials investigated here, the GaN specimen exhib-
ited the most defect-free state after laser ablation - that is, dis-
locations, amorphization, crystal rotation, and evidence of re-
crystallization was not observed anywhere in the TEM lamella
investigated.

3.6. Post-FIB Milling Analysis

Because all of the materials investigated here exhibited
LIPSS and a high dislocation density or amorphization within
the first 100 nm of the laser irradiated surface (STO, R88, Si,
GaN), an attempt was made to remove this surface damage in
situ with a FIB scan after laser ablation to explore whether the
combination of both techniques could provide for material sur-
faces with further reduced damage. FIB conditions, given in
Table [2} were chosen to remove the LIPSS structures in each
material, reducing the surface roughness and also the regions
that typically contained the highest damage (dislocation den-
sity, amorphization). The FIB-cleaned surfaces of the STO,
R88, and Si specimens are shown in Figure [/| The material
removal rate of the laser is 5-6 orders of magnitude faster than
that of a Ga* FIB [12]], thus confining material removal to a
depth of only ~100 nm and still enabling large-scale material
removal in periods of time ranging from a few minutes down to
a fraction of a minute.

Nearly all of the LIPSS were removed from the STO speci-
men after the FIB milling step, as shown in Figure[3p, with only
the dislocations remaining in the bulk of the material in the only
grain oriented for easy-glide of dislocations. In the R88 spec-
imen, the LIPSS were completely removed from the surface,

as shown in Figure [7b, along with the high dislocation density
present within the first 100 nm of the laser irradiated surface.
Similarly, the LIPSS and the a-Si layer were removed via the
FIB milling process in the Si specimen, as shown in Figure k.

SEM images were collected from regions where the sample
surface was only laser ablated and regions which were subse-
quently Ga* FIB milled at near glancing angle (<10°). These
regions of the samples were mapped using EBSD, a surface
sensitive electron backscatter technique, to measure the crys-
tallographic orientations and the diffraction band intensities.
The orientations shown via IPF maps and image quality maps,
which provides a measure of crystalline quality [49]], are shown
in Figure [§] for R88, GaN, and STO. The image quality (IQ)
metric shows improvement with subsequent milling of the fem-
tosecond laser surface in all cases except for GaN, where the
average IQ decreases, indicating that the laser ablated surface
may be less damaged, or be damaged differently, than the sur-
face that is subsequently Ga* FIB milled at near-glancing angle.

All laser ablated sample surfaces, without subsequent FIB
milling, could be characterized using EBSD mapping for the
crystal orientations over the entire laser machined area. How-
ever, EBSD analysis of the FIB-milled STO and R88 specimens
revealed dramatically improved image quality maps over the
laser only processed maps, which highlights the effectiveness
of FIB milling for the reduction of surface damage imparted
during the laser ablation process.

4. Discussion

In all the investigated materials, some form of surface struc-
turing, dislocation injection, or phase change was present due to
the femtosecond laser ablation process. LIPSS were observed
in all laser irradiated materials with wavelengths ranging from
0.32 um to 0.40 um for all materials. Si exhibited amorphiza-
tion extending 30-50 nm below the surface. A high density of
dislocations was observed within 100 nm of the surface in STO
and R88. Infrequently, the R88 specimen also exhibited evi-
dence of small, recrystallized grains (~150 nm diameter) near
the peaks of the LIPSS structures at the specimen surface. Dis-
locations extended into the bulk in STO to a depth of 1.5 um
or less in soft crystallographic orientations and as deep as 5 um
in Cu crystals, where recrystallization was also observed. The
most resilient material, in terms of damage, was GaN, which
did not contain any discernible dislocations, amorphization, or
recrystallization near the surface or in the bulk.

The prevalence of dislocations at the surface of STO indi-
cates that dislocation nucleation is easily achieved and not a
limiting step during femtosecond laser irradiation in the near
surface region. This is likely due to the thermo-mechanical
loading present as material ablates off, creating favorable dis-
location nucleation conditions. Dislocation nucleation is pos-
sible in STO despite a relatively high energy required to do
so in STO, compared to Cu or R88. It is peculiar that higher
dislocation densities are not observed near the surface in Si or
GaN. Instead, a thin amorphized layer forms in Si, which has
also been observed elsewhere during femtosecond laser abla-
tion [2, 25| 27, 131]]. This is apparently due to the fact that the



local combination of stress and temperature do not rise to lev-
els required for nucleation and glide of dislocations. In GaN,
a damaged layer is formed near the surface, as shown in Fig-
ure[6b, but the TEM bright field contrast is not the same as the
dislocation contrast in Cu, STO, or R88.

