Applied Surface Science 594 (2022) 153427

ELSEVIER

Applied Surface Science

journal homepage: www.elsevier.com/locate/apsusc

Contents lists available at ScienceDirect » Applied
Surface Science

Full Length Article

t.)

Check for

Control of ultrafast laser ablation efficiency by stress confinement due to &’
strong electron localization in high-entropy alloys

David Redka®™", Jan Winter ¢, Christian Gadelmeier ¢, Alexander Djuranovic*, Uwe Glatzel ¢,

Jan Minar °, Heinz Paul Huber®

@ Munich University of Applied Sciences HM, Department of Applied Sciences and Mechatronics, Lothstr. 34, 80335 Munich, Germany
b New Technologies-Research Center, University of West Bohemia, Univerzitni 8, 30100 Plzen, Czech Republic
¢ Erlangen Graduate School in Advanced Optical Technologies (SAOT), Friedrich-Alexander-Universitit Erlangen-Niirnberg, Paul-Gordon Strafle 6, 91052 Erlangen,

Germany

9 Metals and Alloys, University of Bayreuth, Prof.-Riidiger-Bormann-Str. 1, 95447 Bayreuth, Germany

ARTICLE INFO ABSTRACT

Keywords:
High-entropy alloy
CrMnFeCoNi

Ultrafast laser ablation
Pulse duration
Ablation efficiency
Stress confinement

In the context of current state of the art, understanding the laser ablation efficiency decrease for pulse durations
exceeding the mechanical relaxation time of a few ps remains a pending research question. A heuristic approach
may be used to reveal the role of effective penetration depth on ablation efficiency. Extending familiar contri-
butions of this quantity by a term related to the mechanical surface expansion during pulse irradiation, the
relation of ablation efficiency and pulse duration is deciphered. Thus, longer pulses are coupled into an expanded
surface, revealing a direct link to the violation of stress confinement. To best demonstrate this hypothesis, a

material with high electron-phonon coupling as well as low thermal conductivity, i.e., strong electron locali-
zation, is required. These properties are accomplished by high-entropy alloys, and the CrMnFeCoNi alloy serves
as prime candidate. We report on single-pulse ablation efficiency experiments of the CrMnFeCoNi alloy which are

support by our proposed model.

1. Introduction

Laser micro-machining of metals using ultrashort pulse (USP) lasers
has gained exceptional industrial relevance as well as scientific atten-
tion. Besides theoretical explanations [1-4], quality optimization and
efficiency increase [5-10] remains a central topic of investigation. In
general, micro-machining using USP laser, typically in the sub to few ps
range, beats corresponding nanosecond systems, mainly in terms of
surface quality and precision [11,12]. Well-defined crater edges as well
as a reduced heat-affected zone, yields less material modification around
the ablation crater [13-15], making USP laser an indispensable tool in
modern fabrication processes [16]. The crucial throughput optimization
may be achieved by increasing laser repetition rates as well as scanning
speeds. However, the ablation efficiency, and subsequently the
throughput, was also shown to be governed by the pulse duration, with a
higher ablated volume per pulse energy for sub-ps in comparison to ps
pulses [6,17]. For example, machining of stainless steel with 30 ps
pulses results in a 80 % decreased ablation efficiency of 1.1 pm3/pJ
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compared to 5.7 yum®/uJ at 3 ps [6]. This decrease during the transition
from sub ps to picosecond pulse durations is quasi-independent of the
investigated metal and located at 3 -5 ps [17].

