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In situ speciation and spatial mapping of Zn
products during pulsed laser ablation in liquids
(PLAL) by combined synchrotron methods
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Pulsed laser ablation in liquids is a hierarchical multi-step process to produce pure inorganic nanoparticle
colloids. Controlling this process is hampered by the partial understanding of individual steps and struc-
ture formation. In situ X-ray methods are employed to resolve macroscopic dynamics of nanosecond
PLAL as well to analyse the distribution and speciation of ablated species with a microsecond time resolu-
tion. High time resolution can be achieved by synchrotron-based methods that are capable of 'single-
shot' acquisition. X-ray multicontrast imaging by a Shack—Hartmann setup (XHI) and small angle X-ray
scattering (SAXS) resolve evolving nanoparticles inside the transient cavitation bubble, while X-ray absorp-
tion spectroscopy in dispersive mode opens access to the total material yield and the chemical state of
the ejecta. It is confirmed that during ablation nanoparticles are produced directly as well as reactive
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material is detected, which is identified in the early stage as Zn atoms. Nanoparticles within the cavitation
bubble show a metal signature, which prevails for milliseconds, before gradual oxidation sets in. Ablation
is described by a phase explosion of the target coexisting with full evaporation. Oxidation occurs only as a
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1 Introduction

Pulsed laser ablation in liquids'™ is a route to produce pure
nanoparticles, such as zinc oxide, without impurities that may
interfere with biological, catalytic®” or photonic function.®™*
The primary process in PLAL happens on a sub-microsecond
time scale, including material evaporation and spallation.
While it has been observed that ablation of zinc produces par-
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later step to already formed nanoparticles.

tially metallic particles,">"* which oxidize on a minute time

scale,' not much is known about the speciation in situ
during the multistep ablation process. In general, it is estab-
lished that during PLAL the target is heated far above the
melting point such that explosive boiling and evaporation can
eject a thin liquid film on the metal target'® as well as atomic
or cluster species'®"® and primary particles.'®>* Aggregation
of monomers has been modelled to occur on a sub-micro-
second time scale.'>*' Subsequently, the material gets in
contact to the liquid phase, the latter is also evaporating due
the strong excitation. On a sub-millisecond time scale a vapour
bubble of the surrounding liquid forms with a size of hun-
dreds of micrometers to millimetres, depending on pulse
energy and number of pulses.”>** The bubble collapse fosters
nanoparticle agglomeration and formation of secondary par-
ticles.>® Further particle ripening can extend to much longer
time scales.”® The interior of the bubble is known to present
quite unique conditions, in particular, if a laser-induced
plasma is active. Size quenching has been seen to be active
already inside the vapour,?”*® if electrolytes or surfactants are
present.'®

Standard laboratory approaches to capture dynamics in this
early time scale have been limited to high-speed
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videography or light (plasma) emission or scattering.
Snapshot imaging with visible light has been used extensively
to visualize the formation of a cavitation bubble after the
intense heating of the target-liquid interface. High-speed
cameras are combined with shadowgraphy to film the bubble
on a microsecond time scale.’® Alternatively, pump-probe
setups with lasers®®?” or flash lamps®>>® as probes can be
used to reconstruct a film-like sequence of the different stages.
Plasma emission delivers valuable information on cluster
temperature or ionic species.'” Optical spectroscopy'® is vir-
tually impossible to apply before the bubble has vanished due
to the strong perturbation by refraction and opaque micro
bubble clouds. Novel approaches via creation of a laser-
induced flat transparent window allow the clear observation of
the formation of nanoparticles inside the ablation bubble
through laser scattering,®® but without chemical speciation or
exact size determination. Thus, particle sensitivity and quanti-
fication of ablated mass yield is difficult to obtain in situ.

Therefore, synchrotron methods with short-wavelength radi-
ation become extremely valuable, because they are less per-
turbed by the inhomogeneities during ablation, are sensitive
to an atomic to nanometre length scale and also yield spectral
information that can be rationalized for deriving the chemical
state of the involved elements.

