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® How the Physicochemical Properties of the Bulk Material Affect

the Ablation Crater Profile, Mass Balance, and Bubble Dynamics
During Single-Pulse, Nanosecond Laser Ablation in Water

Mark-Robert Kalus,® Stephan Barcikowski,*® and Bilal Gokce™ "

/Abstract: Understanding the key steps that drive the laser-
based synthesis of colloids is a prerequisite for learning how
to optimize the ablation process in terms of nanoparticle
output and functional design of the nanomaterials. Even
though many studies focus on cavitation bubble formation
using single-pulse ablation conditions, the ablation efficiency
and nanoparticle properties are typically investigated under
prolonged ablation conditions with repetition rate lasers.
Linking single-pulse and multiple-pulse ablation is difficult
due to limitations induced by gas formation cross-effects,
which occur on longer timescales and depend on the target
materials’ oxidation-sensitivity. Therefore, this study investi-
gates the ablation and cavitation bubble dynamics under

-

nanosecond, single laser pulse conditions for six different
bulk materials (Au, Ag, Cu, Fe, Ti, and Al). Also, the effective
threshold fluences, ablation volumes, and penetration
depths are quantified for these materials. The thermal and
chemical properties of the corresponding bulk materials not
only favor the formation of larger spot sizes but also lead to
the highest molar ablation efficiencies for low melting mate-
rials such as aluminum. Furthermore, the concept of the cav-
itation bubble growth linked with the oxidation sensitivity
of the ablated material is discussed. With this, evidence is
provided that intensive chemical reactions occurring during
the very early timescale of ablation are significantly en-
hanced by the bubble collapse. )

Introduction

The phenomenon of cavitation is of great importance not only
due to its substantial damage potential for hydraulic ma-
chines," but also for its use in high-pressure homogenizers in
the food industry,”*' or its ability to induce sonochemical reac-
tions for water purification.*® Cavitation effects further play
an important role in the field of liquid-assisted laser applica-
tions, e.g., medical laser applications,”'” laser-micromachin-
ing,"" or laser ablation in liquids (LAL)."" In the latter case,
laser pulses are focused onto a bulk target immersed in a
liquid, enabling the cost-effective!™ production of colloids on
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the gram-scale'®'” from a wide range of different material

classes such as metals, "2 oxides®' > or alloys®2® in differ-
ent liquids.”>? These synthesized nanoparticles typically are
of high purity® and are promising materials for application
fields such as biomedicine,*3¥ catalysis,*>® or 3D print-
ing.[39’43]

Generally, LAL is characterized by different competing physi-
cal and chemical phenomena that are determined by the inter-
action between the laser, the target, and the liquid. After the
laser pulse interacts with the bulk target, a high-temperature
plasma is generated containing a high density of free electrons
and ablated matter.*” This plasma interacts with the surround-
ing liquid inducing its phase transition and the formation of an
expanding cavitation bubble.****"' The elucidation of the cavi-
tation bubble’s role in the formation of the nanoparticles (NPs)
is a main research topic among researchers working on LAL. A
better understanding would allow more precise control of the
ablation conditions and thus enable the optimization of the
particle properties such as size and composition.

Small-angle X-ray scattering (SAXS) measurements indicated
that the cavitation bubble is homogenously filled with both
primary and secondary NPs“*=% while solid, crystalline, secon-
dary particles were also detected at the bubble front.®" For ul-
trashort pulse durations at high effective laser fluences, the
secondary particles likely originate from Rayleigh instabilities
of the molten metal layer, which induce the formation of nano-
droplets by thin layer disintegration and jetting from the
molten target material.®? Zhigilei et al. have recently extended
their atomistic simulations to ns-pulses to explain the wider
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particle size distribution for longer laser pulse durations (as op-
posed to ultrashort pulses, for which bimodality is often ob-
served) and have defined three different NP formation regimes
and pathways.” Their simulations have further indicated that
the liquid in the region between the molten material and the
bulk liquid transforms into a supercritical state forming a
mixing region containing supercritical water and target vapor,
which serves as the initiator for the formation of the cavitation
bubble.”**¥ Unfortunately, these simulations have so far not
considered chemical reactions between the liquid molecules
and the ablated matter. Therefore, theoretical simulations typi-
cally assume that the cavitation bubble consists mainly of sol-
vent molecules (target atoms:solvent molecules = 1:20).””

However, chemical reactions likely take place within the cavi-
tation bubble, as supported by Qiang etal., who observed
that the cavitation bubble size is larger for LAL of Al compared
to LAL of Cu and LAL of Ti®® Furthermore, Reich et al. mea-
sured the relative content of unoxidized zinc species during
the cavitation bubble evolution for ns-LAL of Zn in water using
X-ray absorption spectroscopy.” They have shown that during
LAL not only nanoparticles but also reactive Zn atoms are
formed in the early cavitation bubble stage. The authors ob-
served that the content of the reactive species dropped during
bubble expansion and cooling of the interior, but only disap-
peared with the bubble collapse indicating that reactive
atomic or atom cluster species (which are likely to act as parti-
cle growth precursors) are present in the cavitation bubble.
These observations are supported by Letzel etal.,, who ob-
served by in situ synchrotron x-ray scattering studies that the
addition of small amounts of sodium chloride to water leads
to a size quenching of the NPs, providing evidence that size
quenching already occurs within the cavitation bubble.*® The
same in situ quenching within the cavitation bubble was ob-
served for small organic molecules, whereas this was not the
case for macromolecular ligands.”

However, the time regime of the rebound/collapse of the
bubble must also be considered but is often neglected as
most studies focus on the primary cavitation bubble cycle.
Within this context, several studies have demonstrated that
water is decomposed during LAL resulting in the formation of
molecular hydrogen, oxygen, and hydrogen peroxide.™®” The
individual formation rates of these decomposition products
depend strongly on the type of the ablated material. The abla-
tion of catalytically active materials (e.g., Pt) in water leads to
high hydrogen peroxide formation rates. In contrast, the abla-
tion of oxidation-sensitive materials in water produces large
amounts of molecular hydrogen.®*® The redox chemistry be-
tween the target material and water affects not only the NP
productivity during long-term ablation but also the oxidation
degree of the final NPs, as also theoretically predicted by
Reichenberger et al. based on Nernst equation and correlated
to experimental findings®>%*%® However, all these experiments
were performed for multi-pulse laser ablation with repetition
rates in the kHz regime. Hence, cavitation bubbles,"®'” persis-
tent bubbles® I or NPs®'-63%7% formed during LAL induce
cross-effects. Although strategies have been developed to
overcome these limitations (e.g., by optimizing the scanning
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strategy"®'” and applying liquid flow setups),"””" such cross-
effects cannot be completely avoided.

Additionally, incubation effects can occur during multi-pulse
laser ablation, influencing the cavitation bubble size and abla-
tion yield depending on the number of applied laser pulses,
the target material type, and the chosen laser parameters.”*’?
In detail, increasing the number of laser pulses from 1 to 30 at
low fluences leads to a steady increase in cavitation bubble
volume.”? In contrast, the cavitation bubble volume and the
NP mass concentration within the bubble decrease exponen-
tially for a number of pulses between 100 and 1000.7® Know-
ing the concentration of ablated mass within the cavitation
bubble volume for a single laser pulse would allow better ad-
justment of simulation experiments and calibration of in situ
SAXS and WAXS (small- and wide-angle X-ray scattering, re-
spectively) studies.