The absorption of USP laser radiation by conduction band electrons
of a metal is sufficiently described by the Beer-Lambert model with an
corresponding optical penetration depth &,y [18]. For pulse durations
below the internal thermalization time of electrons (some tens to 100 fs
[19,20]), a non-fermi-like distribution of the electrons will be induced
[21]. In contrast, exceeding some hundreds of fs in pulse duration, a
direct heating of conduction electrons is proposed [17], yielding a local
increase of the electron temperature [22]. Subsequent energy dissipa-
tion from the hot electrons takes place via thermal diffusion with the
diffusion coefficient given by Dy, = <5§m> /2t, with 4i¢r and t the diffu-
sion length and time, respectively. In parallel to the electronic thermal
conduction [23], heat is transferred to the cold lattice by electro-
n-phonon scattering (electron—phonon coupling [22]), where thermal
equilibrium for both subsystems is typically established after 7., with
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few picoseconds [17,24]. As a result, the lattice heating time is limited
by 7., or the pulse duration 7, whichever is longer. If the lattice heating
time is shorter than the mechanical relaxation time 7yech = Sopt/Cs [25],
where ¢, is the speed of sound, the process is quasi-isochoric. In
conclusion the pressure build-up within the energy absorption depth is
maximized [25]. This situation is called fulfillment of stress confine-
ment, written as max{7ey,7p} < Tmecn [26,27], where for transition
metals 7peen is in the range of 3 ps to 5 ps [17]. The resulting pressure
amplitude with values up to tens of GPa [1,2,25] propagates into the
material as well towards the surface, where it is partially reflected and
due to the impedance mismatch transformed to a rarefaction wave
[25,28]. This rarefaction causes the material surface to expand already
after some ps, known as early mechanical motion &g, [29,30]. Experi-
mental observations using pump-probe interferometry [30] or
pump-probe ellipsometry [2,29] reveal velocities of around 1 km/s [30]
and a density decrease of 30 — 40 % [29]. Exceeding the spall-strength of
the already liquefied metal, material fracture may be induced [27]. This
spallation or photomechanical ablation [1] describes the delamination
of a thin layer (some few tens of nm) usually for a few multiple of the
ablation threshold fluence @y, [17]. Phase explosion or photothermal
ablation is found for higher fluences or increasing pulse durations,
where the maximum surface temperature of the lattice rises and
vaporization or supercritical boiling (0.9 T., with T, the critical tem-
perature [31]) takes place. A simple heuristic description relates the
ablation depth to the applied laser peak fluence @y with Sy = Sefr In(Do/
®y,) [32], where ablation occurs when the local energy density exceeds
®y,. The effective penetration depth is given by et = Sope +airr [33]
(84ifr diffusion length at t = 7,,), whereas the surface displacement is still
not considered. Therefore, Winter et al. [17] introduced a subtractive
term in order to describe the remarkable decrease of the effective
penetration depth for longer pulse durations. Therefore we are able to
quantify the observed decrease of ablation efficiency in a heuristic
model, since according to Furmanski et al. the ablation efficiency is
proportional to Sesr/ P [32].

Minimizing the contribution of thermal conductivity on & is
therefore a key step towards understanding the ablation efficiency
regarding the pulse duration. A low electron-phonon coupling time in
turn permits the lattice heating time to be controlled directly by the
pulse duration, mirroring the transient surface displacement. Therefore
the CrMnFeCoNi high-entropy alloy (HEA), also referred as Cantor alloy
[34] serves as an excellent material of investigation. The strong electron
localization in terms of a retarded electron mobility, attributed to the
reduced mean free path length of the electrons [35,36], leads to a
minimized thermal diffusivity of the electrons (3.5 nmz/ps [37] at
standard conditions) as well as to a maximized electron-phonon
coupling. Mass fluctuations of elements in HEAs lead to phonon
broadening, which significantly depresses the contribution of phonon
thermal conductivity [38]. On the other hand, thermodynamic proper-
ties (phase transition enthalpies or temperatures) are not substantial
affected by the retarded electron mobility [37,39]. Since thermody-
namic and transport properties are crucial parameters for understanding
ultrafast laser ablation, HEAs provide an ideal illustration for the stress
confinement hypothesis and are therefore best suited for the isolation of
the effect of early mechanical motion on the ablation efficiency. The aim
of this work is to test the stress confinement hypothesis with an exten-
sion of a well-established heuristic model by quantifying the correlation
between &g, and the ablation efficiency of metals. Consequently single
pulse experiments (avoid accumulation effects [9]) with pulse durations
of 0.5 ps < Tyeen < 20 ps are meticulously performed and the final state
observables as ablation energetics or crater morphology are evaluated
with regard to a heuristic model approach.

Applied Surface Science 594 (2022) 153427

2. Materials and Methods
2.1. CrMnFeCoNi manufacturing and sample preparation

The polycrystalline CrMnFeCoNi alloy sample was manufactured in-
house from pure elements (at least 99.99 %). Master alloys were pre-
pared which were then cast into a cylindrical shape with a diameter of
20 mm and a length of 110 mm and directly solidified in [001] direction
using the Bridgeman method [40]. The maximum deviation from the
uniform distribution along the rod was less than 1 at. % for all five ele-
ments and the grain size was 150 pm to 180 pm. For the ablation ex-
periments, 1 mm thick discs were cut off, embedded in epoxy resin and
planar ground with a 400 SiC paper. Subsequent polishing with (9, 3 and
1) um polycrystalline diamond suspensions resulted in a root mean
square surface roughness of 1.2 nm. A detailed description of the
manufacturing process, sample preparation and analysis of the sample
quality can be found in our previous works [39,40].