The prevalence of dislocations in Cu, STO, and R88 and the
lack of dislocations in Si and GaN suggests that damage ac-
crued during femtosecond laser irradiation strongly depends on
the CRSS of the material. The CRSS of Si and GaN are one to
two orders of magnitude higher than Cu, STO, and R88. For
example, at the moderate temperatures of 25-480°C, which is
in the vicinity of that expected just below the surface during
ablation, the CRSS for GaN is 1-4 GPa [50]. At ambient tem-
perature R88 has a CRSS of 402 MPa [51], STO is 60 MPa
[45]], and Cu is 0.63 MPa [52]. The enhanced CRSS and lat-
tice friction in GaN would inhibit dislocation motion during the
femtosecond laser ablation process and results in less damage
in the near surface region because the dislocations, if nucleated,
are not able to glide into the material.

For glancing incidence near-threshold laser ablation, the re-
sulting sub-surface material immediately beneath the LIPSS
structures is the product of the relaxation from the highly ex-
cited plasma-like state. This final laser ablated surface is the
result of near ablation threshold pulses, which result when ab-
lating samples in the beam parallel to the surface configura-
tion using femtosecond laser pulses that have a Gaussian beam
distribution, as shown in Figure The physics of the sur-
face processes that occur as a result of the ablation process
remain incompletely understood. The material remaining at
the surface experiences extreme thermal and mechanical loads
[14) 15} 153]] providing many pathways for restructuring, gener-
ation of point defects, dislocations, or amorphization. Near the
ablation threshold of silicon, the mode of relaxation is amor-
phization, as seen during indentation [54H56]], vapor deposition
[57,158]], and shock loading [59} |60]. However, neither amor-
phization nor dislocation generation occurred in GaN for laser
pulses near the ablation threshold. This result suggests that bulk
GaN relaxes back into a crystal with some elevated defect den-
sity, which may largely be point defects rather than dislocation
line defects. In all other investigated materials, the immediate
sub-surface layer does contain many dislocations or other de-
fects.

The process of volumetric expansion and contraction dur-
ing the cooling from the highly excited state generates shock-
waves that have sufficiently low pressure to remain elastic and
not plastic [14} [15] 53] at depths below 100-200 nm from the
surface. The transition between an elastic and plastic wave is
typically defined in the shock literature by the Hugoniot Elastic
Limit (HEL) [61]], or where there is a transition from an elas-
tic wave, which can move existing defects such as dislocations
to a plastic wave, where massive changes in structure such as
phase transformations occur at the wave front [62, |63]. Dis-
location motion has been observed in shocks below the HEL
[64H66], however bulk plastic deformation is typically not ob-
served. Plastic shockwaves require higher peak intensities that
are likely to be generated at high fluences with surface-normal
laser pulses [21} 22} 43| |67, |68]]. The near ablation threshold

fluence femtoseond laser pulses generate elastic shockwaves
resulting from beam-parallel to the surface laser ablation are
shown to move defects nucleated at the surface during the abla-
tion process into the depth in STO, Cu, and the R88 alloy.

In silicon, the elastic wave may move the amorphous-
crystalline interface some distance, however this is certainly a
highly energetic process that does not reach beyond 100 nm be-
low the surface. Other recent research shows that shock loading
induced amorphization in Si is dependent on both high pressure
and shear stresses, which can drive the amorphous interface to
depths of 100 nm to 1 um for pressures ranging between 11 GPa
to 22 GPa [39,160]. Furthermore, at 4 GPa completely elastic
material response was observed with no defect generation or
phase transformation. Considering that femtosecond laser in-
duced shockwaves in metals have peak pressures limited to the
single GPa-range [[14}|15}|53]], the amorphous region is both ex-
pected and experimentally observed in the current study to have
thickness less than 100 nm.

For GaN, any defects that may have been generated (but were
not directly observed) do not appear to be mobile and therefore
remain close to the surface. The damaged region in GaN is
confined to a 50-100 nm subsurface zone where contrast can be
observed in the high-resolution TEM images in Figure[6p. Fur-
thermore, EBSD maps shows crystallinity in the near surface
regions of the laser ablated GaN specimens. Indeed, with sub-
sequent Ga* FIB near-glancing angle surface milling the EBSD
image quality is somewhat diminished and therefore the dam-
age zone is likely limited to less than that of the 30kV FIB op-
eration.