Therefore, an overall question is how the physicochemical
properties of the target material and its chemical reactivity
with the liquid environment influence the ablation process de-
coupled from any cross-effects. This study sheds light on these
knowledge gaps by investigating the cavitation bubble forma-
tion and ablation efficiency for single-pulse nanosecond LAL
(SP-ns-LAL) of six different materials (Au, Ag, Cu, Fe, Ti, and Al)
in water. In the first part of this work, the ablation craters of
each material are characterized by confocal 3D and scanning
electron microscopy with respect to their spot diameter, abla-
tion depth, volume, and surface morphology. In the second
part, the cavitation bubble dynamics are evaluated depending
on the oxidation sensitivity of the ablated target material. In
the third part, the amount of ablated matter is correlated to
the cavitation bubble dynamics. A mechanistic picture summa-
rizing the physical and chemical parameters determining the
ablation process during SP-ns-LAL completes this study.

Experimental Section
Materials

SP-ns-LAL experiments were performed using gold (99.999%, 10X
10x 1 mm, Allgemeine Gold), silver (99.99%, 10x10x 1 mm, Good-
Fellow), copper (99.99%, 10x10x0.5 mm, GoodFellow), iron
(99.98%, 10x 10x0.2 mm, GoodFellow), titanium (99.96 %, 10x 10 x
0.2 mm, GoodFellow), and aluminum (99.0%, 10x10x1 mm,
GoodFellow) substrates for ablation. The experiments were per-
formed in deionized Milli-Q water (18.2 MQ2 cm at 25°C).

Methods
Single-pulse nanosecond laser ablation in liquids (SP-ns-LAL)

SP-ns-LAL was performed in a custom-designed ablation flow
chamber (h: 7 mm, w: 20 mm, |: 30 mm) made of acrylonitrile buta-
diene styrene (ABS) polymer. The internal volume of the chamber
was 4.2 cm’. Furthermore, side observation windows made of float
glass were integrated into the chamber for the cross-sectional
imaging of the cavitation bubbles. Float glass with a thickness of
1.1 mm was also used as an entrance window for the laser beam.
The inlet of the ablation chamber was connected via a tube to a
syringe pump, which delivered a pulsation-free volumetric flow
rate of 5 mLmin~". The time interval between each laser shot was
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set to 3 min to ensure complete fluid exchange in the ablation
flow chamber. This way, screening effects induced by the interac-
tion of the laser beam with pre-existing NPs®>®¥ or persistent mi-
crobubbles® ¢ were avoided.

The ablation targets were polished with abrasive paper to remove
the native oxide layer that forms on the highly oxidation-sensitive
metals’ surfaces. Afterward, the ablation targets were ultrasonically
rinsed with ethanol for 10 min, dried with argon, and placed in the
ablation chamber using a double-sided adhesive tape. The liquid
level in the ablation chamber without the ablation target was
6 mm.

For SP-ns-LAL, an Nd:YAG laser (Innolas, Spitlight DPSS250-100)
was used, operating with a pulse duration of 9 ns, a wavelength of
1064 nm, and a pulse energy of 30 mJ. The laser beam with a raw
beam diameter d, of 3 mm was focused on the ablation target
through a lens with a focal length of 75 mm, which was screwed
onto an optical positioning system. The laser fluence was varied by
adjusting the working distance between the ablation target and
the focusing lens from —10 mm to 3 mm, as displayed in Figure 1a
and b. A negative/positive working distance corresponds to the
focus placed into the liquid/behind the target. At a working dis-
tance of zero, the focal plane is on the ablation target. The effec-
tive spot diameter was determined by confocal 3D microscopy
(Nanofocus) for each working distance and material to calculate
the effective laser fluence (Figure 1a). Note that for a better illus-
tration of the results the error bars (see Figure S1a in the Support-
ing Information) are not shown. Additionally, the theoretical, inci-
dent spot size was calculated considering the laser beam'’s refrac-
tion at the air-glass-water interfaces (see Table S1 in the Support-
ing Information for more details). The incident and effective laser
fluence was then calculated by dividing the applied pulse energy
by the calculated (=incident) or measured (= effective) spot area,
respectively, as shown in Figure 1b (the errors can be found in Fig-
ure S1b in the Supporting Information). The laser beam was direct-
ed to a power meter via a 50/50 beam splitter placed between the
laser and the lens to control the pulse energy. Hence, the initial
pulse energy of 30 mJ was halved, and a pulse energy of 15 mJ
was directed towards the ablation chamber. The effective pulse
energy was further corrected from 15mJ to 11.9 mJ considering
the laser beam’s attenuation due to reflection at the lens, the abla-
tion window, and the liquid layer above the target. Thus, the effec-
tive laser fluences ranged from 21 to 72 Jcm 2 depending on the
target material and the working distance between the lens and the
ablation target (Figure 1c) while for the incident laser fluence
values ranging from 21 to 313 Jcm 2 were calculated by theory
(see Table S1 in the Supporting Information). Hence, for the 6 in-
vestigated metals, at high incident fluences, the effective fluence is
only 6 — 24% of the incident fluence during ns LAL. The error bars

were derived by triple-determination (see Figure S1b in the Sup-
porting Information).

Furthermore, the crater depth and volume were determined by
confocal 3D microscopy, which allowed the ablation craters’ char-
acterization with high lateral and depth resolution of several nano-
meters. The target surface morphology was measured by scanning
electron microscopy (Phillips, XL20). The entire experimental setup
and procedure are sketched in Figure 2.

Imaging of the cavitation bubbles

A videography system with a minimum delay time of 53 us was
used to image the cavitation bubbles.”® With each laser shot, the
ablation chamber was moved perpendicular to the laser beam so
that the next laser pulse could hit a non-ablated part of the target
surface. The cavitation bubble’s lifetime was recorded by varying
the delay time in steps of 10 us. By keeping the delay time con-
stant at 80 us, representing the maximum bubble expansion time,
cavitation bubble images were recorded by varying the working
distance between the lens and the ablation target. The cavitation
bubble size (diameter and height) was determined using Image)
(version 1.51 s), while the cavitation bubble volume was calculated
by assuming a hemispherical bubble geometry (at maximum
bubble size).

Results and Discussion

Characterization of the ablation craters depending on the
physicochemical properties of the target materials and the
laser fluence

During ns-LAL of metals in water, the ablation efficiency is affected
by the formation of persistent bubbles, whose formation rates
strongly depend on the redox potential of the target material.*>%
Thus, for batch-wise, multiple-pulse ns-LAL in water, performed for
longer time periods than a single laser pulse, the lowest NP pro-
ductivities are often obtained for very oxidation-sensitive materials
such as Ti or Al since a large amount of persistent bubbles form
during their ablation, continuously shielding the laser beam and
hence, reducing the ablation efficiency during long-term abla-
tion.'®62%3 Fyurthermore, shielding effects induced by the NPs
reduce ablation efficiency.*"***% |n this context, the question
arises how the ablation process proceeds if no shielding cross-ef-
fects are present, and when just the interaction between the laser
pulse and the target material in the liquid environment is consid-
ered. For this purpose, a single laser pulse with an incident pulse
energy of 11.9 mJ (this value refers to the corrected incident pulse
energy described in the experimental section) was focused on a
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Figure 1. (a) Incident/effective spot diameter and (b) laser fluence as a function of the focus position. (c) Effective laser fluence in the focus position (at a theo-

retical, incident fluence of 313 Jcm™).
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Figure 2. Experimental setup for cross-sectional imaging of cavitation bubbles formed during SP-ns-LAL of Au, Ag, Cu, Fe, Ti, and Al in a liquid flow chamber.
The target materials were characterized by confocal 3D and scanning electron microscopy directly after ablation.

