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Surface functionalization by biomimetic patterns in the micro- and nanometer scale is well-established in a wide
range of applications. The finely tuned surface properties are directly related to both primary and sub-pattern
morphology of the applied topographies, which must be well-adjusted for maximum functionalization effi-
ciency. In this light, the role of proceeding surface modification and its effect on pattern formation alongside
multi-pulse ultrashort pulsed direct laser interference patterning (USP-DLIP) of Cu are investigated in detail by
applying a multi-method characterization approach. It was shown that aside of topographical remodeling, USP-
DLIP processing parallelly affects chemistry and the mechanical deformation state of the substrate surface, which
in turn considerably influences laser/material interaction via incubation. An in-depth investigation of the in-
dividual and combined impacts of these substrate alterations on localized optical absorptance reveals how pri-
mary and sub-pattern formation dynamically respond to process induced surface modification. The DLIP-specific
incubation impact on pattern morphology increases with inverted relation to pattern scale. The findings of this
study provide a profound insight in the predominant physical interactions involved in pattern formation arising
from the mutual influence between laser irradiation and substrate modification during USP-DLIP-processing of

Cu allowing for high precision micro- and nanometer scaled pattern design.

1. Introduction

Surface patterning in the micro- and nanometer scale mimicking
natural blue prints found in manifold variation in the flora and fauna has
been well-applied and developed to improve technical surface proper-
ties in the last two decades [1]. The envisaged application areas cover a
broad spectrum from optical effects and photonics [2],[3], to technically
utilized surface functionalization including wetting, friction and wear
[4-6], as well as biomedical surface optimization to enhance cell colo-
nization or antibacterial surface properties in the civil and aerospace
sector [7-10]. Here, a close connection between sophisticated pattern
design and effectiveness of the surface functionalization was demon-
strated across the different applications studied, which is highlighting
the necessity to understand and precisely control the process of pattern
formation.

Among the technologies applied in this field, pulsed laser irradiation
in the pico- and femtosecond regime involving purposefully induced

interference has proven to be particularly versatile in terms of precision
and variety of pattern geometries that can be created [11],[12]. In direct
laser interference patterning (DLIP), the primary geometry of the
topographical pattern applied is controlled by the design of the laser
setup involving beam count and incidence angle, the wavelength as well
as single beam polarization [13],[14]. Pattern formation itself is influ-
enced by the material specific physical response to laser irradiation e.g.
involving melt formation, vapor recoil pressure and Marangoni con-
vection in case of pulse durations of several tens of picoseconds and
higher [15], while ultrashort pulse durations <10 ps (USP) induce sur-
face modifications dominated by varying material specific ablation
mechanisms, which are closely related to individual threshold fluences
[16]. Applying USP-DLIP, high aspect ratios as well as the formation of
sophisticated pattern geometries can be achieved via multi-pulse over-
lap. However, material specific accumulation effects on pattern forma-
tion have to be considered, which might also lead to pattern
deterioration as previously shown for pattern scales in the sub-ym range
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[16],[17]:

Alongside primary pattern formation, multi-pulse USP processing
involves sub-pattern alteration, e.g. by self-assembly of laser induced
periodic sub-structures (LIPSS) on metals, semi-conductors and di-
electrics [18]. LIPSS are divided in two subspecies with different relation
to beam polarization: While the formation of high spatial frequency
LIPSS (HSFL, oriented parallel to beam polarization and scaling < 1/2)
have been shown to mainly involve melt kinetics like Marangoni con-
vection, low spatial frequency LIPSS (LSFL, oriented perpendicular to
beam polarization and scaled > A/2) are shaped in multi-pulse overlaps
by a combination of the interference between the incident laser beam
and excited surface plasmon polaritons (SPP) on a roughened surface
and further increased absorption in the resulting pits, according to
current theories [19],[20]. Alongside USP-DLIP, LIPSS formation can
even be purposefully superimposed with the primary DLIP pattern [21],
[22]. Overlying process mechanisms may suppress LIPSS formation in
some cases, resulting in other forms of sub-patterns, like e.g. crater-like
morphologies in the case of Cu as a result from ablation kinetics, which
are also subject to change during multi-pulse processing [23].

In parallel, substrate modification during pulse accumulation
alongside laser processing modifies the optical surface properties
resulting in decreasing ablation thresholds denoted as incubation [24],
[25]. Incubation itself describes a sum-up of different effects involving
the alteration of surface topography and chemistry as well as the
disruption of internal order by defect-formation inside the substrate that
altogether result in increasing laser absorption. To which extend the
individual laser-induced substrate modifications contribute to incuba-
tion might differ significantly depending on the material and the laser
parameters used. Incubation has not been considered in DLIP-processing
so far. Especially in USP-DLIP, where pattern formation involves precise
tailoring of threshold-related material response [16], the reduction of
effective ablation thresholds in direct relation to the overlapping pulse
count might considerably affect the resulting pattern morphologies.

In this work, multi-pulse effects on pattern formation during USP-
DLIP processing are investigated for Cu using femtosecond laser pulses
and a near-infrared wavelength, exhibiting a pronounced incubation
behavior in previous studies [26],[27]. To monitor the individual im-
pacts of surface chemistry and topography modification as well as defect
implantation on overall incubation, a complementary multi-method
approach is applied including confocal laser and scanning electron mi-
croscopy, electron back-scatter diffraction, UV-Vis spectroscopy, sta-
tistic image segmentation and numerical analysis. To include
parametrization related influences into the investigation, altering DLIP
setups as well as an application relevant fluence spectrum spanning the
different ablation regimes observed on USP processed Cu are applied in
the experiments. The combined evaluation of the different examination
methods in mutual complementation allows for the determination of the
individual USP-DLIP specific incubation mechanisms and their effect on
pulse-wise primary and sub-pattern formation during multi-pulse pro-
cessing. Following this approach, our investigation shed light on the
predominant incubation mechanisms as well as their interplay in multi-
pulse USP-DLIP of Cu and how they can be purposefully applied in
targeted process parameterization.

2. Materials and methods
2.1. Material preparations and USP-DLIP

Sheets of cold rolled oxygen-free Cu (>99.95% purity, thickness 1
mm, Wieland, Germany) were cut into coupons of 10 x 25 mm size. Fine
grinding on 1200 Grid Silicon Carbide paper followed by three polishing
steps (6 pm, 3 pm, 1 pm suspension with reducing pressure of 15 to 10 N)
results in a mirror finish with a roughness R, < 10 nm of the Cu samples.
Mechanical preparation is followed by thorough cleaning with distilled
water and ethanol to remove suspension remnants. To investigate the
influence of microstructure on laser-material interaction during the
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experiments, one batch of samples underwent annealing for 12 h at 450
°C and 10~/ mbar in a vacuum furnace. Said samples underwent elec-
tropolishing to avoid mechanical surface deformations, as described in
[28].

Cu develops a native oxidation layer of CuzO and CuO by atmo-
spheric storage, whereas process related agglomeration of oxidic rede-
positions also occurs during USP-DLIP [29]. Low concentrations of citric
acid have been shown to remove both types of oxide [29],[30] and are
therefore used to assess the influence of oxidation layers on optic surface
properties. Deoxidized samples are produced by immersion in 3% citric
acid for one minute in an ultrasonic bath directly before USP-DLIP
processing or characterization.

USP-DLIP was conducted using a Ti:Sapphire laser source emitting
ultrashort laser pulses with a pulse duration t, of 100 fs at Full Width
Half Maximum (FWHM) and a centered wavelength 1 of 800 nm. An
optical setup primarily containing a wave plate, diffractive optical
element (DOE) and multi-lens system allows for the formation of two-
beam interference patterns in pm and sub-pm scale on the sample sur-
face [16]. While the wave plate is adjusted to alter the orientation of
linear beam polarization in relation to the inference pattern to either s-
or p-polarization, the setup of both DOE and multi-lens system defines
the pattern periodicity P by adjusting the single beam incidence angle 6
according to Eq. (1).

A
2 sin(f)

P (@)

In the experiments, pattern periodicity was varied between 6 pm, 3
pm and 750 nm. Cu surfaces were either processed by multi-pulse
overlaps of N = 1, 2, 5 and 10 pulses on a single spot or planar
patterning by scanning the sample surface in continuous pulsing mode at
a pulse frequency of 1 kHz. In the latter case, pulse overlap is controlled
by adjusting the x- and y- hatching distances in relation to the laser spot
diameter of 70 pm. The applied fluences ranged from 0.31 J/cm? to 4.0
J/em? partly including the low to the middle-fluence processing regime
of Cu [31]. Fluences denoted in the results section are corresponding to
the mean fluence at Full Width Half Maximum (FWHM) of the inter-
ference modulation, which has been calculated applying the mentioned
spot diameter and pulse frequency as well as the measured seed beam
power and 22.2% power loss of the optical system.

2.2. Characterization

2.2.1. Confocal laser scanning and scanning electron microscopy (LSM,
SEM)

Characterization of the alteration in surface topography by USP-DLIP
was conducted by means of confocal laser scanning microscopy (LSM)
utilizing a LEXT OLS4100 3D Measuring Laser Microscope by Olympus
(50x lens, 2x and 6x increased magnification, laser wavelength 405
nm) and scanning electron microscopy (SEM) (Helios Nanolab600 by FEI
and Helios PFIB G4 CXe by Thermo Fisher). Six individual samplings have
been conducted for topographic characterization in relation to individ-
ual USP-DLIP parameters to include statistical dispersion. High resolu-
tion SEM imaging and characterization involved both secondary and
back-scatter electron contrast (SE, BSE) combined with electron back-
scatter diffraction (EBSD). High-resolution SE imaging was performed
in immersion mode using the in-lens detector, while BSE imaging uti-
lized a single segment retractable solid-state detector to visualize the
grain orientations and surface topography of the sample. In both cases,
an acceleration voltage of 5 kV was used, while in SE imaging, a beam
current of 86 pA and in BSE imaging a beam current of 1.4 nA was
applied. SEM imaging in SE contrast additionally involved a sample tilt
of 52° degree to improve the visualization of topographical features.
EBSD measurements were carried out using a high-speed CMOS camera
(Velocity Super by EDAX) at 20 kV acceleration voltage and a beam
current of 26 nA. The step size on a hexagonal grid was set to 250 nm.
Lattice planes parallel to the sample surface of selected grains were
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extracted using OIM Analysis 8.6 software by EDAX in order to correlate
their response to the laser irradiation.