In STO and the metals, dislocations were generated, which
in principle are mobile and can move with the elastic wave,
provided that the stresses are high enough and the defects can
move at velocities near that of the speed of sound before the
wave is attenuated. The CRSS of the material is a good estimate
of the magnitude of the stresses required to move dislocations.
Dislocation mobility is more challenging to estimate. However,
any obstacles to dislocation motion that also increase the CRSS
will also reduce dislocation mobility, such as the " precipitate
phase that strengthens the R88 alloy. Therefore, it is expected
that a strong correlation exists between the depth of the laser
damage zone with the CRSS, as is apparent across the set of
materials investigated in Section

Considering dislocation damage depths, dislocation veloci-
ties have been demonstrated to approach the speed of sound
in pure metals such as copper [69H71]]. Exact predictions of
dislocation damage depth require a better understanding of the
timescale of the decay in pressure as the shockwave travels into
the depth of the material [[14, [15, 53]. Interestingly, the dis-
location mobility is extremely anisotropic in STO. While high
temperature deformation is mostly achieved by the <100> type
dislocations [36, 45]], deformation below 600°C is almost ex-
clusively due to <110> type dislocations which glide when the
local shear stress approaches ~60 MPa. Therefore, only grains
which are favorably oriented with respect to slip by <110> dis-
locations show dislocations pushed to depths up to 1.5um by the
femtosecond laser induced shockwave, as shown in FigureE} In
contrast, in the nickel-based superalloy, dislocations are present



near the surface, but dislocation motion is obstructed by a high
densities of uniformly distributed y’ precipitates. Consequently,
dislocations cannot glide at the velocity of the elastic wave
and are therefore confined to the layer very near to the surface
(<150nm).

The damage induced by femtosecond laser pulses at fluences
near the ablation threshold can be removed by subsequently
milling the sample with other types of beams, such as Ga*, Ar*,
or Xe* ion beams, which offer a smaller damage zone or differ-
ent type of final surface structure. However, these beam tech-
nologies with lower damage have significantly slower milling
rates that limit the depth or volume that can be milled in a rea-
sonable time, compared to the femtosecond laser. A small dam-
age layer thickness is important for surface sensitive analyti-
cal techniques such as backscattered secondary electron (BSE)
imaging and electron backscatter diffraction (EBSD) which can
sample from depths below the surface of less than 100 nm [[72]].
In this research, the LIPSS structures and near surface dislo-
cations or amorphization zones of 100-200nm thickness were
removed by Ga* FIB milling, eliminating the primary regions
of damage. However, for metals such as annealed copper with
very low CRSS, regions with lower dislocation densities may
still be present even after FIB milling. FIB milling also pro-
duces a damaged region, which has been shown to be as thin
as 5-10 nm in Si at low kV and up to 20-30nm for higher kVs
[73]]. For laser machined surface areas approaching mm?, Ga*
FIB milling to depths of >2um would require 14 hours worth of
milling compared to 2-3 minutes by laser machining [[74}, [75],
rendering such operations infeasible without using a combined
beam approach. In general for Gaussian shaped beams, includ-
ing Fs laser and Ga* FIB, the damage is most limited in the
configuration where the beam is milling parallel (or at a near
glancing angle) to the sample surface.

5. Conclusions

The immediate subsurface region (a few 100 nm) for near ab-
lation threshold femtosecond laser irradiation in glancing inci-
dence experiences a complicated thermo-mechanical environ-
ment, which can result in elevated dislocation densities (R88,
STO, Cu), phase transformations (Si), or occasional recrystal-
lization (R88), depending on the material. Further below the
immediate subsurface region (a few hundred nm to microm-
eters), the presence of dislocations is dependent on the me-
chanical properties of the material being ablated. In materi-
als with high CRSS, such as GaN, Si, R88, and some grain
orientations in STO, the resolved shear stresses are not large
enough to glide the dislocations nucleated near the surface dur-
ing ablation into the bulk. However, for materials with low
CRSS, such as Cu and some grain orientations in STO, dislo-
cations nucleated near the surface during the ablation event are
pushed to micrometer depths by the elastic shockwave accom-
panying the femtosecond laser pulse. The exception to these
cases are materials that can undergo phase transformations dur-
ing the thermo-mechanical interaction at the ablation event. Sil-
icon, for instance, exhibits amorphization to depths of 30-50 nm
when femtosecond laser irradiated with near ablation threshold

energies. The LIPSS surface structures that form on the surface
of all the materials studied have variability in both amplitude
and periodicity that does not appear to be directly related to the
wavelength of the irradiating laser light.
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Table 1: Measurements of the light induced periodic surface structures (LIPSS) by SEM and TEM that result from femtosecond laser machining are given for the
materials investigated.