bulk target immersed in water. Au, Ag, Cu, Fe, Ti, and Al were se-
lected as bulk materials, covering a wide range of physicochemical
properties and redox activities. Consequently, different effective
spot sizes were obtained and characterized by confocal 3D micros-
copy, as displayed in Figure 3a for an exemplary incident laser flu-
ence of 166 Jcm™2 It is evident that the effective spot size strongly
depends on the choice of the ablated material. Spot diameters are
largest for Fe, Ti, and Al ranging from 300 to 400 pm, whereas it is
approximately half for Au, Ag, and Cu. Also, the ablation depth de-
pends on the target material, as illustrated in Figure 3b. SP-ns-LAL
of Al yields deepest crater structures with an ablation depth of
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Since the ablation rate and the ablation depth depend strongly on
the incident laser fluence,”"®'” the experiments were repeated for a
broad range of incident laser fluences between 21 and 313 Jcm ™
(Figure 3c-e). The ablation craters are deepest after SP-ns-LAL of
Al, whereby the ablation depth increases with increasing incident
laser fluence from 3 pum to 9 um until a threshold fluence of
166 Jcm 2 is reached. A further increase in the incident laser flu-
ence has no further influence on the ablation depth. Also, for Au
(0.8 to 2.2 um), Ag (0.9 to 4.6 um), and Cu (0.8 to 2.7 um), the abla-
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Figure 3. (a) Confocal 3D microscopy images obtained after SP-ns-LAL of Au, Ag, Cu, Fe, Ti, and Al in water with a theoretical, incident laser fluence of
166 Jcm ™ (b) Line scans of these ablation craters. The minimum of the ablation profiles was centred to the zero position. (c-e) Crater depth, spot diameter,
and corresponding aspect ratio (crater depth divided by the spot diameter) as a function of the theoretical, incident laser fluence.
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tion depth increases with increasing incident laser fluence and sat-
urates above a threshold fluence of 166 Jcm™. The reason for the
ablation depth saturation could be attributed to the laser intensi-
ties of 2-3.5x10'© Wcm™2, which are reached in the fluence
regime > 166 Jcm 2 and possibly promote the optical breakdown
of the liquid. In this context, Docchio et al. found threshold values
of 3x10'° Wcm™ for the optical breakdown in pure water under
focusing conditions comparable to the present study.” In contrast
to Au, Ag, Cu, and Al, the ablation depth changes only slightly for
Fe and Ti. Note that the determination of the crater depth for
these metals was difficult due to the formation of melting edges,
whose height depended strongly on the applied laser fluence (see
Figure S2). For this reason, the horizontal along the target surface
was used as a reference line, resulting in ablation depths of 0.7 to
1 um for Fe and 1.7 to 2 um for Ti. Ouyang et al. observed similar
melting edges after ns-LAL of Ti alloys in water accompanied by
the formation of waves and cracks on the target surface. They
stated that the low thermal conductivity of the ablated metal
favors the formation of this surface morphology.”

Considering the spot diameters displayed in Figure 3d, one can
observe a steady decrease of the spot diameter with increasing in-
cident fluence due to the tighter focusing of the laser beam. Fur-
thermore, the lateral dimensions of the spot diameters are two
orders of magnitude larger than the ablation depth. Consequently,
the aspect ratios (crater depth divided by spot diameter) are very
low and range from 0.001 to 0.04, following the trend Fe <Ti<
Ag < Ag < Cu <Au <Al as shown in Figure 3b,e.

For further discussion, the dependence of the ablation depth on
the incident laser fluence was evaluated. Generally, two different
ablation regimes are distinguished in ultrashort-pulsed LAL, charac-
terized by a logarithmic dependence of the ablation depth on the
laser fluence.”®7® At low laser fluences, the ablation rate is deter-
mined by the optical penetration depth d,, (see Equation (1)). In
contrast the electron thermal diffusion length o4 dominates the
transfer of laser energy into the target substrate at high laser flu-
ences, according to Equation (2).

F

h= 6opr eln (F_) 6upt > 6d/'ff (1)
th
E

h =044 eIn (F—> Oopt K Ogitt (2)
th

Experimentally it was also observed that the energy penetration
depth depends strongly on the pulse duration, so that heat con-
duction effects are of great importance when ablating the target
with ns-pulses.”® Therefore, it is useful to generalize the logarith-
mic relation by introducing an effective penetration depth o ac-
cording to Equation (3).

h=0ueln (Fim) 3)

Fitting Equation (3) to the experimental data points in Figure 3¢
allows calculating d. by the slope of the linear fits (the fits are
shown in the appendix in Figure S3). Furthermore, the ablation
threshold fluence F,, can be derived from the intersection of the
linear fit with the x-axis. Note that linear regression was performed
for incident laser fluences of up to 166 Jcm™2, while higher laser
fluences were neglected due to saturation of the ablation depth.
The results of the calculation of the effective penetration depth
and the ablation threshold fluence are summarized in Table 1. The
experimental results are supplemented by the theoretical values of
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Table 1. Optical penetration depth (d,,,), thermal diffusion length (L), ef-
fective penetration depth (), and ablation (F;) and damage fluence
threshold (F,) as a function of the target material. Fy, eor aNd Fypeor Were
calculated theoretically according to Equations (5) and (7).

6opt Llh
[um] [pm]

Fd,lheor
Jem™?

Fth,theor Flh,exp
Jem™

Octrexp

[um] Dem™

Au 0.011 152
Ag 0.011 177
Cu 0.012 1.45
Fe 0.021 0.64
Ti  0.021 0.41
Al 0.009 133

1.524+0.06 3.31
3.44+0.26 293
1.844+0.13 2.62
0.334+0.08 1.23
0.274+0.08 1.35
535£0.39 2.58

231£0.13 0.39
1.461+0.08 0.41
244+0.19 0.53
0.36+0.71 0.34
0.01+£2.04 0.16
1914018 0.21

the optical penetration depth (d,,), the thermal diffusion length
(L), as well as the ablation (Fy,eo) and damage (Fyeor) threshold
fluence, which are discussed in detail below.

The material-related trend of the effective penetration depth is in
line with the order of the ablation depth determined for SP-ns-LAL
of the different target materials (see Figure 3 c). The effective pene-
tration depth is several orders of magnitudes larger than the opti-
cal penetration depth, which was calculated considering the mate-
rial-dependent absorption coefficients at 1064 nm (see Table 1 in
the appendix). This large difference is expected for ns-LAL since,
compared to ultrashort laser pulses, the pulse duration for ns-laser
pulses is significantly longer than the characteristic electron-
phonon-relaxation times. Hence, a local thermal equilibrium be-
tween the electronic and the lattice system can be assumed. In
this case, Lambert-Beer’s law no longer applies since the thermal
diffusion length significantly exceeds the optical penetration
depth, and heat conduction is no longer negligible. For a more de-
tailed evaluation, the thermal diffusion lengths were calculated ac-
cording to Equation (4).%

2KT
Lth = Cos (4)

Here, k represents the thermal conductivity, T the laser pulse dura-
tion, and ¢, the specific heat capacity of the ablated material
(values are listed in Table S2 in the Supporting Information). For
Au, the calculated thermal diffusion length and the effective pene-
tration depth agree very well. Also, for Cu, Fe, and Ti, the values
match well within one order of magnitude. However, larger devia-
tions become visible for Ag and especially for Al. In the latter case,
the effective penetration depth is four times higher than the ther-
mal diffusion length, indicating that other effects contribute to the
energy transfer into the target system. Likely exothermic redox re-
actions between the target material and water lead to additional
energy release, further affecting the ablation process on a time-
scale later than the laser-matter interaction regime, as discussed
later in more detail.