2.2.2. UV-Vis spectroscopy

A PerkinElmer Lambda 750 UV-Vis spectrometer was used to deter-
mine the optical absorptance of the differently prepared initial state Cu
surfaces as well as absorptance increase due to pulse agglomeration
alongside USP-DLIP processing. The measurement was performed for
electro-magnetic wavelengths of 800 to 200 nm (1.55 to 6.2 eV) with 1
nm increments and 0.2 s integration time utilizing a 100 mm InGaAs
integration sphere to guide the non-absorbed part of probing radiation
to the detector. Due to the optical beam path involving several gratings
and mirrors, the probing beam polarization is altered from circular to
partly linear before it irradiates the samples. This feature is purposefully
used in this study to allow for a qualitative assertion of polarization and
topographic effects during multi-pulse processing by measuring the line-
like patterned surfaces both in s- and p-polarization orientation to the
probing beam. Multi-pulse agglomeration effects on absorptance have
been monitored after irradiation with 1, 2, 5 and 10 pulse overlaps at a
fluence of 2.1 J/cm? and 3 pm pattern geometry.

2.2.3. Numerical analysis

Material processing using ultrashort laser pulse durations in the
femtosecond regime involves complex physical laser-material in-
teractions like e.g. multi-photon absorption in dielectrics and ceramics
as well as considerable thermal non-equilibria between the electron and
lattice sub-systems in metals. These different physical interactions
altogether result in ablation dominated material response closely linked
to fluence levels surpassing the material specific ablation threshold Fg;,
allowing to precisely tailor surface feature sizes down to the sub-pm
scale. In case of USP-DLIP, this relation can be utilized to define the
targeted width of the ablated area in order to design primary pattern
geometries as illustrated in Fig. 1a [16]. However, in case of multi-pulse
surface processing the optical properties of the substrate surface change
due to incubation leading to a reduction of Fg that has to be considered
in process parametrization, which is especially the case for Cu [32].

Alongside the previously described characterization methods, nu-
merical analysis of the thermal response of Cu surfaces to USP-DLIP
irradiation was therefore utilized to further assess the different accu-
mulation effects on line-like primary pattern formation that contribute
to incubation in multi-pulse processing. The 2D two-temperature model
(TTM) for USP-DLIP irradiation of Cu surfaces previously introduced in
[16] was modified to include single beam polarization as well as pulse-
wise increase of surface absorptance during multi-pulse processing. The
key influences of altering laser-material interaction are fully described
by the thermal heat source term S in the TTM denoted by Eq. (2),

Fluence —
(Jiem?) ) b)
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2

S(x,2,t) = ang%exp{—%—az ] @
which involves the energy absorption correlating to the Beer-Lambert
Law, where « is the absorption coefficient and A, the localized optical
absorptance. The spatial distribution of laser intensity correlating to the
interference pattern is denoted by I(x) while the temporal distribution of
laser power in relation to the arrival time t; of the pulse at maximal
intensity is defined by the standard deviation ¢ involving the pulse
duration t,:

t,
o=
2v/2In2

Optical absorptance of Cu surfaces varies depending on initial sur-
face condition as well as multi-pulse agglomeration. Hence, the energy
absorption in S is modelled to enable the inclusion of experimental
values from UV-Vis spectroscopy. Here, absorptance Ay at different
states of pulse agglomeration during surface processing is taken as the
mean value between s- and p-pol from UV-Vis datafor N=1, 2, 5and 10
at a wavelength of 800 nm (1.55 eV). The increase of energy absorption
alongside ultrashort pulsed irradiation due to thermally enhanced
electron excitation states AeV [33] is involved for both Ay and « in the
numerical calculation of the TTM by approximating AT.~AeV/kg,
where T, is the electron temperature and kg the Boltzmann constant.
This approach introduced in an earlier study shows good correlation to
referenced experiments [33],[34].

Since optical absorptance of USP irradiation alters with incidence
angle between s- and p-pol [36], the topographic influence on optical
absorptance during multi-pulse pattern formation was additionally
involved. Localized absorptance A, involves the alteration of irradiation
incidence angle 6, perpendicular to the line-like surface pattern. The
ablation area geometry of the primary surface pattern is approximated
as a circular segment as illustrated in Fig. 1b where the slope of O, can
be determined by Eq. (4) using the individual ablation width w and
depth d from topographic characterization.

8d
4d2 + WZ) “)

3

0, = arcsin (x

The polarization dependent absorptance A;) in response to surface
topography can be determined as (1-R;)) either for s- or p-polarization
by calculating the Fresnel equations for R, or R, in relation to Oy utilizing
the optical properties of Cu from literature data [35]. To enable the
determination of overall localized absorptance A, including topographic
absorption modelling, UV-Vis data and electron excitation in numerical
analyzation, the calculated literature values for A, are approximated by
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Fig. 1. Schematic illustration of a) the relation between interference intensity pattern, ablation threshold F,; and laser-material interaction and b) the influence of
surface inclination to the localized irradiation incidence angle 6, due to advanced material ablation below the intensity maxima. c) alteration of optical absorptance
for 1.55 eV and 3.4 eV in relation to beam polarization and incidence angle calculated from literature values (A, Ap, non-pol) [35] and approximated (A, Ap1, Ap2).
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a set of equations relating to Ap(AT,) and O,(x,w,d), as well as the
pseudo-Brewster angle BA for Cu corresponding to Ay. Depending on
beam polarization, A, is either represented by A; or Ap; (for Ap; < Ap2) |
ApZ (for Ap] > Apg).

A, =Ap(1-62e1077) (5)

Ay 1072
A, A = Ay 4 G253-40) 0 6
p1 = Ao 0 —45eA,+33.7 ©)

Ap = (1.30A;+0.05) —5(0, — (Ao + BA—2))3e107° (7)

The comparison between polarization dependent absorptance As)
calculated by egs. (5-7) and literature values in relation to 6 is illus-
trated in Fig. 1c for Ap at 1.55 eV and 3.4 eV showing a high level of
conformity.

Aside of absorptance alteration in response to topography, beam
polarization also influences intensity modulation in laser interference,
which was shown to have a significant effect on pattern formation [37].
In case of two-beam interference, the modulation of intensity I(x) in
relation to the electrical field amplitudes E; and E, and incidence angle
O of the individual partial beams is described by Egs. (8) and (9) for
either s- or p-polarization.

S — polarization :

(8)
(E} + E3) + E\E; o cos (%sin(@)x)

L) =5

P — polarization:

1 4 9
L(x) = 3 (E} + E3) + E E>cos(20)cos (;sin(e)x>
Assuming equal distribution of initial laser intensity Iy between both

I

partial beams with I =1, = 1210 and E; = E; = /%, where K = 1 is

approximated, Egs. (8) and (9) can be transformed to:

L(x) =1y + 1y ® cos (47”sin(9)x> (10)

I,(x) = I + I ® cos(20)cos (%sin(@)x) 11)

Replacing Fy for Iy and w/2 for x, where w corresponds to the abla-
tion width, either the effective ablation threshold Fg; can be calculated
from experimental data or the estimated ablation width for predefined
Fagpi can be determined involving polarization dependent pattern
modulation.

4
Fu s = Fy+ Fy e cos (fsin(ﬁ) %) (12)
4 w
Fuip = Fo + Fy @ cos(20)cos 7sm(9) 5 13)

Numerical analyzation of the thermal substrate response on USP-
DLIP during multi-pulse processing was conducted by solving the TTM
in a 2D depth profile utilizing the simulation software FlexPDE, where
initial A,, Ay and I(x) are modified corresponding to pulse count N and
beam polarization. Lattice heating corresponding to phase changes and
material ablation is calculated at thermal relaxation 7.4 between the
electron and lattice sub-systems of the TTM, where isothermal frontiers
of the threshold temperatures for solid/liquid and liquid/vapor phase
transitions mark the phase fronts.

2.2.4. Morphologic segmentation

Alterations in sub-pattern formation and geometry during multi-
pulse processing via USP-DLIP have been monitored using the Morpho-
LibJ Plugin [38] of ImageJ (FiJi) [39] for the segmentation and
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morphological characterization of individual particles. In order to
enable a targeted segmentation distinguishing between the individual
crater-like sub-pattern features (in the following: craters), SEM images
were taken in SE mode with increased topographic contrast allowing to
separate the individual craters via watershed boundary conditions.
Segmentation fragments are filtered out by size and shape filters (min-
imal particle size and aspect ratio) whereas each segmentation result
was carefully monitored for left-over fragments or falsely filtered cra-
ters. Using the morphologic segmentation, the alterations in size, shape
and orientation of the crater-like features in response to multi-pulse
agglomeration were statistically evaluated to quantify the effect of
beam polarization, laser fluence and pattern scale on the development of
sub-pattern geometry during USP-DLIP processing within the first ten
consecutive laser pulses.

3. Results and discussion
3.1. Effect of incubation on multi-pulse USP-DLIP

3.1.1. Pattern formation in response to periodicity

To investigate a possible effect of pattern scale on multi-pulse USP-
DLIP processing of Cu surfaces, the three different periodicities 6 pm, 3
pm and 750 nm have been applied in multi-pulse overlapsof N=1, 2,5
and 10 on a single spot. The pattern geometry in terms of peak/valley
surface ratio has previously been shown to be directly linked to the
ablated area defined by the material specific ablation threshold Fg in
response to the fluence utilized, as visible in Fig. 1a. Here, the effect of
incubation during multi-pulse processing must be included, which might
vary significantly depending on the material processed and the laser
parameters used. To investigate a broader range of laser/material
interaction involving both spallative and phase explosion ablation, flu-
ences for USP-DLIP have been chosen in both the low-fluence regime
below 1.5 J/cm? and the mid-fluence regime ranging between 1.5 and 4
J/cm?, where femtosecond pulsed ablation for Cu shows the highest
efficiency according to Schille et al. [31]. This also fits to the Fpe = 7.4
Fgp referenced in [25] taking the N = 10 and N = 100 multi-pulse
ablation thresholds of 0.581 J/cm? and 0.307 J/cm? measured by
Kirkwood et al. [26] into account. In a previous study, low-fluence USP-
DLIP exhibited an ablation behavior mainly involving thermomechan-
ical spallation, while in the mid-fluence regime photothermal phase
explosion could be traced back as the dominant ablation mechanism
after the second consecutive laser pulse [16].