2.2. Experimental setup

All single-pulse experiments were performed with a femtosecond
laser source (Spectra Physics FemtoREGEN) emitting pulses with a con-
stant repetition rate of 500 Hz and a pulse energy E, of 60 pJ (pulse-to-
pulse fluctuations below 1 %). The central wavelength is 1056 nm with a
spectral width of 5nm (FWHM), and the pulse duration (FWHM, sech?
temporal profile) is 600 fs. The fluence (®¢ = 2E,/(7w3)) of the indi-
vidual pulses during material processing was adjusted by a lambda-half
wave plate - beam splitter combination and the Gaussian beam (beam
quality M? < 1.4) was focused on the CrMnFeCoNi alloy substrate by a
plano-convex lens with a focal length of f =100 mm. The resulting beam
waist radius was 13.5(4)pm (e~2 intensity), calculated by the D? method,
and double checked with a beam caustic measurement with 14.8(8)pm
(PRIMES MicroSpotMonitor), which was in good agreement. For the
pulse duration dependent measurements, a pulse stretcher setup was
used [41,42], allowing pulse durations from 0.5 ps up to 20 ps to be set.
In the ablation experiments, for each fluence and pulse duration applied,
the experiments were repeated five times and all results were averaged.
In this work, the pulse duration 7z, was varied from 0.5 ps to 20 ps and the
peak fluence ®, from 0.1J/cm? to 10J/cm?, where the remaining laser
parameters were kept constant. All fluences in this work are irradiated
fluences.

2.3. Ablation threshold and crater morphology determination

For all ablation craters, the ablation diameter D was measured using
light microscopy imaging (Leitz Ergoplan (50x/0.85)). The quantitative
determination of the ablation threshold ®,, and the beam waist radius
wo (e~2 intensity) was carried out according the D> method [43]

D? = 2wiln(®@y /Dy, ). (€]

The crater surface topography was measured using an optical surface
profiler (Sensofar Plu 2300 (50x/0.42), interferometric mode) with a
lateral and axial resolution of 570nm and 0.1 nm, respectively. The
crater profiles, depths and volumes were acquired from these data using
the Gwyddion software (Ver. 2.56, released 30 June 2020). Scanning
electron microscope (SEM) measurements (TESCAN LYRA3) were per-
formed to show the ablation crater morphology. The energy specific
ablation volume (ESAV) or ablation efficiency in brief was calculated by
dividing the measured ablation volumes by the corresponding irradiated
pulse energies.
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3. Results
3.1. Pulse duration dependent ablation thresholds

Single pulse laser ablation experiments were performed on a
CrMnFeCoNi alloy substrate with fluences up to 10 J/cm?, pulse dura-
tions between 0.5 ps and 20 ps and a laser wavelength of 1056 nm.
Fig. 1a (red circles, right axis) shows the pulse duration dependence of
the ablation threshold. The fluence and pulse duration resolved crater
diameters (D?> measurements), used to determine the depicted values,
are given in sFigure 2 of the supplementary materials. At 0.5 ps pulse
duration, the evaluated ablation threshold ®y, is 0.24(1) J/cm?, which
is consistent with our previous work [39]. Assuming that a specific en-
ergy density threshold leads to material ablation, for example, by
reaching the evaporation enthalpy, which is AH, = 47.4 J/mm? for the
CrMnFeCoNi alloy, the ablation threshold can be estimated via @y, =~
SopAH, /(1 —R) [11,44]. For the CrMnFeCoNi alloy the reflectance is
given with R = 0.707(1) [39] and the optical penetration depth by 6o, =
15.6(1) nm [39] at our laser wavelength of 1056 nm. This gives an es-
timate of 0.25(1)J/cm?2, which agrees well with our experimental value.
The correspondence of absorbed laser energy density and evaporation
enthalpy experimentally proves that the assumption of evaporation is
energetically in a first order approximation a sufficient ablation crite-
rion. Further, as it is seen from Fig. 1a, the pulse duration dependent @,
remains quasi-constant for 7, up to about 5 ps and then increases steadily
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until a value of 0.31J/cm? at 20 ps is reached. This corresponds to a rise
of roughly 30% within our investigated pulse durations. A rising
threshold, as observed, is expected for longer pulse durations as energy
dissipation into the material via heat diffusion already takes place
during the pulse irradiation. The heat diffusion length during pulse
irradiation 7, is given for the case of established electron-phonon
equilibrium by dgir = /2Du7, [33], with Dy, the thermal diffusivity. By
extending the optical penetration depth with the pulse duration-
dependent diffusion length in the above-mentioned estimation of the
threshold fluence, we obtain a /7, dependence for ®y(z,). In our
measurements only the onset towards this relation is identified, where a
clear square root dependence is usually observed for pulse durations
above several 10 ps to 100 ps [45].