Regarding the experimentally determined ablation threshold fluen-
ces, comparable values around 1-2 Jcm 2 were found for Au, Ag,
Cu, and Al (see Table 1). For Fe and Ti, the ablation threshold fluen-
ces are significantly reduced. However, note that the R-squared
values (see Figure S3) indicate an inaccuracy of the linear regres-
sion for these metals. Hence, the errors are several times larger
than the calculated ablation thresholds, so that the results for Fe
and Ti have to be handled with caution.

From a theoretical point of view, the ablation threshold fluence is
controlled by the target materials’ optical and physicochemical
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properties. For ns-ablation, the ablation threshold can be estimat-
ed according to Equation (5), considering the energy AU required
to heat, melt, and vaporize the target material, the thermal diffu-
sion length Ly, and the reflectivity R of the target materials.®"

AU
Fo =L e—R) ®)
While the target materials’ reflectivity was measured experimental-
ly (see Figure S4 in the appendix), AU can be approximated by
multiplying the heat of melting and vaporization by the material
density (the material parameters are listed in Table S2). The magni-
tude of the theoretical threshold fluences agrees well with the ex-
perimental value except for Fe and Ti (see Table 1), further support-
ed by the literature. For example, for ns-LAL of Au in water, an
ablation fluence threshold of 3.7 Jcm~2 was calculated.®?

For the discussion of the different material-dependent trends relat-
ed to the ablation depth and the spot diameter during SP-ns-LAL,
the interaction of the laser pulse with the target material and the
liquid (as well as secondary, post-laser-pulse target ablation) must
be taken into account. Since materials with different melting and
vaporization temperatures were studied, the resulting surface mor-
phologies differ significantly.

Figure 4 shows exemplary SEM images of the ablation spots pro-
duced by SP-ns-LAL of Au, Ag, Cu, Fe, Ti, and Al in water at a laser
fluence of 166 Jcm ™2 At this point, it has to be emphasized that
the surface roughness of the pristine bulk targets is not the same
for all target materials, affecting their reflectivity and, consequently,
the fluence ablation threshold.®™ For example, the surface rough-
ness of the pristine Au or Ag bulk surface appears to be higher
than that of the pristine Cu or Fe targets when looking at the SEM
images, which is confirmed by the reflectivity of the corresponding
bulk materials (see Figure S4). Therefore, it is expected that the
ablation efficiency is slightly reduced for those materials (Cu, Fe)
that are characterized by a higher reflectivity (about 20% higher
for Cu and Fe compared to Au, Ag, Ti, and Al). However, recent
studies have shown that the bulk material’s reflectivity is of minor
importance when the target is ablated with laser fluences far
above the ablation threshold.”>®" Since the incident laser fluence
of 166 Jcm ™2 used for ablation is two orders of magnitude higher
than the ablation threshold (see Table 1), it is concluded that differ-
ences in surface roughness can be neglected for the discussion of
the SEM images. Nevertheless, the surface roughness is important

Figure 4. SEM images of ablation spots produced by SP-ns-LAL of Au, Ag,
Cu, Fe, Ti, and Al in water at a theoretical, incident laser fluence of

166 Jcm 2 The insets show the surface morphology at higher magnifica-
tions.

Chem. Eur. J. 2021, 27, 5978 - 5991 www.chemeurj.org

5983

concerning incubation effects at lower incident laser fluences, dis-
cussed in more detail in the cavitation bubble section of this work.

When comparing the ablation craters formed on the different bulk
materials, large differences in the resulting surface morphology
become apparent. In the case of Au, Ag, and Cu, wavy structures
on the ablated metal surface indicate that the melting of the
target surface is accompanied by some kind of hydrodynamic in-
stability.*>** Molten structures are also visible on the ablated Al
surface. These are more dominant than on the other metals’ surfa-
ces and were pushed away from the center to the periphery of the
ablation spot before solidification. This “pushing effect” is even
more pronounced on the ablated Fe and Ti surfaces, resulting in
melting edges (also visible on the confocal 3D images in Fig-
ure 3b) that are predominantly localized at the periphery of the
ablation crater. While the high melting tendency for SP-ns-LAL of
Al can partly be explained by its low melting point (933 K),® the
formation of the melting edges on the ablated Ti and Fe surfaces
is probably attributed to the low thermal diffusivity of these
metals. The impact of the recoil pressure induced by the cavitation
bubble likely further intensifies this effect.”**

Another interesting feature becomes visible when one takes a
closer look at the melt’s topography (see inserts in Figure 4). The
formation of a porous structure with different degrees of micro-
cavities can be observed. The number of these micro-cavities is
quite low for Au, Ag, and Cu but increases significantly for Fe and
Al. In contrast, no micro-cavities are visible on the ablated Ti sur-
face. It is often reported that the micro-cavities originate from
phase explosion (besides spallation) of the target material.”®" |t
is further speculated that homogeneous bubble nucleation occurs
when the melt's temperature rises to a value of 0.8-0.9 of the
metal’s critical thermodynamic temperature T.. In this case, the hot
molten layer is penetrated by the supercritical water, and hydrody-
namic disintegration of this layer into NPs takes place.”® Afterward,
the liquid layer is pushed back to the target surface. Different
values were reported for the critical thermodynamic temperature
of the metals used in this study. For example, a T, of 7400 K was
found for Au,®” while it is 6700 K for AL For Ti, the T. of
11790 K®Y is far higher compared to the other metals, consistent
with the lowest degree of micro-cavities.

Note that for water, the critical thermodynamic temperature is
647 K® According to Starinskiy et al., the damage threshold for
melting is balanced by the phase change temperature of water
and the metal melting temperature.®°? For the ablation of metals
with high melting points, water phase change starts before target
melting, and for the ablation of metals with low melting points, it
is the opposite. Therefore, it is expected that the damage thresh-
old is higher for the ablation of high melting metals since the
formed vapor-liquid interface shields the incoming laser beam.®>?
The ablation depths were plotted against the different materials’
melting temperatures for evaluating this relationship (Figure 5a). A
good correlation between the ablation depths and the melting
temperatures of the corresponding materials can be observed.

In the following, the material-specific trend of the measured spot
diameters is discussed in more detail. Since the measured and the-
oretically calculated spot diameters differ (see Figure 1), the inci-
dent and effective laser fluence also differ, as demonstrated in Fig-
ure 5b. The incident laser fluence is calculated by dividing the ap-
plied pulse energy by the target area illuminated by the laser
beam. Considering a pulse energy of 11.9 mJ and the theoretical
spot sizes (which are material-independent), the incident laser flu-
ences range from 21 to 313 Jcm™2 In contrast, the effective laser
fluences were calculated by considering the effective spot size
after ablation. Since the largest spot sizes were obtained for Ti, the
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Figure 5. (a) Ablation depth as a function of the bulk materials’ melting
points. The critical thermodynamic temperature of water is marked with an
arrow. (b) Double logarithmic plot of the measured, effective laser fluence
against the theoretical, incident laser fluence. Linear regression of the data
obtained for theoretical, incident laser fluences below (solid lines) and
above (dashed lines) 75 Jcm™ are included. In the insert, the ratio of the
slopes of the fits >75 Jcm ™2 to <75 Jcm 2 is plotted. (c) Ratio of the mea-
sured, effective to theoretical, incident laser fluence. The ratios were calcu-
lated for a fixed theoretical, incident laser fluence of 38 and 166 Jcm ™.