Here, we describe the use of synchrotron-based X-ray
probes that are capable of a ‘single shot’ approach to acquire a
data set of spatial or spectroscopic information in one laser
shot. This does not necessarily mean that one single measure-
ment suffices, but averaging over multiple events to cope with
the low interaction cross-section may still be necessary. Yet,
the signal will not be affected by drifts in sequential scanning
approaches. Time-resolved small angle X-ray scattering
(TR-SAXS) has been among the first techniques that were able
to resolve emitted nanoparticles.’®?**° Complemented by
time-resolved powder X-ray scattering (TR-WAXS) a quite good
picture of the nanoparticle size distribution in PLAL of noble
metals has been established.*>*® X-ray radiography has been
used to penetrate the bubble phase to confirm the homo-
geneous first bubble and emission of a part of the particle
mass only after the second or third bubble*® in a symmetric
collapse, but is insensitive to the particle size distribution.

Contrast variation in X-ray imaging, on the other hand, can
produce also a dark-field contrast in addition to the well-
known absorption and phase contrast. Dark-field contrast can
be detected, if very faint deviations in the beam direction can
be resolved. This has, for example, been achieved in Talbot
interferometry.”*> An approach more suitable for pulsed
acquisition is the Hartmann (TR-XHI) approach, where a large
X-ray field is separated into an array of small beamlets, whose
positions and scattering-induced broadening may be
resolved.”> ™ It can be regarded as a multiplexed SAXS with
information on the nanoscale. This allows to interpret the
dark-field channel as signature of spatial particle size
distribution.>*?*®¢

Finally, we demonstrate here that time resolved X-ray
absorption fine structure spectroscopy (TR-XAFS) in dispersive
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mode can be employed to focus on the chemical speciation®”
of zinc during the ablation process. When tuning the X-ray
energy around characteristic absorption edges of the elements
the increase in absorption above the edge can be identified
with the specific element under investigation. The magnitude
of absorption can be directly related to the total mass of the
investigated element in the beam, while the shape of the
absorption edge reflects the chemical state.

2 Experimental
2.1 Ablation chamber

The ablation process was performed in a setup, which ensured
reproducible conditions for stroboscopic and continuous-wave
probing for an extended number of individual laser pulses. A
description can be found elsewhere.'*****> The main features
are a 3D printed chamber body that encloses a 10 x 10 x
5 mm?® reaction volume. The volume is continuously flushed
by water to remove the ablated material between successive
laser pulses. The laser beam enters the volume through a
plano-convex lens of 38 mm effective focal length that also
seals the chamber. X-rays enter through side windows of polyi-
mide (Kapton, DuPont). The zinc wire (supported by the back
wall)*® is pulled through the chamber at a speed that replaces
the irradiated spot within around 5 laser pulses in order to
optimize the ablation efficiency.*®

2.2 Laser

An Nd:YAG laser (Continuum Minilite I, 7 ns pulse length)
with up to 40 mJ and 10 Hz maximum repetition rate was
employed for all experiments except for SAXS. The pulse
energy was set to 12 mJ, with a fluence of about 380 k] m™ at
a 0.2 mm focus diameter. Synchronization was done by a
master trigger that actuates the laser Q-switch as well as the
detector (a single image for stroboscopic videography, an
image sequence of the 2D camera in XHI, or the 1D camera in
dispersive TR-XAFS, respectively). Time resolution is not
limited by synchronization jitter, but rather by the exposure
time (10 ps for videography, 20 ps for XHI, 11.3 ps for
TR-XAFS).

2.3 Materials

The ablation was performed in ultrapure water (MilliQ,
Millipore), which is pumped from a reservoir (20 L) by a gear
pump. A Zn wire with purity of 99.99% and 1 mm diameter
was purchased from Chempur (Germany).

2.4 Videography

Visible-light snapshots of the cavitation bubble are performed
by synchronizing a Xenon flashlamp (Rheintacho, 10 ps) and a
video camera (Basler ACE) to the laser pulse with variable
delay in 2 ps steps. The image sequence is stroboscopic, i.e.
every image relates to an individual laser pulse. The images
are only corrected for dynamic range.