In terms of localized laser/material interaction in response to the
DLIP intensity pattern, the modulation depth induced by laser interfer-
ence has to be considered, which decreases in case of p-polarization with
enhancing incidence angle © [37]. In Fig. 2a, the sinusoidal intensity
modulation for either s- or p-polarized two-beam interference calculated
by Egs. (10) and (11) is plotted for the pattern periodicities 6 pm, 3 pm
and 750 nm. While the modulation depth for p-polarized (p-pol) inter-
ference does not alter significantly for both pm-scaled patterns of 6 pm
(Ip = 99.2%) and 3 pm (Ip = 96.4%), a considerable difference occurs for
high incidence angles as used for 750 nm pattern periodicity with a low
intensity pattern contrast (Ip + 43,2%). Consequently, varying beam
polarization can already be considered to influence pattern formation
during multi-pulse USP-DLIP processing of Cu from interference mod-
ulation alone. In fact, a more pronounced increase of ablation area
during consecutive pulsing is visible comparing both SEM images and
the fluence dependent ablation plots in Fig. 2b, ¢ and d in case of p-pol,
which applies to a different extent on the individual pattern scales.

In 6 pm USP-DLIP processing, the difference between s- and p-
polarized ablation width mainly becomes prominent in the low-fluence
regime after a pulse count of five (see Fig. 2b). Here, p-pol ablation
width surpasses the range, which would be estimated by applying the N
= 10 ablation threshold from [26], while s-pol ablation width continu-
ously stays below that threshold. Entering the mid-fluence regime, the
slope of ablation width tends to drop with increasing pulse count N after
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Fig. 2. Line-like USP-DLIP processing of the pattern periodicities 6 pm, 3 pm and 750 nm on Cu involving interference pattern modulation by altering linear single-
beam polarization. a) Difference in two-beam interference pattern modulation between s- and p-polarization for each periodicity. b) SEM-imaging of 6 pm patterns
applied by increasing multi-pulse overlap at 2.1 J/cm? for either s- or p-polarization followed by a combined plot of ablation width (line graph) vs ablation depth
(underlaying heat map). ¢) SEM-imaging of 3 um patterns applied by increasing multi-pulse overlap at 2.1 J/cm? for either s- or p-polarization followed by a
combined plot of ablation width (line graph) vs ablation depth (underlaying heat map). The red arrows mark the individual setting points for s- and p-pol, where
ablation area expansion is restricted for further increasing fluence and pulse-count. d) SEM-imaging of 750 nm patterns applied by increasing multi-pulse overlap at
1.4 J/cm? for either s- or p-polarization followed by a combined plot of ablation width (line graph) vs ablation depth (underlaying heat map). The ablation thresholds
marked in b), ¢) and d) are corresponding to the single and N = 10 pulse ablation threshold of 1.06 J/em? (Single) and 0.581 J/em? (Multi) from [26] calculated by
Egs. (12) and (13). SEM images have been taken at a sample tilt of 52°. (For interpretation of the references to colour in this figure legend, the reader is referred to the

web version of this article.)

a strong increase for the second pulse. This trend is more pronounced for
s-pol pattern formation where this trend already involves N = 5. For
both polarization orientations a pulse count of N = 10 exhibits a kink at
3.13 J/cm? (s-pol) and 2.68 J/cm? (p-pol), where a developed state of
topographic pattern formation might get involved with laser/material
interaction. In contrast to the ablation width ratio between the USP-

DLIP patterns generated with different beam-polarization, s-pol pro-
cessing induces a greater pattern depth than p-pol at similar fluence and
pulse count, especially in the mid-fluence regime.

In case of 3 pm pattern periodicity, the previously observed kink in
ablation width increase for higher pulse counts during multi-pulse
processing can already be observed in the low-fluence regime at 0.76
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J/cm? (s-pol) and 0.57 J/cm? (p-pol), as highlighted in Fig. 2c. For s-pol
this point marks the onset of a plateau-like slope exhibiting constant
ablation width for increasing fluences at both N =5 and N = 10 pulse
counts, which also continues into the mid-fluence regime. A difference
between low- and mid-fluence regime s-pol ablation width is only visible
for dual pulse irradiation, where the referenced N = 10 multi-pulse
ablation threshold is increasingly surpassed. In contrast, the plateau-
like slope of ablation width during multi-pulse p-pol processing can
only be exhibited for N = 10 in the low-fluence regime, although it re-
mains below the values for N = 5 from this point on. In parallel to s-pol,
p-pol dual pulse ablation width also exceeds the range denoted by the
referenced multi-pulse ablation threshold in the mid-fluence regime.
Including the findings in [16], the second consecutive pulse applied in
the mid-fluence regime induces a growing proportion of phase explosion
in ablation, which leads to increasing melt-agitation and hence addi-
tional pressure mediated expansion of the ablation area. The observed
stagnation up to reduction of the ablation area width with elevated pulse
count suggests an effect of the pattern topography on laser/material
interaction during multi-pulse USP-DLIP processing of 3 pm patterns,
which considerably depends on beam polarization. Similar to the ob-
servations at 6 pm pattern periodicity, s-pol ablation depth surpasses the
values of p-pol but on a significantly higher scale. The maximum s-pol
ablation depth of 1.71 pm after 10 pulses at 4.02 J/cm? is almost double
as high as the p-pol ablation depth of 0.88 ym with the same parameters.
It is noteworthy that the actual maximum ablation depth of 0.99 pm for
p-polarization was measured at a lower fluence of 2.1 J/cm?, instead.
Directly comparing overall ablation depth between 6 pm and 3 pm pe-
riodicities shows a similar depth vs fluence and pulse count ratio for s-
pol, while ablation depth on p-pol 3 pm patterns fall below the values of
6 pm with an additional decrease after 2.1 J/cm?. This might be related
to partial ablation of the 3 pm peak areas in the course of reduced multi-
pulse Fg,; due to the less modulated p-pol interference pattern, which
points out a polarization and pattern scale specific threshold fluence to
achieve high pattern aspect ratio and quality that lies lower than the
general mid-fluence range in case of p-polarized USP-DLIP.

Comparing the SEM images of both 6 pm and 3 pm patterns after
different pulse counts applied at a fluence of 2.1 J/cm?in Fig. 2band ¢, a
difference in sub-pattern formation originating from melt agitation
during ablation can be observed. Where the ablation areas on 6 pm
patterns remain separated and the peak surface and geometry indicate
minor thermal affection, overlapping structures of resolidified melt
cover the peak areas on 3 pm patterns, which appear to have been
ejected from the neighboring topographic minima in the course of
ablation. Agitated liquified substrate has been shown to expand from the
ablation site up to a certain range before it resolidifies due to enhanced
convective cooling in the process of material expulsion in relation to the
amount of super-critical lattice heating and the parallel pile-up of in-
ternal pressure during femtosecond pulsed laser irradiation of Cu [40].
Measuring the fluence-dependent quantitative pulse-wise increase of
ablation width for both periodicities, pattern valley expansion ranges in
the same order of magnitude in the low-fluence regime and for N < 5 in
the lower mid-fluence range, where ablation starts to be dominated by
phase explosion [16]. Based on this ablation kinetics, agitated melt
originating from the further expanding ablation areas appears to
completely cover previously unimpaired pattern peaks in case of lower
pattern periodicities after a certain fluence-dependent pulse count in the
mid-fluence regime, with a potential impact on further laser/material
interaction from surface modification.

A significant alteration of the previously observed polarization/
ablation depth relation can be determined for a pattern periodicity of
750 nm. In contrast to pm-scaled pattern formation, p-pol pattern depths
exceed the ones measured for s-pol processing up to two-fold. In parallel,
p-pol ablation width exhibits a rapid increase, where an overlap of
neighboring ablation areas can be observed within only three consecu-
tive pulses at low fluences close to the referenced single pulse ablation
threshold of 1.06 J/cm? [26]. It is noteworthy that for fluences in the
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mid-fluence regime, this overlap already happens after the second pulse,
which fits to the effect of phase explosion on melt-agitation previously
discussed for 3 pm pattern scale. In a previous work, higher fluences
induced a melt-overlap already after the first pulse, where pattern sta-
bility could not be retained for two consecutive pulses highlighting the
negative effect of mid-fluence processing in this pattern scale [16]. In
close relation, the highest ablation depth is measured for 1.4 J/cm? right
below the mid-fluence regime. As also visible in the SEM images in
Fig. 2d, further irradiation after melt-overlap leads to the destruction of
pattern integrity by the formation of a stoichiometric topography of a
randomized sub-pattern originating from phase explosion ablation ki-
netics, which has already been reported for sub-ym USP-DLIP patterning
in earlier works [16],[17]. Taking the polarization dependent interfer-
ence modulation into account, the moderately decreased laser intensity
within the p-pol interference pattern minima (approx. 0.8 J/cm? in case
of 1.4 J/cm?) might suffice to induce surface melting up to ablation
already after a low pulse agglomeration due to incubation, while the
reduced peak intensity should cause lower ablation in comparison to s-
pol, in contrast. By this, the increased pattern depth of p-pol might result
from beneficial melt kinetics, similar to previous works, where melt pile-
ups during sub-pym USP-DLIP of highly conductive metals have been
shown to be usable as an effective mechanism in the formation of line-
like topography patterns [41],[42]. However, in direct comparison the
p-pol ablation values exceed the ones measured for the more sharply
defined s-pol patterns already after the first pulse, where melt-overlap is
not observed in both cases. In addition to decreased ablation depth, s-pol
ablation width tends to undercut the single and multi-pulse ablation
threshold boundaries, especially for low fluences. In contrast, p-pol
ablation width constantly surpasses single and multi-pulse ablation
threshold and even shows ablation on lower fluences than s-pol, which is
not consistent with the difference in interference pattern modulation
indicating additional effects on sub-pym USP-DLIP processing.