3.2. Crater profiles and effective penetration depth

Fig. 1b shows the crater cross sections for selected pulse durations at
a laser peak fluence of 0.9(1)J/cm?. As seen, for increasing pulse
duration the crater depth in the ablation center decreases significantly,
although the irradiated energy density remains constant. Furthermore,
beginning from 10 ps, the previously pronounced parabolic crater pro-
file changes in shape towards a rather rectangular cross-section. This
effect is best seen in the comparison of the 0.5ps (28(1) nm deep and
parabolic) and 20 ps (12(1) nm deep and rectangular) ablation craters.

For materials with a specific threshold fluence and an exponentially
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Fig. 1. Ablation thresholds, effective penetration depths, crater profiles and efficiency for the laser ablation of CrMnFeCoNi alloy at the investigated pulse
durations. a) Pulse duration dependence of the ablation threshold (Red circles with dashed lines, right axis) and the effective penetration depth (blue squares with
dashed line, left axis). b) Crater cross-sections at 0.9(1) J/cm? and low intensity optical penetration depth marked with &yy. ) Energy specific ablation volume,
showing that the maxima decrease with increasing pulse duration. As a guide to the eye, equation (3) was fitted to the 0.5 ps pulse duration data. At the highest pulse
duration, the maximum relative to the threshold shifts towards lower fluence values to such an extent that the fit can no longer be performed. d) Quasi-exponential
decrease of the ESAV maximum (magenta diamonds) with pulse duration and shift of the maximum with respect to the ablation threshold (red squares).
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decreasing energy density in the axial direction at the time of ablation, a
phenomenological relationship between the ablation depth as well as
the local applied fluence is given by [32]

d(®g) = SerIn(Dg/ Dy 2

Here 5 describes the effective penetration depth (e~! energy density
decrease), which is usually composed of the optical penetration depth
and thermal diffusion [33]. Substituting an ideal Gaussian profile into
equation (2) yields in the familiar parabolic crater profile [32]. How-
ever, this approximation fails in predicting the cross sections at higher
pulse durations, since the rectangular crater cross-section indicates a
homogeneous heated layer, as is the case for thin film ablation or a flat-
top shaped beam profile.

The maximum ablation depths versus peak fluence are determined
from the central region (r < 1 pm and ®(r)/®o > 0.99) of the
measured crater surface topography (see sFigure 2b) and the effective
penetration depth is evaluated using equation (2). The pulse duration
dependent results are shown in Fig. 1a (blue squares, left axis). All flu-
ence and pulse duration resolved crater profiles as well as the obtained
ablation depths are available in the supplementary materials (see sFig-
ure 3). The regression of Eqn. (2) to the measurement data was per-
formed for all pulse durations only up to peak fluences of 3 J/cm?, since
for higher values deviations from the logarithmic behavior occur. For
the shortest pulse duration of 0.5 ps we receive a value for the effective
penetration depth of 14.9(3) nm which is in good agreement with the
optical penetration depth of 15.6(1)nm [39], and corresponds to the
expectation that the influence of thermal conduction is negligible for the
short pulse duration. With increasing pulse duration, a quasi-
exponential decrease of the effective penetration depth is found,
where the value at 20 ps has reached 2.6(1.3) nm, corresponding to a
reduction of about 80% in comparison to the 0.5ps value. More
remarkably, the effective penetration depth falls well below the value of
the optical penetration depth, which inevitably indicates a counter-
acting effect during energy absorption.

Furthermore, it should be noted that the ablation thresholds deter-
mined by the S method with 0.14(1)J/cm? at 0.5ps contradictory
decrease towards longer pulse durations (see supplementary materials
sFigure 4) and underestimate the values determined by the D?> method
[46]. This disagreement between both models is attributed to the for-
mation of a minimum ablation depth, which corresponds to a spallation
layer, and thus an extrapolation to the zero level misinterprets the actual
ablation threshold [17].