(d) The squared effective spot radius obtained at a theoretical, incident laser
fluence of 166 Jcm 2 is shown as a function of the logarithmic calculated
material-specific damage thresholds. A linear fit is used.

effective laser fluences are the smallest for this metal (11+1 to
26+3Jcm ). In contrast, the smallest spot sizes were measured
for Ag so that the effective laser fluences are the highest for this
metal (4144 to 92422 Jcm ™). The effective laser fluences of the
other metals lie between those of Ag and Ti, following the order
Ti<Al<Fe<Au<Cu<Ag.

It is worth mentioning that the deviation between the incident
and effective laser fluence is smaller below an incident laser flu-
ence of 75 Jcm™? but increases above this value. This trend is par-
ticularly pronounced for Au, Ag, and Cu, as indicated by the ratio
of the slope of the linear fits between these two fluence regimes
in the insert of Figure 5b. This observation is further confirmed by
the ratio between the effective and the incident laser fluence cal-
culated for a fixed incident laser fluence of 38 and 166 Jcm 2 in
Figure 5¢. At an incident laser fluence of 38 Jcm ™2 the ratio is
1.00+£0.06 for Ag and decreases from Cu (0.75+0.09), Au (0.6 +
0.1), Fe (0.39+0.03), Ti (0.284+0.02) to Al (0.31 4+0.05). At a fixed in-
cident laser fluence of 166 Jcm™, the ratio of the effective to inci-
dent laser fluence is 2-3 times lower. This trend can be associated
with a less efficient coupling of laser energy into the target
system. At higher laser fluences, plasma shielding effects become
more relevant.

Nevertheless, it remains unclear how the effective spot diameters
relate to the target materials’ physicochemical properties. For a
first assessment, the spatial fluence distribution F(x) is considered,
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which is given by Equation (6), assuming a Gaussian beam (the M?
value of the used laser is 2 and delivers TEM,, mode).

F(x) = Fy,eexp (%f) (6)

o

Here, x represents the distance from the beam center, F, the peak
fluence at the beam center, while w, is defined as the 1/e? beam
radius of the distribution. The laser fluence is the highest in the
beam center but decreases exponentially with increasing distance,
as outlined in the insert of Figure 5b. The fluence falls below the
ablation threshold at a certain distance from the beam center,
where the impact of target annealing, modification, and melting
increases. Taking into account the thermal diffusion length Ly,
(from Table 1), the melting temperature T, the specific heat ca-
pacity c,, as well as the density p of the different bulk materials
(from Table S2 in the appendix) and the ambient temperature T,
(298 K), the material-specific damage threshold F,,, for melting can
be calculated by Equation (7).

Fd.m =Gsope (Tm - TO) ° Lth (7)

In Figure 5d, the calculated damage thresholds (also summarized
in Table 1) were plotted against the squared effective spot radius
at an exemplary incident laser fluence of 166 Jcm % The values
correlate very well, indicating that the effective spot size (and thus
the effective laser fluence) is determined by the SP-ns-LAL-induced
melting of the target surface depending on the ablated materials’
thermal properties.

Characterization of the cavitation bubble dynamics

As predicted by MD simulations, the hot molten layer that forms in
the initial phase after laser-matter interaction strongly interacts
with the liquid, resulting in an expanding low-density metal-water
mixing region, which serves as the precursor for the formation of
the cavitation bubble.®**¥ Although this mixing region offers suita-
ble conditions for chemical reactions, these have not yet been con-
sidered in the MD simulations. Such chemical reactions include
redox reactions that can take place between the molten material
and supercritical water, further affecting the evolution of the cavi-
tation bubble. Therefore, the influence of the redox potential of
the target materials on the cavitation bubble evolution is investi-
gated in the following. Generally, the lifetime and the size of the
cavitation bubble strongly depend on the applied pulse
energy.”* and the focusing conditions.*” However, for the first
bubble expansion phase, it was found that the bubble maximum
is always located at the same time delay of 80 us regardless of the
applied laser fluence and target material (see Figure S5a). There-
fore, a constant time delay of 80 us was chosen for all further ex-
periments. Figure 6a shows pictures of the maximum cavitation
bubble volumes recorded during SP-ns-LAL of Au, Ag, Cu, Fe, Ti,
and Al.

The cavitation bubbles produced on the different materials exhibit
a quasi-hemispherical shape at their maximum expansion with a
sharp interface to the liquid phase. The cavitation bubbles’ sizes
are comparable for Au, Ag, Cu, Fe, and Ti and are characterized by
heights and diameters of 1.6 mm and 3.2 mm, respectively. Howev-
er, for Al, the cavitation bubble is much bigger, reflected in an en-
largement in bubble height and diameter by 200 um (indicated by
red-dashed, horizontal line). The bubble volume was calculated,
considering the cavitation bubble height and diameter (Figure 6b).
Analogous to the ablation depth (compare Figure 3¢), the bubble
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Figure 6. (a) Pictures of cavitation bubbles produced during SP-ns-LAL of
Au, Ag, Cu, Fe, Ti, and Al in water at a theoretical, incident laser fluence of
313 Jecm 2 Each picture was recorded at a constant time delay of 80 us after
the laser impact, representing the maximal expansion phase. (b) Maximum
cavitation bubble volume depending on the target material and the theoret-
ical, incident laser fluence. (c) Maximum cavitation bubble volume as a func-
tion of the standard electrode potential of the ablated material.

volume increases with increasing incident laser fluence but satu-
rates and approaches constant values of about 8 mm?® at laser flu-

ences above 166 Jcm™2

Interestingly, there is no clear trend in bubble volume for incident
laser fluences below 63 Jcm™? for all materials except Al In this
low-fluence regime, the bubble volumes are smallest for Ag and
Cu, followed by Ti, Fe, and Au. This trend is probably due to the
impact of incubation effects.®” Reich et al. reported that such incu-
bation effects are more important in the low-fluence regime,
where the cavitation bubble size increases significantly during the
first few laser pulses. They explained the findings by a suppressed
target reflectivity and more efficient coupling of laser energy into
the target.”? In the high-fluence regime, incubation effects are of
minor importance. Hence, the target reflectivity or roughness of
the pristine target surface seems to be less-relevant in the high-flu-
ence regime where the cavitation bubble volumes are comparable
for all materials except Al. This observation is further supported by
Bevanides et al., who showed that the reflectivity drops significant-
ly during ns-ablation when the laser fluence is much higher than
the ablation threshold.®

In contrast to the other materials, the bubble volumes are consis-
tently the largest for Al regardless of the incident laser fluence. In
the low-fluence regime, the maximum bubble volume is almost
twice as large compared to the other metals. With increasing inci-
dent laser fluence, the differences decrease, but the LAL-induced
cavitation bubble on Al is still 20% bigger. Recently, it was shown
that the hydrogen gas formation rate increases strongly with in-
creasing oxidation sensitivity of the ablated material.®*®® Possibly,
not only the formation of persistent bubbles is influenced by the
oxidation-sensitivity of the ablated material, but also the formation
of the initial cavitation bubble explaining the larger bubble vol-
umes for Al. In this context, Tamura et al. found that a thin vapor
layer (stated as the birth of the cavitation bubble) forms around
the plasma boundary already during the first few tens of nanosec-
onds after laser-matter interaction, indicating a strong interaction
of the plasma with the liquid.”® Lam et al. showed that during ns-
LAL of Al,O; in water, Al atoms are oxidized after 2 us.?" Thus, the
possibility of early redox reactions between the target material and
water molecules would be given.