This journal is © The Royal Society of Chemistry 2020
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SAXS was performed at the beamline cSAXS at the Swiss
Light source (PSI Villigen, CH) using a narrow X-ray beam of 6
x 24 pm? cross-section. A pixellated X-ray detector (Pilatus 2M)
at 7.1 m distance from the ablation chamber recorded the scat-
tering from the sample at a height of 4 mm above the target
surface and out of the laser path to avoid detecting secondary
fragmentation. The time resolution was set to 1 second
between SAXS measurements, not resolving the fast bubble-
related dynamics.”> An Nd:YAG picosecond laser (Edgewave
PX400-2-GM) with 1 mJ at 1 kHz repetition rate and 12 ps
pulse length was used (fluence 60 k] m™> at 1064 nm). Water
was not exchanged for the time of irradiation. Scattering was
accumulated for 1000 pulses. Analysis is done by radial aver-
aging and standard corrections to obtain the one-dimensional
scattering curves I(q), with g = 4n/A-sin(26/2) at an X-ray wave-
length of 4 = 1.107 A as function of scattering angle 26.
Particle size fitting was performed by a reverse Monte Carlo
approach using the software McSAS.>°

X-ray Shack-Hartmann imaging was performed at the UFO
instrument at the synchrotron KARA (KIT Karlsruhe, D). A
wide, polychromatic X-ray beam from the bending magnet
source was spectrally filtered by a beryllium window
(0.25 mm). The median X-ray energy after passing the
additional 5 mm of water was centred at 17.8 keV. The beam is
shaped into a square array of 32 x 32 beamlets by a Shack-
Hartmann mask (CARL, stack of concave lens arrays in Mylar
foil)*® with 65 um pitch. The beamlets were imaged onto a
thin scintillator (Lu:aluminium garnet, Crytur, Czechia) after
passing the chamber volume. The scintillator light was
recorded by a fast frame CMOS (complementary metal oxide
semiconductor) camera (DIMAX, PCO). An effective frame rate
of 50 kHz was achieved by interleaving two subsequent films
at 25 kHz with a shifted delay of 20 ps to obtain an effective
image rate with a 20 ps delay step. Averaging was done over 10°
laser pulses. The intensity, position and width of each beamlet
were obtained by a Fourier analysis®***"*?> and decomposed
into the 3 image modalities: absorption, differential phase and
dark-field (scattering) contrast. The latter contains contri-
butions from scattering from sub-micrometre-sized inhomo-
geneities, such as nanoparticles. The sensitivity here ranges
from 25 to 100 nm in diameter as given by geometry.** The
lower limit in our case to 25 nm (50% signal height per unit
mass), given by the strongly varying scattering cross section
with size. The upper limit is given by the angular (spatial)
resolution on beamlet detection, 100 nm in the present case.
Further details on the method can be found
elsewhere.*®*31%4%53 The interleaving scheme is displayed in
the ESL.}

X-ray absorption spectroscopy was performed in two experi-
ments with 11.3 ps and 300 ps time resolution, respectively at
the beamline ID24 (European Synchrotron Radiation Facility,
Grenoble) in a dispersive setup.>® A polychromator focuses a
part of the X-ray spectrum from the insertion device around
the zinc K edge onto the sample position to a <4 pm spot size.
The beam disperses in energy along one spatial axis behind
the sample to be spatially resolved on a fast linear detector (Ge

This journal is © The Royal Society of Chemistry 2020
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microstrip detector®® with 11.3 ps and Frelon (ESRF), scintilla-
tor coupled, with 300 ps time bins, respectively). After standard
image corrections (dark current, flat-field response) an absorp-
tion spectrum can ideally be recorded in a single shot. We
used averages over about 2000 pulses each (after rejecting
spectra with strong signal perturbation). The energy resolution
is 1.3 eV.>* The X-ray absorption near edge structure (XANES)
is used to gain information about Zn speciation.

2.5 Reference spectra and calculations

XAFS spectra of reference substances were recorded at the
beamline SUL-X at KARA. A zinc foil, ZnO and hydrozincite
Zn5(CO3),(OH)s powders (Sigma Aldrich) as cellulose pellets
were measured in transmission geometry and ZnCl, (Sigma
Aldrich) as solution in fluorescence geometry. The absorption
spectrum of zinc vapour was taken from ref. 56. The X-ray
energy was calibrated to the zinc foil spectrum as found at ref.
56 and differed less than 0.4 eV from established ref. 57 and
58.