3.3. Energy specific ablation volume

The Energy Specific Ablation Volume (ESAV) or ablation efficiency
in brief, which is defined as the ablated volume divided by the irradiated
pulse-energy, is shown in Fig. 1c for the investigated pulse durations.
Basically, for all pulse durations, the trend of the ESAV curve is com-
parable, so that the ablation efficiency increases up to a maximum value
with a subsequent decrease. For 0.5 ps we determine an ESAV maximum
of 2.8(1) um® /uJ which is located at 3.8 ®y,. This value remains roughly
constant for pulse durations up to 3 ps and then decreases rapidly, until
at 20ps pulse duration the ESAV maximum is 1.4(1) um3/ul. This
decrease corresponds to a loss of 50 % in the ablation efficiency when
compared to the values below 3 ps. The ESAV maxima extracted from the
measured data (blue squares, left axis) and their location relative to the
ablation threshold (red circles, right axis) are given in Fig. 1d. For pulse
durations exceeding 3 ps, a significant decay of the ESAV maximum is
clearly visible. In contrast, the location of the ESAV maxima relative to
the ablation threshold remains approximately constant at a value of

et 2 Po
ESAV = 5etin ( (Dmr) ®3)

with its maximum located at e ®y,.. This model is in good agreement
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with experimental multi-pulse data [47], but for single-pulse experi-
ments, as it is the case here, a lower @y, is found, compared to the D?
method [17,46]. This is again attributed to the formation of a spallation
layer, as is the case in the determination of the effective penetration
depth 6. (see Fig. 1a).

4. Discussion

In the results, the pulse duration dependent ablation thresholds,
effective penetration depths and the ESAV measurements were shown
and already briefly discussed. At this point we will discourse how this
quantities take effect on the pulse duration dependent ablation effi-
ciency. A straightforward heuristic mathematical description for the
ESAV is given by equation (3), with a maximum located at e2-times the
ablation threshold. From our data, we found the deviation from e?-times
the threshold to be ®@,,x = 3.8®y, at 0.5 ps, showing an increasing bias
towards 1.9 @y, at 20 ps pulse duration (see Fig. 1¢), which is associated
with the change in the ablation cross section characteristics (from
parabolic to thin film). If this mismatch is considered in the calculation
of the ESAV maximum, we obtain an appropriate equation for the
determination of the pulse duration dependent ablation efficiency
maximum

Oetr

max(ESAV) = 2<I> . 4

The ESAV maxima calculated from measured ®,,,, and &y according
to Eqn. (4) are shown in Fig. 2a and compared with the ablation effi-
ciencies determined from the volume measurements. It becomes
apparent that our approximation is in good agreement with the
measured ablation efficiency. At first glance, both curves clearly indi-
cate the same constant behavior up to a pulse duration of about 3 ps,
with a subsequent decay. However, this fall-off is somewhat more pro-
nounced for the calculated data points (red circles in Fig. 2a). The
constant ablation efficiency up to 3ps is associated with the fulfilled
stress confinement condition below 7yech = Sope/Cs [48], Where ¢ is the
speed of sound in the liquid metal. For the CrMnFeCoNi alloy c of the
liquid metal at the melting temperature is calculated by the rule of Gitis
and Mikhailov [49] with ¢, ~ \/2AH,/M ~ 3.4 km/s, where AH, =
332.4 kJ/mol [39]and M =56.2 g/mol are the molar enthalpy of
vaporization and the equivalent molar mass of the alloy, respectively.
The minimum mechanical relaxation time is calculated as 7., ~ 4.5 ps,
which is in good agreement with the onset of the ESAV decrease at 3 ps.
Thus for pulse durations below the minimum mechanical relaxation
time, stress confinement is fulfilled and the ablation is strongly domi-
nated by a high pressure build-up resulting in a rarefaction wave and
thus causing a spall fracture of an already liquefied metal layer. This
photomechanical ablation process (spallation) is also more energetically
efficient (higher ESAV value) in contrast to a pure photothermal process
like phase explosion or evaporation [1]. A transition between these
ablation regimes is expected for pulse durations exceeding the minimum
mechanical relaxation time, accompanied by a decrease in ablation ef-
ficiency. For pulse durations exceeding 7. the decay of the ablation
efficiency corresponds also reasonably well with the effective penetra-
tion depth 5. (see Fig. 1a and 1d, blue squares). Further, we need to
emphasize the influence of the effective penetration depth on the drop of
the ablation efficiency maximum using the heuristic model according to
equation (3). From the comparison of the effective penetration depths at
20ps and 0.5ps we find a relative decrease of &, from 14.9(1) nm to
2.6(1.3)nm by 80%. In contrast, the corresponding measured ESAV
maximum values are at 50 %, namely from 2.8 ym®/uJ to 1.4 um?3/ul.
Thus, solely considering the effective penetration depth overestimates
the ESAV decrease. However, taking into account the reciprocal pro-
portionality of ®,,,, raises the estimated ESAV values according to the
measurement (see Fig. 1d), where the ®,,,, value decreases from 3.8 J/
cm? to 1.9J/cm® by 50%. The ESAV estimate from equation (4)
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corresponds to a drop of 60 %, which is in good agreement with the
measurement of 50%. It is also evident from the measurements that
®,,.,, although only falling significantly from 10 ps (compare also the
ablation crater characteristics from parabolic to rectangular in Fig. 1b),
nevertheless continuously contributes to a hypothetical ESAV increase.
From this it can be seen that the single parameter that leads to a decrease
in the ESAV maximum is the effective penetration depth, which