For further evaluation, the maximum cavitation bubble volumes
were plotted as a function of the target materials’ standard elec-
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trode potential in Figure 6c¢. In contrast to the strong dependence
of the total gas volume produced by ns-LAL from the target’s
redox potential®®¥ under SP-conditions, the redox potential de-
pendence of the cavitation bubble volume is less prominent. For
Au, Ag, Cu, Fe, and Ti, the cavitation bubble volume increases only
slightly but steadily with decreasing standard electrode potential.
However, considering the standard deviation, it is concluded that
the cavitation bubble volume is less affected by the oxidation sen-
sitivity of these metals under SP-ns-LAL conditions. The highest
cavitation bubble volume of 9.8+0.8 mm? for Al, on the other
hand, qualitatively agrees with the expectations of the redox
chemistry. However, concerning the far higher molar ablation yield
for Al (factor 12, see Figure 8a as will be discussed later) as well as
factor 20 higher mole-specific gas formation volume compared to
Au,®2% this cavitation bubble volume is still far smaller as expect-
ed, indicating that secondary effects contribute to both target
ablation and gas formation rate at longer timescales.

Since the biggest difference in the cavitation bubble evolution was
observed for Al, this material is discussed in more detail using Au
as oxidation-inert reference material. For this purpose, the whole
cavitation bubble cycle was recorded for both metals, as illustrated
in Figure 7a. The development of the cavitation bubble can be
subdivided into four stages.***? In the first stage, the liquid under-
goes phase transition inducing the formation of an expanding cav-
itation bubble. After reaching a stationary point with maximum
size, the cavitation bubble begins to shrink and finally collapses. If
enough energy is stored within the first cavitation bubble, one or
more cavitation bubble rebounds are observed (second and third
stage). Finally, all collapses and, in particular, the final collapse led
to the formation of persistent bubbles (fourth stage).

By comparing the cavitation bubble’s temporal evolution, it be-
comes apparent that the maximum cavitation bubble volume for
Al is significantly larger than for Au, as discussed before. This ob-
servation applies not only to the maximum cavitation bubble
volume but also to the entire first bubble cycle. Besides, the life-
time of the first cavitation bubble is longer for Al (~200 ps) than
for Au (=180 us), which is indicated by the red (for Au) and purple
(for Al) colored vertical lines in Figure 7b, and further supported
by the calculated Rayleigh collapse times (see Table S3 in the Sup-
porting Information).

In the second stage (=first rebound), a secondary cavitation
bubble is formed, which lasts longer and is larger for Al (350 ps
and 1.6 mm?) than for Au (330 us and 1.2 mm?), as expected from
the bigger first bubble. However, a larger difference becomes ap-
parent when looking at the third stage, which cannot be explained
by Rayleigh-Plesset- or Gilmore-like bubble rebound behavior®
and indicates strongly non-adiabatic conditions. For Au, only a
small third cavitation bubble (2nd rebound) is formed, collapsing
after 390 us and characterized by a maximal bubble volume of
0.3 mm?®. The cavitation bubble formed on the Al surface is three
times larger (1.1 mm?) and lasts significantly longer (510 ps), indi-
cating that another process contributes to the bubble rebound
extent.

In this context, the ratio of the individual cavitation bubble life-
times T, is interesting as it represents an expression of the vigor
of the bubble collapse. The ratio increases with increasing collapse
pressure and damping induced by the acoustic transient or shock-
wave emission. The T,/T,. ratio is larger for Al (1.45) than for Au
(1.22). It is known from SAXS measurements that the LAL-induced
cavitation bubbles contain ablated matter.*=%%¥ Additionally,
water is decomposed during LAL, and a large quantity of perma-
nent gases is formed depending on the oxidation-sensitivity of the
ablated material.®*®¥ Thus, it is likely that the cavitation bubble
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Figure 7. (a) Temporal evolution of the cavitation bubble on gold (upper picture series) and aluminum target (lower picture series) immersed in water at a

theoretical, incident laser fluence of 313 Jcm ™

spherical =1.0) as a function of time. Au=red squares, Al=purple circles.

also consists of permanent gases besides ablated matter and water
vapor. More non-condensable bubble content then leads to a
stronger cushioning of the collapse and less damping by shock-
wave emission. Also, the Rayleigh-Plesset and Gilmore equations
cannot account for symmetry breaking at the bubbles’ interface
layer which extent depends on the liquid viscosity®®¥ and is expect-
ed to have a stronger effect for smaller (rebounding) bubbles.

After the final bubble collapse, persistent bubbles (indicated as
dotted red and purple lines) are formed. The amount of these bub-
bles is significantly larger for Al than for Au, which can be ex-
plained by the high redox affinity of Al to water.®** Considering
that such redox reactions are exothermic, they likely contribute to
the energy transfer into the bubble rebound and/or additional for-
mation of (permanent) gas, leading to a larger bubble rebound
volume and lifetime.

The picture frames further indicate that the cavitation bubbles de-
viate from the ideal hemispherical shape. This deviation is particu-
larly pronounced during the second rebound event on the Al sur-
face. The bubble sphericity was calculated to evaluate this symme-
try deviation in more detail (Figure 7 c). It is defined by the ratio of
bubble height (expansion in the y-direction) to bubble radius (ex-
pansion in the x-direction) considering a hemispherical bubble ge-
ometry according to Equation (8).

bubble,,;
bubble sphericity = ;'TZW
radius

(8)
Accordingly, a symmetry factor of 1 is associated with an ideal
hemisphere. The bubble sphericity is ideal for both materials
during the maximum expansion phase but decreases as the first
rebound event approaches. The decrease of the bubble sphericity
is larger for Au than for Al. However, its value increases again at
the beginning of the first rebound stage, followed by a steady de-
crease until the second rebound is reached. During the third stage,
the bubble sphericities for Au and Al are completely different. In
the case of Au, the bubble sphericity increases until an almost
hemispherical bubble is reached, whereas the bubble sphericity
fluctuates for Al (visible as bumpy structures in Figure 7a). This
change in sphericity is probably due to the strong reactivity of Al
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. (b) Temporal evolution of the cavitation bubble volume and (c) calculation of the bubble sphericity (hemi-

with the water (vapor) phase and the stronger cushioning of the
bubble induced by the formation of less-condensable permanent
gases.

Correlation of the amount of ablated matter with the cavita-
tion bubble properties

Since the ablated matter and its reactivity with water seem impor-
tant for the cavitation bubble dynamics, the volumetric, mass, and
molar ablation efficiencies were determined by confocal 3D micros-
copy. The results are summarized as stacked bar charts in Fig-
ure 8a-c (the data points for each metal are given in Figure S6 in
the Supporting Information).