Material Wavelength (SEM) [nm] | Amplitude (TEM) [nm]
Cu 342 £ 55 323 £ 102
SrTiO3 400 + 50 74 + 45
René 88DT 337 £ 58 222+ 72
Si 363 + 64 55+16
GaN 320 + 28 177 + 87

Table 2: Focused ion beam accelerating voltage (A,) and beam current (I) used to mill at near glancing angle of 10° off parallel to the surface of strontium titanate,
silicon, and polycrystalline nickel alloy sample. Ion milling was performed in a selected area inset within the laser ablated surface region to compare the sub-surface
damage structure between the femtosecond laser + ion milling and femtosecond laser only.
A, (kV) 1 (nA)
SrTiO; | 30and 5 | 30 and 13
R88 30 20
Si 8 20
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Figure 1: A schematic of the chamber section of the TriBeam system [111[34], in (a), shows the position of the piezoelectric driven stages which permit in situ laser
ablation. The laser beam propagation direction is parallel with the sample surfaces and is scanned laterally over mm-scale areas using a < 2 y-radian resolution laser
scanner as shown in the inset in (a). The laser optics used in this experiment focus the beam to a 29um FWHM diameter spot with a depth of focus of 0.98 mm. The
laser beam energy distribution is shown in (b), with relation to the sample surface being irradiated as viewed down the beam propagation direction. The beam is
scanned as indicated and material from the sample located at the edge of the beam profile, above the ablation threshold is removed. As the sample is incrementally
raised into the beam using the piezo stage z-positioner then ablation will be confined to the sub-surface region that is equal to the increment size. Furthermore, the
tail of the Gaussian beam profile is the only part of the beam interacting with the sample surface, with fluences at or very near the ablation threshold of the sample
material. The ablation threshold and ablation depth for single pulses laser irradiated with beam-normal to the sample surface incidence, which scale with the radial
position in the Gaussian beam profile, are shown in (c) for a nickel base superalloy (after Ma et al [20]).
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Figure 2: SEM micrograph of the the laser irradiated Cu specimen surface in (a) with the an overview EBSD inverse pole figure (IPF) map shown in (b). The TEM
lamella liftout location is shown in (b), and the cross section is shown in bright-field TEM mode near a zone axis in (c). A grain boundary is highlighted in red.
Lattice rotations of roughly 1° can be observed in the TEM cross section (c). EBSD maps collected from the TEM lamella are represented by image quality (IQ)
(d) and IPF (f). Misorientation gradients of 4-7°, particularly in regions near the surface shown in the grain reference orientation deviation plot (e).
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Figure 3: A SEM micrograph of the STO specimen of the laser irradiated surface with the corresponding TEM lamella liftout location is shown in (a). The TEM
cross section imaged in bright field mode, shown in (b), reveals a high dislocation density near the surface with dislocations penetrating up to 1.5 um below the
ablated surface, into the bulk in a soft oriented STO grain.
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Figure 4: A SEM micrograph of the laser irradiated surface of a R88 specimen is shown in (a) with the corresponding location of the TEM lamella liftout. A
high density of dislocations is present in the subsurface 100-200 nm and evidence of recrystallization was observed, as shown in the bright field image in (b) and
corresponding dark field image in (c) using the reflection circled in the diffraction pattern inset. Recrystallized regions of less than 150 nm in size are observed 1-2
times per 10um lamella. The entire TEM cross section is shown under bright field conditions in (d). Some dislocations can be observed in the bulk of the specimen,
however due to their low density, these are regarded as grown-in dislocations as a result of the material processing.



Figure 5: A SEM overview of the laser irradiated Si surface is shown in (a). A thin amorphized Si layer was observed at the surface extending 30-50nm in depth
(b), with the corresponding CBED patterns in (c-e). The entire TEM cross section is shown in bright field mode in (f). No dislocations or damage, other than the
near sub-surface amorphized layer, was observed.
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Figure 6: A SEM micrograph of the GaN specimen post laser irradiation is shown in (a). Limited damage was observed near the surface, as shown between the
arrows in the cross section TEM micrograph in (b), but the contrast suggests that dislocations were not present. The full TEM cross section is shown in (c) under
bright field conditions. No dislocations were observed in the bulk, except for the grown-in dislocation near the left side of the micrograph.
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Figure 7: TEM cross sections of the laser and FIB processed surfaces are shown for (a) STO, (b) R88, and (c) Si. The LIPSS structures were removed by the near
glancing angle (<10°) FIB processing as well as the amorphized layer in Si.
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Figure 8: Femtosecond laser ablated surfaces of R88, GaN, and STO were mapped using EBSD, a electron diffraction based technique with a 10-100 nm scaled
subsurface interaction depth. Secondary electron images show the femtosecond laser ablated regions and the subregions that were Ga* FIB milled with a >10°
near-glancing angle beam. The inverse pole figure (IPF) maps show the crystallographic orientations indexed using the EBSD software from the sample surfaces.
The image quality maps show the enhanced electron beam diffraction within the regions that were FIB milled after femtosecond laser ablation, however for GaN
and R88 the sample surface can be indexed without the subsequent FIB milling step.
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