3 Results

Structure formation in PLAL covers several orders of magni-
tude in time and space from the ultrafast atomic-scale exci-
tation or nanoscale phase explosion up to the millimetre-
scaled shock wave and bubble formation. The latter provides
distinct reaction conditions in temperature and pressure that
define the morphology and chemical speciation of the
products.®****® Elucidation of the reaction pathways needs
to resolve different observables of the emitted material, such
as overall mass, size distribution or chemical state with high
time resolution. Short-wavelength radiation can be of high
value to the sensitivity on these properties, particularly
because X-rays penetrate matter without strong refraction. The
short wavelength is compatible with investigated length scales
to resolve nanoscale structure. Finally synchrotron based X-ray
radiation can be tuned to selectively address given atomic
species via TR-XAFS. It remains a challenge to apply these
methods with high time resolution.

3.1 Macroscopic dynamics

The observation of the macroscopic dynamics is directly acces-
sible in visible-light PLAL investigations. A large setback is the
difficult access to the bubble interior®* as well as the low sensi-
tivity on nanoparticle distribution. Dense clouds of nano-
particles are readily seen, however, a disambiguation from per-
manent-gas microbubbles is difficult.*® The perturbation-free
imaging of the bubble can be readily achieved by X-rays in a
conventional radiography setup, as the refractive index change
at the water-gas interface amounts for only about 107°.
Imaging contrast in radiography primarily is an absorption
contrast and to some extent a phase contrast by edge enhance-
ment.”® Still, ablated nanoparticle material will be barely
visible due to the low concentration. In typical ablation con-
ditions for millijoule laser pulses focused to spots around

Nanoscale, 2020, 12, 14011-14020 | 14013
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0.2 mm on a metal surface, the ablated material will roughly
be in the range of 107 g, too low to cause significant absorp-
tion. Single visible snapshots of the bubble evolution during
laser ablation are shown in the left column of Fig. 1, with the
expansion phase at 15 ps, an extended bubble at 114 ps and
the collapse phase at 234 ps. The expansion is blurred by the
fast moving bubble and expelled material. Another observation
is that the bubble surface is less smooth than observed earlier
for PLAL on noble metals in the expanded phase. This might
be due to the relatively strong ablation due to the low energy
needed for evaporation of zinc as compared to other metals*’
as well as ablation of pre-deposited nanoparticles in a multi-
shot exposure. Part of the ablated mass may have sizes large
enough to penetrate the bubble interface to cause ripples.**
Dark-field X-ray imaging, on the other hand, is sensitive on
nanoparticle distribution by probing small-angle scattering
around individual beamlets. In XHI the different contrasts
absorption, phase and dark-field are separated for each image

View Article Online
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ing the scattering distribution during the nanosecond abla-
tion. The scattering is overlaid in violet colour upon an absorp-
tion image, where the vapour bubble is seen as dark grey
feature following higher transmission through vapour than
through water. The spatial resolution is given by the number
of beamlets. The scattering distribution, which we link to a
cloud of nanoparticles of sizes around 25-100 nm in
diameter®®** is first confined to the location of the expanding
bubble. The confinement persists partially after the bubble
starts to collapse after its largest extension. At collapse and
later on the scattering distribution is spread over a larger area
in the field of view, indicating a release of nanoparticles into
the liquid. This is consistent with the earlier observation that
the bubble represents a confinement for the particles and its
collapse tends to concentrate the material again close to the
ablated spot.>**®> Due to the strong averaging over a sequence
of pulses the spatial distribution may be blurred, given that
individual bubble sizes can vary with corrugation of the

taken. In practice, the snapshots shown in Fig. 1 are visualiz- substrate.*>®"
19
14 ps — L6 15 ps 10
1 mm
13
1
07
04
015 & 11 ps 0
-0'.9 0?3 D.I3 D,’g ¥ L T ! 5
19
114 ps . 16 -
13 8
. .
. c
04 -g_
015 124 ps o)
0w
234 ps - °
W , . 103
13 %
x
X
J
07 J
04
015 248 ps 0
L90'.9 03 03 09 " i : ' 10
= 1.1335ps
g 13 =
©
~ 1
3 o7 e \
= ¥
X 04 |
= *
5 ois ] il | X 400 pis
: 95 03 o5 o 10
0 200 400 9.65 9.66 9.67 9.68 9.69 9.70
delay (ps) position (mm) energy (keV)