In direct comparison, the investigated pattern periodicities can be
divided relating to the effect of material specific ablation kinetics on
pattern formation during multi-pulse USP-DLIP: 6 pm shows an almost
linear relation between both ablation depth and width to both fluence
and pulse count with low dependency on the fluence regime, where
however p-pol seems to have a slightly higher effect on ablation width
compared to the comparably low interference modulation. On 750 nm
patterns, an increase of melt agitation from altering ablation kinetics
due to incubation leads to melt pileups covering the peak areas espe-
cially in case of p-pol, where the topographic patterns are not stable for a
higher number of overlapping pulses. In the case of 3 pm periodicity an
intermediate behavior can be observed, where especially the formation
of pattern geometry but also ablation related sub-patterns during multi-
pulse processing can be divided by the involvement of either spallation
or phase explosion. For mid-fluences on one hand, pattern peaks appear
to be increasingly eroded during p-pol multi-pulse processing at fluences
higher than 2.1 J/cm? as visible in the reducing pattern depth at N = 10,
while they remain less affected aside of the visible melt overlap in case of
s-pol. In the low-fluence range, a mostly parallel pattern formation
behavior between s-pol and p-pol USP-DLIP can be observed suggesting
a fluence/pulse count relation of pattern formation fitting closer to Fgp
values from literature according to previously described incubation
behavior of Cu [26]. Due to the intermixed relation between ablation
kinetics and pattern formation, further investigation on the effect of
incubation in multi-pulse USP-DLIP processing of Cu mainly focus on 3
pm pattern periodicity.

3.1.2. Pattern formation in response to altering ablation mechanism

In Fig. 3, topographies of 3 pm patterns generated by planar surface
scanning with an absolute agglomeration of 21 + 0.78 J/cm? are visu-
alized by both SEM imaging and a comparison of the achieved topo-
graphic parameters. Between the individual patterns, the effect of s-pol
versus p-pol USP-DLIP on pattern morphology is investigated using
different fluences in the low- and mid-fluence regime at adjusted pulse
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Fig. 3. a) SEM imagines and b) corresponding plotting of topographic parameters of line-like 3 pm patterns generated on Cu via USP-DLIP in planar scanning
utilizing different fluences, x/y pulse overlaps and polarization parameters individually resulting in an agglomerated fluence of 21 + 0.78 J/cm? The multi-pulse
ablation thresholds in b) have been calculated applying Fupi(N) = Fapi(. NG [24] with S = 0.76 [26] for both s- and p-pol interference pattern modulation. SEM

images have been taken at a sample tilt of 52°.

overlap (0.31 J/cm?, N = 70, scanning speed Ax = 1 mm/s | 0.76 J/em?,
N=28,Ax=2.5mm/s | 2.1 J/cm? N =10, Ax =7 mm/s | 3.37 J/cm?,
N=6,Ax=11.5mm/s). A differentiation between low- and mid-fluence
regime USP-DLIP can directly be applied comparing the individual sub-
patterns, where the involvement of melt-agitation in pattern formation
is clearly visible after mid-fluence processing and appears to be absent
on low-fluence patterns. This can be linked back to the dominating
ablation mechanisms in the different fluence regimes, where in case of
low fluence thermomechanical spallation can be assumed, whereas
phases explosion prevails at mid-fluence within the first two pulses.
While the sub-pattern morphology seems to be independent of beam
polarization in case of mid-fluence ablation, patterns generated by low-
fluence irradiation differ significantly in both primary and sub-pattern
formation between s- and p-polarization. Most obvious is the differ-
ence in the peak/valley ratio where ablation width is significantly
higher on p-pol and increases to a much lower extend with further
enhanced fluences compared to s-pol. Secondly, both fluences in the
low-fluence regime exhibit LSFL formation in perpendicular orientation
to the beam polarization adding to the difference between s-pol and p-
pol patterns. Relating the measured ablation widths to the individual
pulse count dependent ablation thresholds Fgp(N) according to Jee et al.
[24] (calculated by applying the incubation coefficient S = 0.76 pro-
vided in [26]) in Fig. 3b additionally points out the significant difference
in multi-pulse ablation between s- and p-polarization via 3 pm USP-
DLIP. Ablation width of p-pol patterns constantly surpass the esti-
mated values with an additionally increasing ratio in the mid-fluence
regime. In contrast, ablation width of s-pol patterns significantly un-
dercuts the width corresponding to Fgp(N) in the low-fluence regime
until the measured values are approaching the ones of p-pol with
increasing contribution of phase explosion ablation in the mid-fluence
regime, where the ablation threshold estimated pattern width is
finally surpassed for 3.37 /cm?. Since intensity pattern modulation does
not alter to that extend in case of & = 7.66° for 3 pm periodicity,
topography-induced effects on absorptance for s- and p-polarization
appear to be involved, here.

Ablation depth shows a steady increase with decreasing pulse-energy
undergoing a sudden drop in the case of 0.31 J/cm? This behavior
points out a reducing efficiency in the achievement of high pattern

aspect ratio with accumulating fluence in direct relation to the extent of
phase explosion in the mid-fluence regime, which appears to also affect
s-pol in case of planar patterning in contrast to the previously shown
behavior during single spot ablation. However, the overall polarization
related dominance in either ablation width (p-pol) or depth (s-pol)
development for pm-scaled pattern periodicities still applies, as visible
in the comparison plots in Fig. 3b.

On low-fluence patterns, LSFL depth has been measured to allow for
the evaluation of additional effects of LIPSS-formation that overlaps
with the actual DLIP-patterning. Interestingly, LSFL depth is inverse to
the measured ablation width for the different polarizations, suggesting a
mutual influence between DLIP and LIPSS pattern, similar to recent
findings [21]. If LSFL depth is subtracted, the corrected ablation depths
of s- and p-pol at 0.76 /cm? are approx. on par with 2.1 J/cm?, while
overall formation of s-pol patterns at a fluence of 0.31 J/cm? appear to
majorly dependent on the LSFL mechanism due to corresponding
pattern and LSFL depths. The calculated multi-pulse ablation threshold
equals to 0.38 J/cm? for this parametrization setup, which still un-
dercuts the interference modulated peak fluence of approx. 0.61 J/cm?
for both s- and p-pol, showing a significant overestimation of the incu-
bation effect for s-pol USP-DLIP. Concurrently, the reduced energy ab-
sorption favors LSFL formation linked to sub-ablative threshold fluences
on Cu [18] over ablative substrate interaction, probably leading to the
different extent of LSFL depth between s-pol and p-pol. By this, the
substrate response to 3 pm USP-DLIP with different polarization corre-
sponds to the previously observed behavior for 750 nm, where s-pol
ablation exhibited sub-threshold widths, while topographic patterning
was achieved for sub-threshold fluences in case of p-pol, in contrast.

3.2. Impact of individual incubation effects during USP-DLIP

In the previously described topographic characterization, multi-
pulse USP-DLIP pattern formation on Cu was shown to be influenced
by incubation in differing response to both pattern scale and beam po-
larization in contrast to homogeneous incubation previously described
for spot ablations utilizing gaussian intensity distribution [24],[26],
[27]. This might be due to a differing individual impact of chemical,
topographical and thermomechanical surface modification in case of
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USP processing with an intensity distribution altered by DLIP, which
will be further analyzed in the following sub-sections.

3.2.1. Overall incubation

The overall incubation during multi-pulse processing with 1, 2, 5 and
10 consecutive pulses utilizing a fluence of 2.1 J/cm? and 3 pm pattern
periodicity was analyzed by measuring the alteration of optical
absorptance via UV-Vis spectroscopy. The individual samples have been
processed utilizing adjusted pulsing frequency and scanning speed to
allow for spatially patterning at specified pulse accumulation (N = 1:
250 Hz, Ax =17.5mm/s | N = 2: 500 Hz, Ax = 17.5mm/s | N= 5: 1 kHz,
Ax=14mm/s | N=10: 1 kHz, Ax = 7 mm/s). A partly linearly polarized
probing beam allowed for the parallel qualitative investigation of the
effect of polarization orientation in relation to the line-like pattern
topography on overall surface absorptance. In Fig. 4a, a continuous
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enhancement of absorptance alongside increasing pulse count for the
whole spectrum of probed wavelengths is apparent especially for N =5
and N = 10 pulses in case of as-processed Cu surfaces (left graph of
Fig. 4a). Tilting the orientation of beam polarization to the pattern ge-
ometry exhibits a minor total effect on overall absorptance with slightly
higher values for p-pol, which additionally increases for higher pattern
depths in case of N = 10 pulses in the Near IR spectrum. Since the
probing beam was only partly linear polarized, this effect can be
assumed to increase for fully linear polarized irradiation. For low pulse
counts, the difference in absorptance between one and two consecutive
pulses is minor and lies below the measured differences of s- and p-po-
larization at 800 nm, corresponding to the utilized laser wavelength. As
soon as deoxidation via immersion etching in citric acid is applied,
absorptance drops significantly exhibiting an increasing magnitude
scaling with N (from N = 1 with approx. -16.8 & 0.8% up to N = 10 with
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Fig. 4. Investigation of the effect of overall absorptance on USP-DLIP processing at a pattern periodicity of 3 pm. a) UV-Vis spectroscopy on USP-DLIP surfaces with a
pulse overlap of N =1, 2, 5 and 10, as well as polished and high temperature annealed Cu reference surfaces. Left graph: as-processed/—polished state. Middle graph:
after immersion etching. Right graph: comparison between the optical absorptance at the laser wavelength of 800 nm. b) process-related redepositions after 10 pulses
at 0.76 J/cm?. c) process-related redepositions after 10 pulses at 3.37 J/cm?. d) comparison of increasing ablation width/reducing ablation threshold at 2.1 J/cm?
with and without intermediate deoxidation starting from deoxidized initial surface conditions. e) effect of initial surface state of either polished, as-processed and
deoxidized on pattern geometry formation in the course of ten consecutive pulses. SEM images have been taken at a sample tilt of 52°.
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approx. -57.9 + 0.8%). By this, the difference in absorptance between
increasing pulse counts gets significantly reduced, where in case of near-
infrared wavelengths, the N-relation of absorptance is canceled out (see
middle and right graph in Fig. 4a). The drop in absorptance indicates a
dominant contribution of oxidic redepositions in overall increase of the
surface absorptance. In the course of continuous ablation via USP laser
processing, a fraction of the ablated material tends to redeposit on the
substrate surface covering both already processed and non-processed
surface areas. In a recent study, the redeposited matter related to USP-
DLIP processing of Cu was determined to predominantly consist of
Cuz0 with a smaller ratio of superficial CuO [29]. Both oxide phases
exhibit semi-conducting properties with optical bandgaps ranging from
2.02 to 2.62 eV for CuyO and 1.2 to 1.9 eV for CuO depending on
interstitial defect density [43]. Especially the bandgap of CuO is in close
relation to the photon energies of the utilized laser wavelength while the
Cuy0 bandgap facilitates two-photon absorption. By this, both oxide
phases exhibit an increased absorptance in comparison to metallic Cu,
hence impacting overall surface absorptance. An additional effect on
both optical and thermal interaction might as well be induced by the
nano-scaled morphology of the oxidic surface agglomerates exhibiting a
high surface/volume ratio [29],[44],[45], where the single particle size
of 10 up to 40 nm does not appear to change in the mid-fluence regime
[46]. In fact, USP-DLIP ablation on thermally oxidized Cu substrates
corresponding to [47] showed a significantly reduced single pulse
ablation thresholds of approx. 0.12 J/cm?.