30 nm
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Fig. 2. Comparison of ablation effi-
ciency, contributions to effective
penetration depth and SEM images of
the ablation craters. a) Comparison of
the ESAV measurement (blue rectangles)
the approximation according to equa-
tion (4) (red circles). b) Contributions to
the effective penetration depth accord-
ing to our model (equation Eqn 5) at
time 7,/2. The contribution of the me-
chanical surface expansion increases
more strongly with increasing pulse
duration than the thermal diffusion
length, which leads to a decrease in the
effective penetration depth. ¢) SEM im-
ages of the ablation craters at a peak
fluence of 0.9(1) J/cm? for the pulse
duration of 0.5 ps and 20 ps. The cor-
responding crater cross sections are
shown on the left / right. d) Magnifica-
tion from the yellow dashed area from
subfigure 3c.

highlights the inherent significance in understanding the behavior of 5.
as a function of pulse duration.

In order to model the pulse duration dependence of the effective
penetration depth in a heuristic approach, we introduce the subtractive
term for the surface displacement during pulse-irradiation, proposed by

Winter et al. [17] as

Tp =0.5ps Jeff = Sopt
l Jeff
At -10ps 0 ps 10 ps 20 - 200 ps >1us
T, =20 ps Jeff = dopt * Odiff - Odisp

-

T&iisp Vi Sopt
diff

Fig. 3. Schematic sketch of the influence of the early mechanical motion on the effective penetration depth. One dimensional representation (center of
Gaussian beam) of the heuristic model and the evolution of the single contributions within time. The upper row is representing the laser matter interaction of a 0.5 ps
and lower row for a 20 ps single pulse. The 0.5 ps pulse has an effective penetration depth close to the optical penetration depth and for the 20 ps pulse the effective
penetration (see 10 ps = 7,/2) depth is strongly reduced by the surface displacement during pulse irradiation, although heat diffusion takes place. The spallation, or
film delamination is for both pulse durations depicted at 20 — 200 ps after pulse impact (fourth column) and the final ablation state is reached at a time of a few ps.
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Oeff = Oopt + Odifr — Odisp- )

By this, three relevant processes are considered, taking influence on
the pulse duration dependence of the effective penetration depth. A
schematic sketch of the model approach is shown in Fig. 3. Starting with
the energy coupling of the laser irradiation within the optical penetra-
tion depth 6, of the metal, alocal increase in the electron temperature is
induced. This energy density distribution is subsequently, and for pulse
durations of some ps already during the energy deposition, blurred out
due to energy dissipation via heat diffusion of hot electrons into the
material. The thermal diffusion if given by &4¢. For metals with a low
electron—phonon equilibrium time, only equilibrium heat conduction is
taken into account, which is typically one to two orders of magnitude
below the thermal conductivity of non-equilibrium thermal conductivity
[33]. Typical magnitudes of 7., for pure transition metals with low
electron—phonon interaction range from 10 ps for gold [50] to a few ps
for aluminum (recalculated from [51]) as well as the pure constituents of
the CrMnFeCoNi alloy [52]. Disordered systems further exhibit stronger
electron—-phonon coupling, as is the case for stainless steel with slightly
above 1 ps [17,53,54]. Due to the extensive electron localization in the
CrMnFeCoNi high entropy alloy [35], increased coupling is predicted,
ensuring the assumption of pure equilibrium thermal conduction. With
the third process, the early surface expansion, we obtain an opposite
mechanism, which effectively reduces absorption length and heat
diffusion length into the material. This approach allows us to explain the
decrease of the effective penetration depth with pulse duration, since
diffusion length and surface displacement during pulse irradiation show
dependence on the pulse duration (see Fig. 3 comparison of 5. and the
contributions for a 0.5 ps and 20 ps pulse).