Fig. 1 Visible stroboscopic images (left column), X-ray multicontrast images (center column, pink: dark-field contrast, gray: absorption contrast)
and Zn K-edge X-ray absorption spectra (right column) as function of delay in microseconds after laser irradiation. The lower left plot (a) depicts the
dark-field signal integrated over the 3 regions of interest sketched in the X-ray image with the bubble size marked as dashed line. The measured
absorption spectra are normalized to absolute extinction (dots) and are compared to an individually scaled reference spectrum of a zinc foil (red

line).
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The integral of the scattering over an area close to the
target in Fig. 1a indicates this concentration effect for the
expanding bubble as well as during collapse through maxima
in scattering (at 20 ps and 270 ps). The bubble size as function
of delay is extracted from the absorption contrast images and
is shown as the blue dashed line in Fig. 1a. Confinement in
this case doesn’t seem to be as strong as described earlier for
picosecond ablation on a flat target.”” This is reasonable, as
the bubble motion happens here on a curved wire, where the
symmetry of the collapsing bubble is not maintained.** This
reduces the collapse strength and bubble rebound. Eventually,
the rebounding bubbles would even detach from the wire and
transport material into the bulk liquid.>*****® While it is not
yet documented, such symmetry breaking might also reduce
the agglomeration upon bubble collapse.>**? At larger distance
from the target the dark-field intensity peaks at maximum
bubble extension to be reduced upon collapse.

3.2 Particle morphology

It should be emphasized that dark-field imaging has its merits
for the detection of the overall distribution of scattering
species, but due to the strongly varying scattering cross-section
of particles for hard X-rays that scales with the 6™ power of the
radius the detection is very selective.®> Additionally, no clear
size differentiation is possible, while a coarse discrimination
may be achieved through detector distance variation.*®
Therefore, a sensitive size determination requires a SAXS
experiment, which, per definition has to be done on one
single point in space, while spatial information has to be
obtained in a sequential scanning setup.

We have investigated size evolution of the emerging nano-
particles earlier for gold"®** 2049 and could see the
influence of electrolytes and small organic molecules on size
stabilization already on nanoparticles existing within the
vapour bubble.”””® The presented SAXS data in Fig. 2 of
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Fig. 2 Selected SAXS measurements (symbols) after given time of batch
processing of 10 and 440 seconds. The fit results from the particle size
distribution are shown as lines. Lower left: Histogram of the mass-
weighted particle size distribution as determined by the fits.
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ablated zinc particles in the batch process shows a very broad
scattering distribution, reflecting the large size dispersion
after ablation. In Fig. 2 two scattering curves are shown at 10
and 440 seconds after starting ablation, respectively. The SAXS
pattern show a general slope between 2.6 and 3.3, which
already indicates that the sample is composed either of porous
structures or of a broad size distribution.”® The scattering
from an arbitrary size distribution of spherical particles is cal-
culated in a Monte Carlo approach and varied until a good
match between simulation and measured curves is achieved.
The broad size distribution from 5 to 200 nm particles is shift-
ing for prolonged irradiation towards larger particles. This
indicates that ripening is ongoing for a prolonged time. This
ripening could encompass processes like fragmentation and
agglomeration, as well as growth by oxidation. Such growth
and oxide formation processes have recently been reviewed by
Zhang et al. addressing the ripening (and seed-growth) behav-
iour during laser ablation in liquids, in particular of oxidation-
sensitive material,"* and Amendola et al. comprehensively
summarizing the laser synthesis of oxide particles.®
Transmission electron micrographs in Fig. 3 of the collected
particles generally confirm the broad size distribution, display-
ing small particles and agglomerates thereof in the 10 nm
range as well as large solid spheres. The inset shows the
number-weighted distribution. The oxide lattice spacing can
be found in some of the particles.

Nanoparticle size is a central information for the analysis of
the PLAL process and SAXS is able to resolve even broad size
distributions. Some caution should be spent on the unique-
ness of this approach. Particularly, the Monte Carlo method
produces one of many possible size distributions, that may
equally fit the given measurement. This can be alleviated by
repeating the iteration several times and using an average dis-
tribution from these several iterations. Still, artefacts may arise
from using too many free parameters to describe the size dis-
tribution, such as the number of size bins. These can result in
an apparently oscillatory distribution that is not based on real
input. Sensitivity on small particles may additionally be
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Fig. 3 Transmission electron micrograph of a dried suspension of col-
lected nanoparticles after ablation. The inset displays a size histogram.
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masked by the presence of larger particles showing stronger
scattering.®®

Nevertheless, the basic information of SAXS is that particle
size distribution in ablation of Zn is quite broad and the size
distribution evolves after ablation. Oxidation and particle
stabilization may play a role here. The SAXS signal can be used
to quantify the total particle mass. However, it will only repro-
duce one fraction of the total mass as it selectively detects par-
ticles that fall into the resolved size range. In the present case
particles in the size range of 5 to 200 nm are detected.