Alongside USP-DLIP induced incubation, the comparably high initial
absorptance of mechanically polished Cu surfaces in relation to litera-
ture data [35] has to be emphasized, which still ranges more than two-
fold higher after immersion etching. Due to a negligible topographical
influence on the mirror-polished surfaces, increased absorptance can
predominantly be related to either chemistry + crystallographic defects
for the as-polished sample and crystallographic defects alone after
etching. It has been shown that the crystallography of Cu influences
oxidic passivation layer formation, with a direct relation between grain
boundary density and oxide thickness [48], by which the superficial
mechanical deformation from polishing appears to cause a double effect
on absorptance, both by crystallographic surface defects and increased
oxide layer thickness. Consequently, the absorptance of reference sam-
ples, which have been annealed at high temperatures inducing excessive
grain-growth (HT) exhibit a significantly closer relation to the literature
values for ideal single crystal states. Comparable deviations of initial
absorptance between differently pre-treated Cu surfaces have also been
observed in previous studies [26],[27].

Since immersion etching solely causes the removal of surface oxide
[29], the incubating effects of both modified topography and crystal-
lographic defect formation during USP-DLIP remain active on the post-
processed surfaces. Against this background, the inverted difference in
absorptance between N = 1 and N = 2 before and after immersion
etching exhibits different facets of incubation at the initial phase of
multi-pulse USP-DLIP: Comparing the absorptance at both pulse counts
after etching indicates a higher topography related absorptance-increase
by the smaller scaled sub-pattern of N = 1 (compare Fig. 2c) for the
utilized wavelength of 800 nm. Absorptance of N = 2 patterns matches
mechanically polished Cu surfaces after etching, instead, indicating both
a neglectable topographic influence of the N = 2 sub-pattern and similar
defect related incubation. This suggests that additional defect implan-
tation after the second consecutive laser pulse has not yet surpassed the
crystallographic deformation of mechanical polishing. In addition, the
more pronounced decrease in absorptance for N = 2 indicates significant
oxidic agglomeration already after the second pulse, which might be
linked to the alteration of ablative interaction from spallation to phase
explosion [16]. Comparing the quantitative agglomeration of oxidic
particles between spallative (Fig. 4b) and phase explosion ablation
(Fig. 4c¢) in vicinity to the ablation site of single laser spots further un-
derlines the reinforcing influence of the more eruptive ablation mech-
anism, fitting to literature data on fluence related ion-release [49]. The
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increase of absorptance related to N =5 and N = 10 can mainly be linked
to oxide agglomeration by comparison of the as-processed and etched
values, as well, whereas enhancing sub-pattern perturbation, primary
pattern geometry as well as defect formation seem to play a subordinate
role in overall incubation on Cu according to UV-Vis examination with
partly linear polarized probing beam.

3.2.2. Incubation effects of surface oxide

To further assess the pulse-to-pulse effect of oxide agglomeration on
USP-DLIP incubation, a series of consecutive pulses at 2.1 J/cm? in p-
polarization was overlapped on single spots starting from a deoxidized
initial state of the Cu surface, where a part of the samples was etched
while mounted between each consecutive pulse. Comparing pattern
formation within the first three pulses in Fig. 4d with and without
process-related oxide agglomeration reveal a reduced enhancement of
ablation width on continuously deoxidized samples. Here, the ablation
areas remain separated after three pulses in contrast to as-processed
surfaces, while a lesser ablated outer region is visible. The latter in-
dicates an intermixture of ablation mechanisms with spallation in the
outer lower fluence and phase explosion in the central higher fluence
area of the intensity pattern. Even though oxide agglomeration was
removed, widening of the ablation area can be determined on both
sample series due to melt-mobility aside of oxide-agglomeration, which
is however still less expressed after deoxidation. It can be noted that
melt-covering of the peak-areas already takes place after the third
consecutive pulse in as-processed state traced back to enhanced melt-
mobilization alongside more pronounced phase explosion ablation,
which is also indicated by increasing crater size of the sub-pattern.

The predominant impact of surface oxidation on optical absorptance
of Cu surfaces especially in the near-infrared regime might additionally
be effective at the initial state of USP-DLIP processing, when pre-
decoration of Cu surfaces with oxidic redepositions is considered
before irradiation, as visible in Fig. 4b and c. Alteration of ablation
behavior is therefore compared in relation to beam polarization and
fluence after N = 1, 2, 5 and 10 pulse overlap on a single spot for the
different initial states as-polished, deoxidized and processed. In the
latter case, the ablation spot was localized in direct vicinity to previously
applied surface patterns, which were processed at an accumulated flu-
ence of 21 + 0.78 J/cm? applying the same pulse fluence as used in the
single spot investigation. A clear difference in ablation width between
the three different initial surface states can be determined in both the
low- and mid-fluence regime in Fig. 4e. Parallel comparison to estimated
ablation width from single and N = 10 multi-pulse ablation thresholds
emphasize an enhancing impact of initial oxide decoration with
increased fluence, where the multi-pulse ablation threshold is reached
after two pulses at low-fluence and even surpassed in the mid-fluence
regime. Deoxidizing appears to reduce not only initial ablation width,
but also ablation area expansion rate in case of 0.76 J/cm? indicating a
reducing effect on overall incubation in the low-fluence regime. In both
2.1 J/cm? and 3.37 J/cm? multi-pulse processing, differences between
the varying initial surface states become leveled after N = 5 showing the
previously described variation between s-pol and p-pol patterns with
only one outlier in case of 2.1 J/cm? at N = 10, in previously processed
state. Here, higher melt-agitation with increasing expansion forces
during phase explosion might play the predominant role in pattern
formation with lesser dependency on the initial state of the Cu surface.
The effect of this ablation mechanism in the mid-fluence regime is
already visible after the second pulse where ablation width generally
surpasses the multi pulse threshold mark. Ablation depth follows the
same trend with higher values for pre-processed initial sample states
that start to be dominated by polarization dependent effects after N =5
in the mid-fluence regime, where at 2.1 J/cm? an inverse trend between
s- and p-pol can be observed. In case of 3.37 J/cm?, reduced initial
ablation appears to be involved with higher ablation depths after N =10
indicating an important effect of surface conditioning within the first
consecutive pulses on further processing. In the case of low-fluence
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regime ablation, preconditioning remains the dominant factor within
the first 10 pulses, where however deoxidized p-pol appears to be
particularly suitable for high ablation rates.

From these results an enhancing effect of surface oxide on absorp-
tance that directly influences USP-DLIP pattern formation can be stated,
which leads either to increased ablation efficiency in the low-fluence
regime or tends to affect pattern aspect ratio and quality in the mid-
fluence regime on Cu surfaces. Based on these observations, the vary-
ing results of planar patterning at accumulated 21 J/cm? illustrated in
Fig. 3 can be assumed to be co-triggered by altering fluence-dependent
response on process-related oxide agglomerations, which also affect
initial surface absorptance.

3.2.3. Crystallographic defects

The comparison of the absorptance between mechanically polished
Cu reference and USP-DLIP patterned surfaces after immersion etching
in Fig. 4a points out a low impact of mechanical substrate alteration on
incubation over the amount of already existing deformation from pol-
ishing. Defect formation from USP processing on Cu is mainly linked to
thermomechanical substrate response on laser irradiation, which is
getting more pronounced with decreasing pulse duration and increasing
fluence [40]. In direct comparison between the two ablation regimes
observed for Cu, increasing melt-kinetics during phase explosion ag-
gravates a correct interpretation of effective ablation threshold in
response to USP-DLIP pattern modulation at 3 pm pattern periodicity,
while patterns achieved by spallation exhibit high ablation contrast (see
Fig. 3a). Further investigation of the incubating effect of Cu crystallog-
raphy and defect formation during USP-DLIP therefore focusses low-
fluence regime thermomechanical spallative ablation at 0.31 J/cm?
Single scan lines have been applied utilizing an accumulated fluence of
approx. 9.9 J/em? (N = 32 at Ax = 2.2 mm/s), where the corresponding
calculated multi-pulse ablation threshold of 0.65 J/cm? ranges slightly
above the peak values of the interference modulation. The initial crys-
tallographic surface state of the Cu substrate condition was altered be-
tween the originally intrinsic cold rolled Cu sheet microstructure
exhibiting a superficial deformation zone of approx. 500 nm depth from
mechanical polishing [29] and a deformation free state by annealing the
sample for 12 h in 450 °C under vacuum atmosphere at a pressure of
1077 mbar followed by electro polishing. Deoxidation via immersion
etching was additionally included, to compare the combined and single
initial incubation effects of surface chemistry and crystallography.

The crystal orientation sensitive BSE contrast utilized for SEM im-
aging reveals the difference of both initial substrate states as visible in
Fig. 5a and b, where the original substrate grain structure can hardly be
distinguished on cold rolled mechanically polished Cu, while clear grain
differentiation is possible on annealed samples. The mechanically pre-
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deformed surfaces exhibit localized ablation sites from USP-DLIP pro-
cessing, however with less expression on deoxidized samples. Clear ef-
fects of differing beam polarization on overall ablation can be found in
sub-pattern formation, where LSFL perpendicular to the polarization
angle appear to contribute to localized ablation for both s-pol and p-pol.
Aside of a more pronounced LSFL formation in case of s-pol, clear dif-
ferences of ablation rate between s- and p-polarization cannot be
determined unambiguously due to the unsteady ablation. Stripes of
brightened contrast are framing ablation areas in the intensity maxima
of the interference patterns that exhibit an identical width on all sam-
ples, which might be linked to laser surface cleaning. On annealed
surfaces, ablation is considerably reduced in comparison to the pre-
deformed substrate state and cannot be detected on deoxidized sam-
ples at all, which is finally fitting to the fluence/ablation threshold
estimation for the chosen parameter setup from literature data [26].
Ablation on as-polished annealed surfaces appears to be related to
crystal orientation with contrasting results for individual neighboring
grains also exhibiting a more pronounced substrate interaction in the
case of p-pol irradiation (see Fig. 5b).