In this regard, we have so far considered the optical penetration
depth to remain constant. As this is a crucial assumption for our further
considerations, we discuss, if the supposition of a constant optical
penetration depth is justified under our experimental environment.
From the dielectric function, using the Drude Model for the CrMnFeCoNi
high-entropy alloy, the density dependence of the optical penetration
depth (see supplementary materials Section 1) is given in an approxi-
mated form by 0oy /Sope = —0.50p/p. Here p is the density of the metal.
Winter et al. [29] showed from the analysis of the transient extinction
coefficient, obtained by pump probe ellipsometry, that for aluminum a
density decrease of around 50 % within the optical penetration depth
after laser irradiation with a 0.7 ps pulse at 2.5 @y, is found [29]. A
comparable behavior for the CrMnFeCoNi alloy would, according to the
given estimation, result in a dynamic increase of the optical penetration
depth by 40 % (22 nm), especially for longer pulse durations. In parallel,
the increase in electron temperature during pulse irradiation and
eventually the effect on the dielectric function must be addressed. Two
temperature model simulations of stainless steel show maximum elec-
tron temperatures at the surface of 40 kK when irradiated with ultra-
short laser pulses of 100fs and a fluence of 4 times the ablation
threshold [55], accompanied by an increase of the optical penetration
depth of maximum 40% [55,56]. However, the maximum electron
temperature for metals scales with 1/z, [18], since energy transfer from
the electronic to the lattice subsystem already takes place during pulse
irradiation. Therefore, the given variation represents an upper limit,
which, however, is significant lower for longer pulse durations, espe-
cially above 7. For the CrMnFeCoNi alloy, an equivalent relationship
is expected due to the similarity of thermodynamic as well as electronic
and optical properties [37,39,57,58]. Based on the given estimates, it
follows that the optical penetration depth can increase during pulse
irradiation to a maximum op up to 100 %. It follows, that for short pulse
durations (7, <7, ~ 1 ps, electron-phonon equilibrium time), the
change in optical penetration depth is dominated by the maximized
electron temperature, whereas for long pulse durations (7, > Tmech), the
density decrease during pulse irradiation plays a dominant role. Since
both effects influence &, in the same way and only partially overlap, on
average the optical penetration depth will experience the maximum
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influence of a single contribution for all pulse durations. Thus, §,, would
in practice exceed the steady state value up to factor 1.4, leading to a
change from 15.6(1) nm to maximum 22 nm. In the following discussion
we refrain from taking this value into account, since the influence is
small and expected to be constant. The calculated surface displacement
then inevitably represents merely a lower limit.

Fig. 2b depicts the individual contributions to the effective pene-
tration depth according to our heuristic model. Hereby, the thermal
diffusion length is calculated with Sy = \/2Dy7, with a thermal
diffusivity of 3.5nm?/ps [37]. This corresponds to the diffusion during
7,, more precisely between —z,/2 and 7,/2, where roughly 70 % of the
total laser fluence is absorbed. From this we obtain a maximum diffusion
length of about 12nm at the 20 ps pulse duration. The resulting me-
chanical displacement, also at 7,/2 is then 25nm, so that the effective
penetration depth is significantly reduced to 2.6(1.3) nm, which explains
the strong discrepancy of &eir and 8oy of 15.6(1) nm. For short pulse
durations (7, < Tmech) Saisp roughly corresponds to the propagation of an
acoustic wave in the liquid metal (Fig. 2b, dotted black line). With
increasing pulse duration the material expansion proceeds slightly
slower, and a sublinear dependence of the mechanical surface expansion
at 7,/2 on the pulse duration (3uisp(7p) < Cs7p, O T > Tmeeh) is found.
This is in good agreement with the decrease of the maximum induced
pressure buildup for pulse durations exceeding the mechanical relaxa-
tion time [25]. Nevertheless, due to the high electron localization of the
CrMnFeCoNi alloy, yielding a low thermal conductivity and high elec-
tron phonon coupling, the situation of an attenuated stress confinement
is still fulfilled, which leads to a sufficient buildup of thermoelastic
pressures [17]. This decrease is also related to the sublinear increase of
the surface expansion with pulse duration, where we obtain for 5, 10 and
20 ps values for d4isp of 12, 20 and 25 nm, respectively (see Fig. 2b). A
comparison of the calculated mechanical expansion at 2.5 @y, with
aluminum [29], which is already approximately 10nm for a pulse
duration of 0.7 ps (at t = 7,/2), and a typical surface propagation ve-
locity after pulse impact of 1 km/s [30], shows that our approximation is
in the same order of magnitude but slightly underestimates the mea-
surement. This observation is consistent with the preceding discussion
on optical penetration depth, from which we expect a minimum value
for d4isp. We further may conclude, that above a certain pulse duration
the increase of the thermal diffusion length exceeds that of the me-
chanical expansion, so that the effective penetration depth will start to
raise once a minimum value is reached. Thus, interpretation of the in-
crease in ablation efficiency for longer nanosecond pulses (starting from
roughly 100 ns) [59] may also be tackled in conjunction with the heu-
ristic model.