3.3 X-ray spectroscopy

X-ray spectroscopy, on the other hand, probes the absorption
in the sample, which is linear in mass, irrespective of its con-
densation state. To probe the ablated zinc species, the energy
of the impinging X-rays is tuned close to the K edge at 9.66
keVv.

Continuous series of absorption spectra were collected with
a 11.3 ps time resolution and 300 ps for later delays. Spectra
associated with selected time delays are shown in Fig. 1, right
column, together with reference spectra of metallic zinc. Note
that the spectra are normalized for absolute extinction, which
is quite weak due to the low concentration of ablated material.
At the same time, the absolute step height at the K edge can
be converted in an effective thickness of zinc species that is
crossed by the X-ray beam by comparison to tabulated
values.®” The height of the absorption edge is not considered
to be dependent on the valency of Zn, therefore a deduction of
the total mass in the beam is appropriate.

Fig. 4a displays time sequences of the step height at the K
edge as function of delay after laser irradiation for several dis-
tances to the target surface. At low distances of 0.1-0.3 mm
the absorption clearly peaks at a very early delay.
Subsequently, it drops again to go through a minimum at the
largest bubble size and increases during bubble shrinkage.
The bubble size is reflected by the total absorption through
the chamber as dotted line. At bubble collapse the zinc absorp-
tion again drops to values that depend on the distance to
target. Such behaviour has been described earlier** as a conse-
quence of the bubble retaining the ablated material of fixed
amount. In our prior investigation only the nanoparticle frac-
tion of the material had been quantified by SAXS. Here,
characteristic X-ray absorption reflects the total mass distri-
bution. The behaviour can be modelled by a function, where
the X-ray beam intersects a variable length of the bubble,
whose zinc content scales inversely with bubble volume. The
observed contrast between maximum and minimum as func-
tion of time here is somewhat lower than calculated, pointing
towards a higher material density close to the target surface
for the expanded bubble. Another interesting point is that
although the bubble collapse drags the ablated mass back
towards the target, some material escapes the full collapse.
This might be caused by a poorly uniform collapse, which
limits the minimum bubble size or forms a non-uniform
shape. It is nevertheless remarkable that the mass confine-
ment region is less than 0.2-0.3 mm. At the larger distance
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Fig. 4 (a) Time dependence of the step height at the Zn K edge as a
measure for the total intersected material by the X-ray beam at several
distances above the target (symbols). The lines are model calculations
assuming a homogeneous filling of the bubble with a fixed amount of
material. (b) Time dependence of the ratio of the pre-peak to metallic
Zn absorption as a measure for the relative atomic content at several
distances. The dashed line in each sub-figure represents the X-ray trans-
mission change due to bubble formation.

(0.8 mm) the modulation is not strongly pronounced, while
the later arrival of the expanding bubble at the given height is
clearly visible. The absolute absorption step height fits reason-
ably well with the model of homogeneous bubble filling. The
absolute scale also allows to infer the total ablated mass. By
integrating the mass density over the whole bubble area we
derive a mass of 2.2 x 10”7 g, corresponding to a volume of
ablated zinc of <1 pm depth at a presumed crater area of
0.04 mm?®. The derived ablation depth is much larger than the
laser absorption length in zinc and probably caused by 2
effects: corrugation of the surface during the ablation with
several pulses per unit area®® and a heat-affected zone that is
considerable larger than the absorption length due to fast heat
conduction by phonons and fast electrons.®®

While the total mass can be deduced from the absorption
step height, the spectrum close to the edge can yield infor-
mation about the ablated species. In Fig. 1 the measured near-
edge spectra are compared to that of metallic zinc. Spectra at
long delays after bubble collapse in particular show a very
close similarity to metallic zinc. This is reasonable, consider-
ing earlier observations'®™* that oxidation in newly formed
zinc nanoparticles takes place quantitatively on a 10 minutes
time scale. The extended absorption fine structure (not shown
in full) is less well defined, which points to some structural
inhomogeneity.