The volumetric ablation efficiency is the highest for Al. It increases
almost linearly from 1.7+£0.7x 10° to 3.54+0.5x 10° um*/pulse until
an incident laser fluence of 166 Jcm™2 is reached. A further in-
crease of the incident laser fluence is accompanied by saturation
of the volumetric ablation efficiency. For Au (0.2+0.1x10° to 0.3+
0.1x10° um*/pulse), Ag (0.14+0.1x10° to 0.840.1x10° um?/
pulse), and Cu (0.1+£0.0x10° to 0.4=+0.1x 10° um*/pulse), the volu-
metric ablation efficiency shows the same dependence on the inci-
dent laser fluence but is in total up to ten times lower than for Al.
In contrast, the general trend for Fe (0.3+£0.0x10° to 0.14+0.0x
10° um®/pulse) and Ti (0.840.1x10° to 0.4-+0.1x 10° um*/pulse) is
the opposite. The ablated volumes are highest at low incident
laser fluences and decrease steadily with increasing incident laser
fluence. This trend can be attributed to the formation of melting
edges (see Figure S2), which do not contribute to the ablated
volume.

For further evaluation, the volumetric ablation efficiencies were di-
vided by the material density to obtain the mass ablation efficiency
(Figure 8b). A mass ablation efficiency range from 0.1 to 1 pg/
pulse is equivalent to a range from 10 to 100 mg/(hW) assuming,
e.g., a 1kHz, 30 mJ continuous ns-LAL process. According to Fig-
ure 8b, the efficiency in SP-ns-LAL is around a factor of 10 higher
than observed for kHz-systems®*¢? indicating the significant loss
of efficiency due to shielding effects. In detail, SP-ns-LAL ablation
efficiencies are highest for Ag and Al (=1 pg/pulse) and decrease
to 0.1-0.5 pg/pulse for Au, Cu, Fe, and Ti. Thus, the mass ablation
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amounts contained in the cavitation bubble to the amount of ablated mol depending on the theoretical, incident laser fluence.

efficiency does not correlate with the redox potential of the ablat-
ed material under SP-ns-LAL conditions, as was observed for con-
tinuous ns-LAL of the same metals with repetition rates in the kHz
range.®>% The different trends can be explained by the fact that
the formation of persistent bubbles starts after several hundred mi-
croseconds (see Figure 7). Hence, their influence on the first laser
pulse is negligible so that the ablation yield in SP-LAL is not affect-
ed by gas formation cross-effects. However, it has been shown that
the redox chemistry between the ablated matter and the water
phase might be important for cavitation bubble dynamics. Since
such redox reactions are typically balanced by the reaction stoichi-
ometry of the involved redox pair (metal and water), the molar
ablation efficiency was calculated by dividing the mass ablation ef-
ficiency by the corresponding material’s molar mass (see Fig-
ure 8¢). The molar ablation efficiencies are the highest for Al
(35 nmol/pulse) and decrease to 2-8 nmol/pulse for Ag, Ti, Cu, Fe,
and Au. Surprisingly, SP-LAL of Ag leads to a significantly higher
ablation efficiency than for SP-LAL of Au. On the one hand, Ag has
half the density of Au. On the other hand, Ag has a bigger thermal
diffusion length leading to deeper craters. Possibly, Ag is a material
that presents a good balance between heat penetration and heat
dissipation. Also, the difference in surface morphology may have
caused the high energy in-coupling.”” It is clear that more detailed
studies are needed on this topic. Methods such as ps-resolved
pump-probe microscopy™ or ellipsometry®” could help to under-
stand the different target material behavior.

In the next step, the molar ablation efficiency was related to the
cavitation bubble volume, resulting in the bubble-internal molar
concentration (Figure 8d). Note that the presented concentration
values are the nominal bubble-internal concentrations assuming
that the target mass derived from the crater volume measure-
ments is present in total in the first bubble. This ideal situation is
not the case in particular for redox-active targets, as will be dis-
cussed later, and calculation of this ideal value intends to demon-
strate the deviance from this “ideal” (redox-reaction-free) behavior.
For Au, this virtual bubble-internal molar concentration is about
0.3 nmol/mm? and remains rather constant over the entire fluence
range. For Ag, Cu, and Al, it increases with increasing laser fluence,

resulting in maximum concentrations of 1 nmol/mm? 0.6 nmol/
mm?, and 3.5 nmol/mm?, respectively. For Fe and Ti, the trend is
the opposite, so that the bubble-internal molar concentrations of
1-2 nmol/mm? are the highest in the low-fluence regime. Overall,
the nominal concentration of ablated matter (if the laser pulse
causes the whole crater volume) of Al would be a factor of ten
higher than for Au.

Letzel et al. determined a bubble-internal molar concentration of
3.7 nmol/mm? for SP-ns-LAL of Ag in water at an effective laser flu-
ence of 14.5 Jcm 2" In the present study, a ten times lower con-
centration of 0.4 nmol/mm?® was determined at a comparable inci-
dent laser fluence of 21 Jcm ™2, unexpected at first sight. However,
note that Letzel et al. ablated the target with ten single pulses or
more to obtain accurate ablation results and extrapolated these
values to one pulse. Hence, incubation effects may be responsible
for the differences in the bubble-internal molar concentrations.

For further discussion, the molar gas amount in the cavitation
bubble was calculated for Au and Al as reference materials to
assess the influence of redox reactions within the bubble cavity.
Assuming that the total amount of ablated mol Al (35 nmol at an
incident laser fluence of 313 Jcm ™) reacts with water, ca. 50 nmol
molecular hydrogen is expected to be formed. A comparison of
this value with the gas volume of 1.6 mm?® obtained by subtracting
the experimentally found cavitation bubble volume for Al
(9.8 mm?®) from that of Au (8.2 mm?) would support the theory of
early redox reactions. However, two points are disregarded. Firstly,
the redox potential is temperature-dependent, so that already
simple calculation of the temperature-dependent Nernst equation
predicts oxidation of gold (i.e. if the overpotential is taken into ac-
count).? Secondly, the assumption that the total mass is ablated
within the laser pulse and plume time regime is probably incorrect,
particularly for (exothermic) redox-active target materials. The
latter point is further supported by considering the molar ratio of
the amount of gas in the first cavitation bubble to the amount of
ablated matter (Figure 8e). This molar ratio would predict that the
contribution of Au to the gas volume of the primary cavitation
bubble is ten times higher than that of Al, which is unrealistic from
the viewpoint of the redox chemistry and the assumption that the

Chem. Eur. J. 2021, 27, 5978 - 5991 www.chemeurj.org 5987  © 2021 The Authors. Chemistry - A European Journal published by Wiley-VCH GmbH


http://www.chemeurj.org

Chemistry
Europe

European Chemical
Societies Publishing

Full Paper

Chemistry—A European Journal doi.org/10.1002/chem.202005087

ablated mass (from Figure 8a) is completely present in the first
bubble. Therefore, exothermic reactions at the target surface likely
contribute to the ablation of additional material, which further af-
fects the second rebound of the cavitation bubble and the forma-
tion of persistent bubbles (compare Figure 7). This assumption is
supported by Reich et al., who have shown that the oxidation of
Zn atoms present in the liquid sets in at time delay after the col-
lapse of the first cavitation bubble.”*®

For a more detailed discussion, the exothermic character of the
redox reaction of the metals with water was investigated. This re-
action can induce the release of additional heat, which amount
can be approximated by taking into account the corresponding re-
action enthalpy®°? and the molar amount of ablated matter, as
demonstrated in Table 2.