Further investigation of this phenomenon was conducted tracing
individual p-pol USP-DLIP scan lines utilizing a combination of BSE and
EBSD analysis to link local crystal orientation to laser induced substrate
interaction. Detected surface morphology ranged between three inter-
action regimes, where the measured width of the interaction area was
used to calculate the locally effective threshold linked to that phenom-
enon by utilizing Eq. (13). Threshold values below 0.58 J/cm? did not
induce ablation but rather rippling of the Cu surfaces (visible in the dark
contrasted twins in Fig. 5b, s-pol and p-pol, as-polished), which appears
to be related to HSFL formation considering both the small sub-pattern
scale below A/2 and orientation relative to the beam polarization [19],
[20]. Since HSFL are mainly linked to melt-resolidification, they also
might affect the crystal state of the substrate after sub-ablative irradia-
tion in size scales below EBSD sensitivity [50],[51]. Above 0.56 J/cm?
spallative ablation was induced on the entire interaction area, whereas
crater morphology and ablation width increase with decreasing
threshold (visible in the bright contrasted grains and twin in Fig. 5b, s-
pol and p-pol, as-polished) also exhibiting first traces of LSFL formation.
In the transition range, the rippled topography exhibits intermediate
interaction characterized by widening HSFL morphology with incipient
spallation in the central area highlighting a preconditioning incubation
effect of the melt-induced surface reorganization. A mixture of non-
ablative and transition range interaction can be detected for the ma-
jority of identified crystal orientations as visible in the orientation tri-
angle in Fig. 5¢, where corresponding interaction is marked by a heat
map colour code ranging from blue to green. Ablative interaction is
concentrated close to the {110} and {111} planes with significantly
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Fig. 5. Investigation of the effect of initial Cu crystallography on USP-DLIP ablation and incubation by single scan line patterning utilizing a fluence of 0.31 J/cm?
and N = 32. a) SEM images in BE contrast of USP-DLIP patterns on mechanically pre-deformed Cu surfaces in as-polished and deoxidized state. b) SEM images in BSE
contrast of USP-DLIP patterns on deformation free Cu surfaces in as-polished and deoxidized state. ¢c) SEM analysis on annealed Cu samples utilizing BSE and EBSD in
a complementary approach to link thermomechanical substrate interaction after USP-DLIP irradiation to local crystal orientation.
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stronger expression of ablative behavior around {111}. According to
this, thermomechanical defect implantation and agglomeration faces
the lowest crystallographic resistance in (111) direction, corresponding
to the early findings of Porteus et al. [52] who stated a comparably low
threshold fluence for slip band formation on {111} oriented single
crystal Cu mirrors in high power IR laser systems. Further increased
ablation could be detected in the vicinity of grain boundaries. In more
recent MD simulations on single crystal fcc Ni, {111} plane twinning
was directly related to the formation of HSFL [51]. In another MD
simulation study, single pulse USP irradiation of Cu showed altering
thermal response in relation to crystal orientation as well, where melting
and ablation depth is increased for {111} and {110} in comparison to
{100} also involving a higher amount of defect formation in shape of
voids and dislocations [53]. Here, the quantity of thermomechanical
defect formation scales with {111} > {110} > > {100}, which fits the
incubation gradient experimentally determined in this analysis. Crys-
tallographic defects induce electron scattering, which affect surface
plasmon formation and hence the reflection of laser irradiation, which is
also highlighted by the observed increase in ablation interaction in the
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vicinity of grain boundaries. The physical course of surface modification
however also involves HSFL formation as a preceding step before actual
ablation, by which incubation by crystallographic defect implantation
might involve nano-scaled surface roughening, as well [54].

3.2.4. Topographic impact of primary pattern formation

Alongside varying pulse accumulation and laser intensity, consid-
erable topographic influences on absorptance corresponding to both
primary and sub-pattern morphology in response to beam polarization
have been apparent on USP-DLIP processed Cu in the previously
described analysis. The effect of beam polarization on localized
absorptance alongside topography modification on primary pattern
formation was investigated numerically also applying FEM simulation of
USP-DLIP induced substrate thermalization utilizing a specified 2D
TTM.

Parallel to interference modulation, beam polarization influences
localized absorption of radiation as soon as the incidence angle 6 #
0° [36],[44], which can either result from beam tilting on flat surfaces or
by increasing topographic surface slopes. While the first case can be well
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Fig. 6. Combined influence of topography development and beam polarization on multi-pulse USP-DLIP pattern formation with 6 pm and 3 pm at 2.1 J/cm? as well
as 750 nm at 1.4 J/cm?. a) localized alteration of absorptance in response to beam polarization and increasing pattern aspect ratio AR of USP-DLIP with 3 um and
750 nm pattern periodicity. b) ablation width corresponding to substrate thermalization up to T, calculated by numerical TTM simulation of USP-DLIP at 6 pm, 3 pm
and 750 nm pattern periodicity and N = 1, 2, 5 and 10 with and without inclusion of topographically altered absorptance A, in response to beam polarization. The
calculated values are compared to experimental data. ¢) numerically calculated substrate thermalization corresponding to Thy, at 7.q (=1.37 x Tp, [55]) in response to
USP-DLIP with s- and p-polarization of 3 pm periodicity at N = 10 with and without the inclusion of A,. d) numerically calculated substrate thermalization cor-
responding to Thy, in response to USP-DLIP with s- and p-polarization of 3 pm periodicity at N = 2 and e) N = 3 with and without the inclusion of A,.
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described by the Fresnel equations, localized alteration of 6, in response
to surface topography additionally requires full knowledge of mostly
complex surface geometries. Taking advantage of the uni-directional
periodic character of the line-like patterns, the local change in absorp-
tance relative to Oy is characterized in direct correlation to the pulse-
wise development of a single ablation site, which can be scaled up to
the entire pattern. Utilizing the experimental data of fluence + pulse
count specific ablation width and depth illustrated in Fig. 2, individual
O, slopes for intermediate processing steps can be calculated via Eq. (4).
In Fig. 6a, the alteration of polarization dependent localized absorptance
A, correlating to increasing pulse counts is plotted in relation to the
corresponding ablation area geometries for 3 pm and 750 nm at 2.1 J/
em? and 1.4 J/cm?. Ag at © = 0° is taken as a mean value from UV-Vis
data for s-pol and p-pol of as-polished Cuat =800 nmand N=1, 2, 5,
10 in the as-processed state. Alongside a significant pulse wise increase
of absorptance Ay due to oxide agglomeration, an inverse trend of
localized absorptance A, is obvious between s-pol and p-pol. Beam po-
larization perpendicular to the line-like pattern induces further
enhancing localized absorptance along the pattern slope in case of p-pol,
while maximum localized absorptance can only be achieved in the
ablation area center with decreasing gradient along the edge for s-pol.
This polarization dependent absorptance modulation by altering surface
topography determines the local uptake of the interference modulated
laser intensity. By this, the actual substrate response involves the su-
perposition of both the laser intensity and the absorptance modulation
pattern. Consequently, ablation area width is shrinking for s-pol after N
> 2 closely linked to the pronounced drop in absorptance, while it is
increasing for p-pol along the further steepening slope of the ablation
site. In the case of 3 pm, the increasing pattern aspect ratio finally in-
duces incidence angles above the pseudo-Brewster angle for Cu at the
outer edge of the ablation area at N = 10, where absorptance starts to
drop for p-pol as well. Likewise, ablation area width starts to decrease
similar to s-pol from this point on. The pseudo-Brewster angle for Cu
ranges around 78.6° for 1.55 eV but tends to fall with increasing Ay
alongside incubation even below 70°. Applying Eq. (4), one can calcu-
late an approximated pattern aspect ratio of 0.4, where localized
absorptance tends to drop for p-pol, as visible for N = 10 with an aspect
ratio of 0.47. Since aspect ratio/pulse count inversely scales with pattern
size in case of USP-DLIP, the threshold aspect ratio for 6 pm is not
achieved within N = 10, while on 750 nm patterns, aspect ratio does also
not reach this critical value, however due to preliminary pattern
disruption, in contrast.

For the sub-pm pattern scale, the slope in A, increases stronger for p-
pol in direct comparison to 3 pm, which can be related to the higher
impact of melt-kinetics on primary pattern geometry already after two
pulses. In the previously described topographic characterization, a sig-
nificant deviation between estimated and measured ablation in relation
to polarization specific intensity pattern modulation was apparent for
750 nm periodicity. Here, the modulated minimum fluence still ranging
at approx. 56.8% of Fyp must be considered to interpret ablation area
expansion alongside incubation and topographic absorption amplifica-
tion of p-pol in comparison to s-pol USP-DLIP. However, the distinctive
difference in ablation rate already apparent after the first pulse cannot
be explained by the effects mentioned above, but rather indicates a
preferential initial absorption of p-pol irradiation induced by the
considerable partial beam incidence angle of © = 32.23° [36]. Involving
a corresponding initial offset of O, in the calculation of A, induces
differing absorptance between s-pol and p-pol even without topography
involvement, which additionally increases with incubation (see Fig. 6a).
This indicates that polarization specific initial absorption involved in
USP-DLIP processing potentially counter balances the reduced fluence
amplification by interference modulation in case of p-pol inducing
ablation in inverse relation to the actual intensity pattern modulation
between s- and p-pol at 750 nm periodicity. A similar but lesser pro-
nounced polarization relation of initial ablation can also be exhibited for
3 pm and 6 pm pattern periodicity whereas this effect appears to still be
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valid with decreasing partial beam incidence angles.