Selected measured spectra of several stages as well as refer-
ence spectra are presented in Fig. 5. While the spectrum at

This journal is © The Royal Society of Chemistry 2020
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Fig. 5 (a) Reference near-edge absorption spectra of several Zn con-
taining samples. The spectra of Zn vapour and Zn(H,0)e are digitized
from the publication by Miheli¢ et al.>® and by Nicolis et al.,”° respect-
ively. The latter are shifted up by 0.5 in absorption. (b) Near-edge
absorption spectra for different delays during the ablation process com-
pared to linear combinations of the reference spectra. The individual
spectra are shifted by 0.5 for clarity.

600 ps can be almost perfectly fitted by the metallic zinc refer-
ence, an astonishing difference is observed for the earliest
spectra (here at 11.4 ps). This spectrum shows a very intense
pre-peak at 9.662 keV, which is unlike any other condensed-
phase reference in literature. The first peak of metallic zinc is
found at 9.668 keV, the most common ZnO peaks at 9.669 keV.
Some molecular species, such as Zn-acetate®® or solvated
Zn>*,”% show peaks that are shifted to lower values down to
9.664 keV. The only found exception is that of zinc vapour,
which shows an extra-ordinary pre-peak at the same energy, as
displayed in the upper part of Fig. 5.°° This peak is, at the
same time, exceptionally high. Similarly, prominent pre-peaks
are also described for other transition metal elements, such as
Na,”! Mn, Cr, Ca or Cu.””> This phenomenon is described as a
resonance in the 1s — 4p transition, possibly including mul-
tiple electron excitation.

XANES references for other possible species, such as atom
clusters or partially solvated atoms or clusters are not avail-
able. It could be that some of these molecular-like species
show similar features as a transition between the atomic pre-
peak and a weaker solvated-state peak at higher energy.
Nevertheless a condensed phase structure seems to be un-
likely. We conclude that for early time delays after irradiation

This journal is © The Royal Society of Chemistry 2020
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with nanosecond laser pulses a large amount of zinc in an iso-
lated, reactive state exists in the bubble. This is reasonable
both because of the high prevailing temperature during the
early expansion phase and the interaction with the plasma
fueled by the long pulses. Results of atomic-scale simulations
predict an emission of a mixture of small particles and atomic
species.’>?"”® Most recently, Shih et al. have highlighted
subtle differences between ultrashort pulse irradiation and
sub-nanosecond irradiation.”? the simulations
include only some nanoseconds time span and the excitation
with picosecond to few-ns laser pulses.

In the present case the nanosecond laser will also irradiate
the expanding ablation plume to intensify the emerging
plasma to heat up the material further. A fit of the measured
spectrum by a mixture of metallic and atomic zinc yields an
atomic content of up to 40-50% of atomic species. An uncer-
tainty comes from the degree of spectral broadening due to
the limited time resolution. The atomic zinc content is
deduced in first order by the intensity ratio of the two refer-
ence spectra at 9.662 keV, which is displayed in Fig. 5b. The
life-time of the pre-peak is very long, extending over 100 ps
(more spectra in the ESIf). In fact, a full disappearance only
occurs at maximum bubble extension, which coincides with
the lowest temperature inside the bubble. It should be noted
that isolated atoms would be expected to be hydrated during
the condensation phase, given that the number of water mole-
cules in the vapour surpasses that of ablated atoms®® by far.

Indeed, the pre-peak position also tends to shift to a higher
energy, which indicates that some chemical species are
formed, including clusters within the first 100 ps. Therefore,
the pre-peak intensity ratio as presented in Fig. 4b may be a
mixture of ‘reactive species’ of isolated atoms and (hydrated)
clusters. The transition from an atomic state to clustering
would merit further attention, however, the full analysis of
such spectra would require ab initio methods and is beyond
the scope of the present report. Amans et al. have investigated
the formation of ions, neutral atoms and clusters during abla-
tion from aluminium oxide in details both theoretically and
experimentally by plasma spectroscopy.’>®° In PLAL they find
that the ratio of Al atoms over AlO clusters decays within a
time span of several microseconds after UV laser (5 ns)
impact.”®

At the same time, the spectra in general show a less pro-
nounced near-edge structure during the bubble phase than after
bubble collapse. This additionally points to structural disorder
during the violent bubble oscillation phase. At later delays of
tens of milliseconds, the spectra slowly change to show a shift
towards addition of ZnO features. A fit with both reference
spectra allows to limit the oxidation at 18 ms to a range of
10-20%. An analysis of the oxidation has earlier shown that
complete oxidation takes place on a 10 minutes time scale in an
open vessel containing an ablated suspension.'* At the same
time, hydrozincite by the dissolution of CO, from air was
formed. This compound is not identified here.