For less-oxidation-sensitive metals such as Au, Ag, Cu, and Fe, the
redox reaction with water is endothermic but becomes exothermic
for Ti and Al. Related to the initial pulse energy of 11.9 mJ, this

Table 2. Calculation of the amount of heat formed during the reaction of
water and ablated matter based on the ablated mass at a theoretical, in-
cident laser fluence of 313 Jcm 2 and enthalpy values from literature.® %)
Amount of ablated mol

Material Reaction enthalpy Energy [mJ]

[kJmol™] [nmol]
Au 845 28+0.2 2.39+0.17
Ag 255 88+1.6 2.244+0.41
Cu 123 5.2+0.2 0.64+0.02
Fe 20 22+14 0.04+0.02
Ti —372 5.5+0.5 —2.04+0.18
Al —818 35.14+9.1 —28.7+7.44

1. laser-matter interaction

4. rebound

2. ablation

means that the exothermic redox reaction of Ti and Al with water
generates 17 and 240% additional energy, respectively. These
strong non-adiabatic exothermic conditions probably influence not
only the ablation yield on a timescale later than the laser pulse
and plume time regime but also the cavitation bubble rebound
and the formation of persistent bubbles.

Mechanistic picture summarizing the physical and chemical
processes during LAL

The mechanistic picture displayed in Figure 9 summarizes the
chemical and physical processes that possibly occur within the dif-
ferent temporal stages during ablation in water and determine the
ablation yield, the vaporization and decomposition of the liquid,
the cavitation bubble dynamics, and the formation of persistent
bubbles and NPs.

Based on the laser pulse interaction with the target material
(Figure 9, panel 1), the pulse duration is important because it de-
termines the rate and depth of the deposition of laser energy into
the target material.”® ' While for ultrashort pulses (fs-ps), the dep-
osition of laser energy takes place within the range of the optical
penetration depth of the target material,”® for longer laser pulses
(>ns), deeper parts of the target material are affected by heat con-
duction.""% |n a liquid environment, the effective energy pene-
tration depth might be even higher than expected for ablation in
air since exothermic reactions between oxidation-sensitive metals
and water induce the release of additional energy from that con-
fined volume that penetrates the target and affects the ablation
yield, probably including the timescale later than the laser pulse
and plume time regime.

The ablation process (Figure 9, panel 2) is driven by the strong in-
teraction of the ablation plume with the liquid, which is rapidly

3. cavitation

Figure 9. Scheme of the physical and chemical processes occurring during laser-matter interaction (1), ablation (2), cavitation (3), and rebound (4) of the cavi-
tation bubble as well as the dispersion (5) of persistent bubbles and NPs within the liquid.
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heated to supercritical conditions resulting in the formation of an
expanding low-density metal-water mixing region.®>** This region
provides suitable conditions for the nucleation and growth of
small NPs as well as chemical reactions.

Even though the oxidation of the target surface and NPs is a com-
monly observed phenomenon,®”¢>¢3751%1 the time and place of
oxidation are controversially discussed. Since reactive oxygen spe-
cies are formed within the plasma,’®*®*'¥ it is not unlikely that the
NPs are oxidized within the low-density metal-water mixing region,
which further expands, leading to the evolution of the cavitation
bubble (Figure 9, panel 3). The cavitation bubble, of which the con-
tact angle with the target surface strongly depends on the liquid
viscosity,*” acts as confinement for the particle mass. Its interior
consists mainly of solvent molecules.”>'® However, permanent
gases such as molecular hydrogen and oxygen formed by early
plasma-liquid®? or redox reactions within the low-density water-
metal mixing region are also likely present, as indicated within this
study.

The NPs contained in the cavitation bubble are subject to even fur-
ther reactions.®””***® Nevertheless, it is unclear to what extent the
NPs in the cavitation bubble result from the ablated mass within
the laser pulse and plume time regime since hints were found in
this study that redox-active materials may react exothermally with
water, resulting in an additional energy release, which probably
leads to further material expulsion on a later timescale. Such
strong, non-adiabatic conditions not only favor a larger second
cavitation bubble rebound (Figure 9, panel 4), which cannot be ex-
plained by the Rayleigh-Plesset®® and Gilmore-like rebound"® be-
havior, for which adiabatic conditions (and symmetry) are assumed.
Also, the formation of a large amount of persistent bubbles con-
sisting of molecular hydrogen and oxygen near the target surface
is promoted (Figure 9, panel 5), determining the NP productivity
during continuous LAL®®>63 After the final cavitation bubble col-
lapse, the NPs are dispersed in the liquid, where they further
grow” and oxidize®”%*%*° on the long-timescale.

In summary, all these physical and chemical processes discussed in
this section demonstrate that the redox chemistry between the
target material and the liquid is crucial for the ablation yield, cavi-
tation bubble dynamics, and the formation of permanent gases on
both the short- and the long-timescale. In particular, the exother-
mic character of these redox reactions in correlation with the phys-
icochemical properties of the target materials (e.g., melting point
and thermal diffusivity) is of high relevance for evaluating the LAL-
induced ablation dynamics and should be further investigated in
future studies.

Conclusions

The synthesis of colloids by laser ablation in liquids can be per-
formed with a huge variety of different material classes. Since dif-
ferent physical and chemical properties characterize these materi-
als, the outcome of the interplay between the laser, the bulk mate-
rial, and the liquid is very complex. Laser ablation of oxidation-sen-
sitive materials in water, e.g., promote the decomposition of water,
further influencing the ablation process in terms of ablation effi-
ciency, cavitation, and oxidation of the NPs. Such cross-effects are
not only a nuisance for the upscaling of the process but also for
fundamental investigations. Therefore, single-pulse ablation condi-
tions are required to link the ablation yield to cavitation dynamics,
disentangled from any post-irradiation effects.

By performing single-pulse nanosecond laser ablation of six differ-
ent bulk materials (Au, Ag, Cu, Fe, Ti, and Al) in water, it was dem-
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onstrated that the ablation characteristics are determined by the
bulk material's thermal properties and redox potential. It was
shown that the effective spot sizes vary significantly, resulting in
spot sizes twice as large for poor thermal conductors like Fe and
Ti, compared to good thermal conductors such as Au, Ag, and Cu.
Consequently, the deviation from the effective and the incident
laser fluence is largest for Ti and Fe with a factor of 5-8. For Au,
Ag, and Cu, it was shown the deviations are smaller in the low flu-
ence regime (factor 1-2) but increase significantly in the high flu-
ence regime (factor 3-5) due to increasing importance of plasma
shielding effects. Single-pulse ablation of low melting point, chemi-
cally reactive materials such as Al constitutes a border case that
leads to large spot sizes, deepest crater structures, and thus high-
est ablation yields. These results are completely different from
those observed for multiple pulsed laser ablation, where the for-
mation of persistent bubbles determines the ablation efficiency on
the long-timescale, making kHz-LAL of Al very ineffective.

Furthermore, in this study, we found indications that exothermic
redox reactions between the target material and water are impor-
tant for the cavitation bubble’s volume and dynamics. It was
shown that compared to oxidation-resistant target materials such
as Au, 20% larger cavitation bubbles are formed on highly oxida-
tion-sensitive materials such as Al. The difference in bubble vol-
umes indicates that the cavitation bubble probably contains mo-
lecular hydrogen (and oxygen) in addition to water vapor. The for-
mation of such non-condensable permanent gases combined with
the exothermic redox reaction character influences the cavitation
bubble dynamics, leading to a prolonged oscillation cycle and re-
bounds that are far larger than expected for adiabatic conditions.
Therefore, target energy transfer (exothermic reaction) and perma-
nent gas formation near the target surface need to be considered
as key effects that contribute to both the reaction of the liquid
with the target material and the ablation yield. As the chemical en-
vironment inside the cavitation bubble does affect the NP growth,
determining its gas composition besides the nanomaterial’s charac-
terization could be interesting for future experiments.
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