Involving interference pattern modulation as well as chemically and
topographically increased absorptance in numerical FEM simulation of
the ultrafast substrate heating allows to identify the combined effects on
substrate response in USP-DLIP. Since overall incubation was mainly
related to oxidic agglomeration with an insignificant contribution of
both defect formation and topography in the UV-Vis examination, the
achieved spectroscopic data was utilized to model chemically related
absorption increase. To allow differentiation between the single effects
of interference modulation and topographic pattern formation alongside
chemical incubation, numerical simulation has been conducted with and
without inclusion of locally altered A,. Due to lattice temperatures
above the phase explosion threshold temperature Tpg [56] achieved in
numerical simulation, ablation-kinetics can be considered to involve
melt-agitation. Hence, ablation width was related to the thermalization
area corresponding to solid/liquid phase transition, where either the
melting temperature Tp, of Cu (1357.8 K, utilized in Fig. 6b) or the super-
heating temperature Ty, = 1.37 x T, associated with ultrafast homo-
geneous melting within the time period of 7,4 ~ 4 ps is considered in
numerical simulation [55], to parallelly allow for comparison and
evaluation of the applicability of the ultrafast homogeneous melting
theory in this study. The course of ablation area expanse in Fig. 6b that is
corresponding to substrate thermalization up to T, without involvement
of A, does not exhibit a significant difference between s- and p-polari-
zation for both 6 pm and 3 pm in case of 2.1 J/cm? At 750 nm peri-
odicity, on the other hand, chemical incubation alone suffices to
enhance p-pol over s-pol ablation at 1.4 J/cm?. In contrast to topography
insensitive simulation, experimental measurements exhibit character-
istic kinks of dropping ablation area width with increasing pulse count,
which cannot be mirrored without the involvement of topographical
effects on localized absorptance. Consistently, the results achieved by
numerical simulation applying A, follow similar trends like the experi-
mental values even achieving similar results at maximal N for 60% of the
patterns, which emphasizes a mutual influence of topographic surface
modification and laser/material interaction. The clear deviation be-
tween experimental and numerically calculated ablation width in
Fig. 6b can be attributed to the pure consideration of the thermalization
zone in FEM simulation without including melt-kinetics in the resulting
ablation process additionally expanding the melt-affected area.

Pattern scales of 6 pm show a weaker effect of polarization specific
absorptance amplification, which is visible in both experimental and
calculated ablation width and can be directly linked to lower aspect
ratios at similar pulse counts. This accounts to both ablation width
enhancement and initial difference in ablation rate between s-pol and p-
pol due to a comparably low partial beam incidence angle. Polarization
specific ablation is well-expressed for 3 pm, in contrast, exhibiting
characteristic kinks in ablation area expansion at N = 2 for s-pol and N
= 5 for p-pol in both experimental and calculated values involving
topographic alteration of localized absorptance. The deviation between
both numerical calculations of substrate thermalization at N = 10
especially for s-pol is additionally highlighted in Fig. 6¢, where the
difference of thermalization width up to T, is marked for both s-pol and
p-pol. The importance of involving the irradiation incidence angle to
correctly model absorptance is especially apparent for 750 nm pattern
periodicity, where calculated p-pol ablation width either match or un-
derestimate experimental results depending on the involvement of A,.
Here, the effect of p-pol on ablation area expanse is already apparent
after the first pulse, as visible in Fig. 6b with less significance for s-pol.
Further processing finally induces melt-overlap for p-pol and shrinking
ablation width for s-pol considering substrate thermalization alone.
Comparing thermalization between T,, and T, for 750 nm patter peri-
odicity, it has to be emphasized that only the latter correctly predicts a
full overlap of the molten areas corresponding to pattern deterioration
in the experimental results at N = 3 (compare Fig. 6b, d and e). This
indicates a good correlation of Ty, with actual ablation related substrate
thermalization when combined with incubation related laser/material
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interaction in numerical calculation. The considerable deviation of both
simulated s-pol values from experimental data highlight the additional
effect of melt-agitation in ablation area expansion at this pattern scale,
as visible in the topographic morphologies displayed in Fig. 2d. As soon
as ablation area separation breaks down by melt-overlap, the DLIP
induced pattern gets deteriorated, where surface morphology rather
exhibits sub-pattern crater features also visible in the ablation area of
pm-scaled USP-DLIP patterns. While topography/polarization depen-
dent laser/material interaction has been shown to significantly affect
primary topography, sub-pattern formation might similarly be impacted
by DLIP alongside multi-pulse processing.

3.2.5. Sub-pattern morphology

The morphology of sub-pattern craters for varying processing pa-
rameters has been investigated by means of statistical segmentation
based on watershed algorithm utilizing high-contrasted SEM images of

3 um | 0.76 J/cm?

3um | 2.1J/cm?
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3 pm and 6 pm patterned single laser spots. The investigated morpho-
logic features involving crater size and shape factors (displayed in
Fig. 7e) have been chosen to determine multi-pulse response mecha-
nisms in sub-pattern formation alongside primary USP-DLIP. The effect
of low- and mid-fluence irradiation has been analyzed for 3 pm peri-
odicity including 0.76 J/em?, 2.1 J/cm? and 3.37 J/cm?, while a com-
parison of 3 um and 6 pm at 2.1 J/cm? involves the influence of pattern
scale on crater formation.

Comparing the lower graphs in Fig. 7a-c, initial crater size is showing
minor fluence regime specific difference. According to thermal simula-
tion from previous work, spallation ablation can be assumed as the
predominant ablation mechanism in first pulse ablation leading to less
crater-like ablation features as visible in Fig. 2b-d. In case of mid-fluence
regime irradiation, the dominant ablation mechanism changes to phase
explosion after the second pulse [16]. Likewise, crater size gets
enhanced alongside ongoing pulse accumulation with a shallow slope
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Fig. 7. Statistical segmentation of sub-pattern crater morphology utilizing high contrasted SEM images and watershed algorithm. Crater morphologies are plotted in
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scale between d) 3 pm and 6 pum periodicity at 2.1 J/cm? on sub-pattern formation. e) Schematic illustration of the analytical procedure involving the investigated

morphological parameters.

13



D.W. Miiller et al.

for 0.76 J/cm? while this behavior is well-pronounced for 2.1 J/cm? and
especially 3.37 J/cm? also indicating a higher pulse-wise increase of
absorptance of the modified surfaces. In the mid-fluence regime, the
increase in crater size appear to saturate between N = 5 and 10 exhib-
iting higher values for p-pol, while s-pol dominates in crater size after
the second pulse. The latter aspect builds an interesting parallel to the
inverted absorptance relation between s-pol and p-pol for N = 2 in the
UV-Vis results after deoxidation. In case of further ablation at 0.76 J/
cm?, crater size increases almost linearly with pulse count on a low scale
with consistently higher crater sizes for p-pol, indicating a prevailing
dominance of spallation. The falling slope of crater density for
increasing pulse agglomeration after N = 5 for 0.76 J/cm? as well as N =
2 for 2.1 J/cm? and 3.37 J/cm? is directly linked to the continuously
increasing crater size, due to the limited space available within the
ablation area. Arising from the physical constriction by neighboring
craters and the topographical pattern boundaries, radially expanding
crater edges merge into a cellular network reducing the circularity of the
individual crater shape (visible in Fig. 7e). Further pulsing decreases
crater density independent of the utilized laser parameters as soon as
circularity falls below 0.6 indicating a recombination of individual
craters alongside crater size enhancement in the highly connected sub-
pattern mesh. Based on this, the development of crater shape allows to
detect preferred expansion/recombination angles depending on primary
pattern topography and beam polarization.

Increasing crater aspect ratio is plotted in relation to the orientation
angle of the major axis, where 0° is oriented parallel to the line-like
pattern and exhibits the preferential orientation angle of crater elon-
gation relative to both beam polarization and the pattern topography.
The boxes of the statistical graph represent 50% of the measured values
closest related to 0° orientation, by which an overlap with the thresholds
of +45° (highlighted by the green lines) mark preferential perpendicular
(90°) overall crater orientation relative to the pattern topography, while
no overlap indicates rather parallel (0°) elongation. Closely linked to
falling circularity, the aspect ratio of the individual craters increases
almost to the same extent for both s- and p-polarization, with higher
aspect ratio/lower circularity for s-pol after N = 10 in the mid-fluence
regime. Here, the elongated s-pol craters are aligned almost parallel to
the line-like primary pattern geometry already after the 5th pulse indi-
cating an increasing influence of the lowered ablation area width of the
primary pattern at higher pulse counts. A similar effect is also apparent
for N = 10 in case of p-pol, where the later inset of this behavior follows
the same trend as primary pattern formation in relation to localized
absorptance A,. An influence of either the beam polarization or pattern
topography on crater orientation is not visible at 0.76 J/cm?, while
slightly higher crater sizes might be linked to preferential p-pol ab-
sorption. This might be resulting from both the low pattern aspect ratio
and crater expansion at this state of processing for the low fluence
regime.

Directly comparing pulse-wise alteration of crater orientation to
corresponding primary pattern geometries highlights a paralleled rela-
tion between high ablation width and majorly perpendicular crater
orientation for p-pol as well as stabilizing lower ablation width and
pronounced parallel orientation for s-pol. From this, an influence of
polarization related absorptance on topography slopes appears to be
effective on sub-pattern features similarly to the already shown impact
on primary pattern formation.

To better illuminate this phenomenon, a comparison of crater
morphology segmentation was performed on USP-DLIP patterns of 3 pm
and 6 pm periodicity with increasing pulse count at a uniform fluence of
2.1 J/em?. Here, the slopes of crater density, circularity and aspect ratio
alongside increasing pulse count on 6 pm patterns follow a similar trend
like the low-fluence regime patterns at 3 pm periodicity, however with
higher crater size linked to the fluence. For similar fluence applied,
crater size is constantly higher on 3 pm and increases additionally in
difference at N = 5 for p-pol, whereas the ratio between 3 pm and 6 pm
crater size gets inverted at this pulse count for s-pol. In parallel, both
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crater density and circularity of the 3 pm patterns fall increasingly below
the values of 6 pm at this state of pulse agglomeration alongside higher
aspect ratio and a more pronounced crater orientation parallel to the
pattern geometry. The combined alteration in crater morphology pa-
rameters between the two pattern scales after N = 5 highlights the sig-
nificant effect of primary pattern topography on sub-pattern formation:
Higher pattern scales exhibit a smaller increase in primary pattern
aspect ratio within the ten first consecutive pulses, while at 3 pm peri-
odicity the topography induced alteration in absorptance is already
stronger expressed, which appears to also affect sub-pattern formation,
as visible by comparison of the s- and p-pol crater size relation between
3 pm and 6 pm. In parallel, the increased topography slope on 3 pm
patterns after N = 5 focusses surface excitation at the ablation area
centers while the steepening topography limits perpendicular crater
expanse. However, beam polarization appears to also affect crater
morphology at lower pulse counts before it gets affected by the primary
pattern topography as visible in the pronounced perpendicular p-pol
crater orientation independent of pattern scale. The overall widening of
crater diameter appears to be preferentially aligned in perpendicular
orientation to the beam polarization, which fits to the polarization
relation of localized absorptance A, and correlates with common LSFL
formation theory [19]. Preferential localized absorption within the
crater-like network of the initial sub-pattern topography at 0.76 J/cm?
thus appears to be involved in the transformation to LSFL sub-pattern
morphology after higher pulse counts as observed in planar patterning
at accumulated 21 J/cm? (see Fig. 3).