The ablation mechanism for our investigated pulse durations can
also be discussed using scanning electron microscopy (SEM) images of
the ablation craters. Fig. 2c shows the SEM images of the CrMnFeCoNi
alloy at 0.5 ps (left) and 20 ps (right) pulse durations for a peak fluence of
0.9(1)J/ecm?, which is close to the ESAV maximum. The corresponding
crater cross sections are presented left and right, respectively, and the
magnification of the marked region (yellow dashed line) is shown in
Fig. 2d. For the 0.5 ps crater, nano-groves are revealed in the SEM image,
which are mainly located near the ablation crater rim and occasionally
inside the ablation crater. This occurrence is explained by the interac-
tion of the laser irradiation with existing nano-scratches on the pristine
surface, which are a leftover from the sample preparation by polishing
(see Materials and Methods). This is causing a local field enhancement
[39,60], and thus an increased ablation effect. In addition, the surface is
strongly characterized by small ridged structures, the onset of melting
jets with nano droplets, which indicate photomechanical spallation of a
liquefied metal layer [61]. The corresponding crater cross-section is
mainly parabolic with a small change in the slope at a depth of approx.
10 nm, which is referred to the formation of a spallation layer at the
crater edge [62,63]. In contrast, the crater cross-section is more rect-
angular when processed with 20 ps pulses (see Fig. 2c and 2d, right). We
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explain the transition between the two cross sections as follows. Since
for our experiments the lateral axis fluence gradient is lower in com-
parison to the energy density decrease within the optical/effective
penetration depth, namely by a factor of about 1000 (wq /8o =~ 1000),
the lateral heat fluxes may be neglect. Therefore we expect a nearly
independent lateral fluence dependence of the ablation process, similar
to a 1D approximation. From the evaluation of the effective penetration
depths, we had found that processed with one pulse duration, the
ablation depth scales logarithmic with the peak fluence. Therefore we
conclude that the strength of the surface displacement also depends
logarithmically on the lateral fluence distribution. Thus, for the 20 ps
crater profile, the quadratic ablation cross section is explained by a
paraboloid surface displacement (8uisp(r)xIn(exp(—2r2/w3))), which
counteracts the primary parabolic crater cross section. In contrast to the
0.5ps pulse duration, the crater surface for the 20ps pulse reveals a
smooth surface of already re-solidified material. This is due to the low
thermal conductivity of the CrMnFeCoNi alloy, giving the molten metal
enough time to form a smooth surface driven by the surface tension. In
materials with high thermal conductivity, such as copper, or in a cooling
medium, as is the case with laser ablation in liquids, strong melt jets are
found under similar conditions [17,61,64]. The influence of the pulse
duration-dependent heat diffusion and the resulting higher contribution
of thermal processes, here in the form of liquefaction, can also be clearly
seen at the crater edge. Here, in contrast to the 0.5 ps, less or only blurred
nano-groves are observed. As a matter of fact, the laser peak intensity is
still sufficient to produce a local field enhancement and consequently
nano-groves (e.g. at the bottom right of the 20 ps ablation crater). At the
crater edge, where the local applied fluence is far below the ablation
threshold, thermal effects cannot completely wash out the nano-groves,
as it is the case for the crater center.

5. Summary and conclusion

Using the CrMnFeCoNi alloy as substrate, we demonstrate the in-
fluence of the pulse duration on energetics and morphology of ultrashort
pulse laser ablation in the limit of strong electron localization and
subsequent weakest thermal conductivity and strongest electro-
n-phonon coupling. The experimentally observed decreasing ablation
efficiency is explained with our heuristic model by a decreasing effective
penetration depth, which was not understood in the state of the art,
because an increase of the effective penetration depth was expected for
longer pulse durations. By choosing a model alloy with minimized heat
diffusion, we were able to relate the decrease of the effective penetration
depth to the onset of early mechanical surface expansion during the
pulse irradiation, especially for pulses violating the stress confinement
condition when exceeding the mechanical relaxation time of 4.5ps.
Finally, by analyzing the effective penetration depth and its contribu-
tions, we showed that the strong electron localization in high-entropy
alloys yields ideal ultrafast laser-induced stress confinement, which
predicts the highest ablation efficiency for pulse durations below the
mechanical relaxation time.
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