In Fig. 6 the percent contributions of reactive species and
oxidized (ZnO) material are shown as function of delay and

However,
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(a) Videography still of the vapour bubble at a delay of 114 ps. The dots indicate the positions, where the TR-XAFS spectra were acquired. (b)

Time-resolved contributions of the reactive species and ZnO to the XANES part of the spectra as derived by a least squares fit.

height above the target. The 3 reference spectra (vapour,
metal, ZnO) were used to perform a fit of the reference spectra
with variable relative contribution to the measured spectra.
The metallic zinc contribution is not shown, but amounts for
the remaining part to 100%. Noticeable oxidation is only seen
on the millisecond time scale. The latest time delays >20 ms
show a larger error due to the reduction of signal after partial
flushing or the spatial region by the water flow.

4 Discussion and conclusions

While the PLAL process shows a number of complicated
facets, a deeper understanding can be gained by a combi-
nation of methods that can access the bubble phase and ident-
ify species from the atomic to the nanoscale. SAXS has earlier
been demonstrated as a powerful method of choice. High time
resolution can be achieved and a direct access is possible to
the particle size distribution. However, classical SAXS with a
micrometre-sized beam is experimentally very demanding
(requiring a dedicated experimental station at a 3" generation
synchrotron). In a stroboscopic setup the spatial, as well as the
time dimension has to be acquired sequentially. Therefore,
dark-field X-ray imaging can to some extent complement the
SAXS measurement by verifying the spatial distribution of the
large-size fraction of the particles. Both techniques allowed
here to conclude that particles are formed with a broad size
distribution, extending to 100 nm and beyond. The dark-field
images also confirm that the bubble acts as confinement for
the particle mass. This has been identified earlier as a possible
source for complications, as the collapse confines particles to
a small volume, such that agglomeration can take place.

X-ray scattering also misses a probably important fraction of
ablated species, which is not condensed to particles or crystal-
line structures. Non-resonant scattering is in general not sensi-
tive to chemical information. This can be complemented by
XAFS spectroscopy, which has been explored for the first time

14018 | Nanoscale, 2020, 12, 1401114020

in PLAL within this study. The near-edge structure confirms the
prior knowledge that ablation produces species that end as
metallic zinc after bubble collapse. This is not trivial, as we
observe disorder in structure and reactive species within the
bubble. Probably, bubble collapse and reheating of the particles
sinter the emerging structures to clearly form metallic zinc.
Oxidation is not predominant within the sub-millisecond time
scale. Only some 10-20% of oxide is formed after about 20 ms.

The most surprising observation is that we find clear indi-
cation that very early after ablation (<100 ps) a large fraction of
the ablated zinc is present as isolated, reactive species (atoms or
atom clusters). This should be viewed in the context of the
irradiation conditions with a nanosecond laser. The long laser
duration implies that a forming plasma can still be heated by the
trailing part of the pulse and increase the vapour temperature.
The content of the reactive species drops during bubble expan-
sion and cooling of the interior, but only disappears with bubble
collapse. This observation indicates for the first time that reac-
tions take place in the bubble cavity. It would be interesting to
evaluate, whether this observation is an exception due to the low
evaporation temperature of zinc or could also be observed for
other metals, or is even relevant for ultra-short pulse PLAL.
Copper, at least, is also expected to show a prominent pre-peak.
On the other hand, recent plasma spectroscopy studies show the
prospect of yielding information on this aspect.

In summary, a combination of synchrotron-based X-ray
methods allow to deepen the knowledge of the ablation
process, in particular in liquid. The methods are still difficult
to implement, for instance to define procedures that allow for a
non-sequential, ‘single-shot’ approach. Rapid developments in
instrumentation, on the other hand, further support the case.
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