As an additional effect, 3 pm ablation area width is in lower size-
relation to the pulse-wise increasing sub-pattern crater size in the mid-
fluence regime, by which the bottom profile of the ablation area at N
= 10 is majorly related to single craters, especially for s-pol at 2.1 J/cm?
and 3.37 J/cm? (see Fig. 2c). The effect of low primary/sub-pattern
feature size relation is further amplified in the case of 750 nm
compared to 3 pm periodicity, whereas incubation induced increase in
crater size might invert the dominance in topography formation be-
tween primary and sub-pattern. The Cu-specific incubation impact on
ablation kinetics appears to cause the previously observed low fluence/
pulse count threshold for qualitative processing at sub-pm pattern scale
observed [16],[17]. This points out the need to consider sub-pattern
formation alongside primary DLIP patterning in case of USP-DLIP on
Cu for pattern scales <6 pm. Since crater size enhancement depends on
laser energy absorption, threshold fluences to avoid negative interplay
between primary and sub-pattern formation for USP-DLIP can be
interpolated from the experimental results. Involving primary pattern
size and the specific incubation behavior, the polarization dependent
threshold fluences for high USP-DLIP pattern quality on Cu correspond
toFs~PandF,~2/3P (inJ /em? and pm). However, additional effects
on laser/substrate interaction, like e.g. a reduced absorption of s-pol
USP-DLIP irradiation at high single beam incidence angles for sub-pm
pattern scales have to be considered in parallel, where higher fluences
need to be applied to achieve ablation.

4. Conclusions

The geometry and morphology of USP-DLIP patterns on Cu have
been shown to be dependent on different ablation mechanisms in the
low- and mid-fluence regime as well as pattern scale in parallel inter-
action of primary and sub-pattern formation. Within the first 2 to 10
consecutive pulses, pattern geometry formation and chemical surface
conditioning is initiated, which predominantly influences further USP-
DLIP processing and the resulting pattern morphology. Here, the un-
derlying mechanisms in pattern formation are related to beam polari-
zation involving both interference pattern modulation, as well as
altering absorptance by pulse wise substrate modification that play an
interconnected role.

Incubation during USP-DLIP processing of Cu turns out to be too
complex to allow the application of general methodology based on
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Gaussian spot examination. This is mainly due to the combined impact
of beam polarization and primary pattern topography on localized
absorptance, but also relates to sub-pattern formation mechanisms in
case of smaller pattern periodicities scaling close to the sub-pattern
feature sizes. To better understand the contribution of incubation
mechanisms on multi-pulse USP-DLIP pattern formation, the individual
incubation mechanisms have been selectively investigated:

e Between the different individual influences on incubation, surface
oxidation, both as passivation layer and process-induced, has the
highest impact on initial absorptance and its pulse wise increase
during USP-DLIP processing of Cu at a wavelength of 800 nm. The
results highlight the impact of initial substrate condition on laser
processing also including its deformation state, which must be
considered in laser parametrization. Directly related to the extent of
ablative interaction, incubation by oxidic agglomeration scales
higher in the mid- compared to the low-fluence regime. Since oxide
agglomeration also covers previously unprocessed surface compart-
ments, the resulting enhancement of initial absorptance must be
considered in pattern formation, as well. In low-fluence processing,
oxidic pre-conditioning leads to higher initial aspect ratios, while at
mid-fluence processing, pattern formation starts to get negatively
affected with raising fluence in the case of 3 pm patterns. Here, melt-
agitation during phase explosion is enhanced alongside the
increasing surface absorptance, which causes the affection of pattern
peaks in both s- and p-pol multi-pulse USP-DLIP processing.
Incubation by crystallographic defect formation mainly plays a role
on deformation free Cu surfaces exhibiting low initial absorptance of
0.036 at 800 nm. In contrast, mechanical polishing already induces a
defect related increase of absorptance, which is barely surpassed
during multi-pulse USP-DLIP processing. This might be linked to the
upper limit of dislocation density in crystallographic deformation of
Cu, which appears to be closely approximated in polishing already,
whereby sufficient defect formation during laser processing to
considerably contribute to incubation cannot be accumulated. Here,
the impact of surface oxide on overall absorptance can again be
observed, as immersion etched samples exhibit reduced ablative
interaction compared to their as-polished counter parts. Low-fluence
USP-DLIP was applied at increased pulse counts close to the corre-
sponding multi-pulse ablation threshold to investigate the impact of
crystallographic substrate condition on incubation. Here, preferen-
tially enhanced incubation by defect implantation on annealed Cu
surfaces could be linked to preferential crystallographic orientations,
where ablative interaction scales with a relation of {111} > {110} >
> {100}. The course of defect related incubation includes HSFL
formation, followed by further enhancing spallative ablation, both
expanding from the ablation area center outwards along the
descending slope of the intensity pattern in case of low-fluence USP-
DLIP irradiation. Here, a certain topographic effect on absorptance
by HSFL formation might as well be involved alongside further
pronouncing sub-pattern formation due to the nano-scaled feature
size [54]. In the case of mechanically polished Cu exhibiting signif-
icantly increased initial absorptance, ablation induces considerable
LSFL formation correlating to low-fluence regime pattern
morphology after twice the pulse count. Here, LSFL formation ap-
pears to be the main mechanism involved in pattern formation for s-
pol at sub-threshold fluence.

Incubating effects of topography alteration unrelated to beam po-
larization have mainly been observed for nm-scaled sub-pattern
morphologies after the first laser pulse, where the relation between
feature size and laser wavelength induce enhanced absorptance [54].
This is visible in both the significant increase of ablation width as
well as the drop of measured absorptance in UV-Vis spectroscopy on
immersion etched samples after the second consecutive pulse.
Increasing sub-pattern feature size, especially related to phase ex-
plosion ablation, appear to reduce topography induced overall
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absorptance, but rather follow polarization sensitive localized
absorptance during pulse wise sub-pattern formation similarly to the
primary pattern.

e The formation of the primary line-like pattern proves to be pre-
dominantly dependent on beam polarization in direct interaction
with pulse-wise surface modification. Comparison to experimental
data exhibits the applicability of the introduced numerical model to
determine pulse wise substrate thermalization corresponding to
locally increased absorptance A, and pattern formation, which al-
lows for a better interpretation of the impact of the different incu-
bation mechanisms. Absorptance is increased alongside topography
edges in perpendicular orientation to the beam polarization, which
favors ablation area expanse for p-pol and ablation depth increase for
s-pol in case of pm-scaled USP-DLIP patterns. Reaching aspect ratios
above 0.4, absorptance at the edge of the ablation area also decreases
for p-pol inducing a trend of inverted ablation area expanse similar to
s-pol ablation. Pattern peaks appear to also suffer partial ablation at
higher fluences in case of p-pol at 3 pm pattern periodicity due to the
lesser modulated interference minima in combination with a pre-
conditioning of the pattern peaks increasing the local absorptance.
In contrast, higher pattern depths are achieved for p-pol at sub-pm
pattern scales in inverse relation to intensity modulation, where melt
pile-ups can contribute to pattern formation but become destabilized
in case of further pulse agglomeration. Multi-pulse sub-ym pattern
stability is improved in case of low-fluence regime USP-DLIP pro-
cessing due to decreased melt-agitation and reduced oxidic
agglomeration.

e Sub-pattern formation is predominantly determined by the specific
ablation mechanisms induced by USP irradiation of Cu. The initial
sub-pattern morphology is characterized by crater-like features,
which align into a mesh-like network along consecutive pulsing.
Depending on the ablation mechanism prevailing throughout incu-
bation, crater-sizes significantly increase in case of phase explosion,
by which they tend to merge with the primary pattern at low
primary/sub-pattern feature size ratio especially in the mid-fluence
regime. In the case of spallative ablation, the mesh-like sub-pattern
may transform into LSFL at higher pulse counts in the low-fluence
regime. Alteration of crater morphology is governed by polariza-
tion dependent reshaping similar to LSFL formation and alignment
along primary pattern scales in case of sufficiently high aspect ratios.
Alongside primary and sub-pattern formation, beam polarization has
been shown to also impact initial absorption in relation to the partial
beam incidence angle. This leads to polarization specific ablation
efficiency in inverse relation to the actual difference in interference
modulation between s-pol and p-pol. This effects scales higher with
decreasing pattern scale due to enhanced single beam incidence
angles [36], by which single and multi-pulse ablation thresholds
effective in USP-DLIP patterning scale above in case of p-pol and
below the corresponding values calculated using incubation models
relating on Gaussian spot experiments, in case of s-pol. According to
these findings, single beam interaction with the substrate surfaces
also impacts DLIP processing alongside interference pattern forma-
tion, which has not been considered, so far.

In summary, pattern geometry and morphology formation on Cu in
response to USP-DLIP underlies a complex interplay of mutually inter-
acting multi-pulse agglomeration effects impacting the development of
both primary and sub-pattern. Based on our findings, polarization
dependent locally increased absorptance alongside topographic and
chemical surface modification plays a similar critical role as intensity
pattern modulation by interference. Hence, laser/material interaction in
USP-DLIP is defined by the superposition of both intensity and absorp-
tance modulation alongside multi-pulse processing, which as well affects
initial surface and partial beam properties. By determining the impact of
the individual agglomeration effects related to the specific optical and
physical properties of Cu, these findings can be used as a foundation to
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improve the understanding of multi-pulse USP-DLIP of other metallic
materials, as well. Using this knowledge, increased precision in targeted
micro- and nanometer scaled surface pattering via laser interference
inducing higher impacts of surface functionalization in the manifold
application areas previously mentioned can be realized.
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