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Mohamed ElKabbash,’-? Ranran Fang,’? Anatoliy Vorobyev,' Sohail A. Jalil," Sandeep Chamoli,’
Billy Lam," Subhash Singh," and Chunlei Guo'-3*

SUMMARY

Imaging photo-induced ultrafast dynamics of nanostructure phase
transition is of great interest to the fields of laser-matter interac-
tions and nanotechnology. However, conventional ultrafast far-field
optical imaging methods cannot image nanostructures as their scat-
tering scales as D®, with D being the diamater, leading to a vanishing
signal-to-noise ratio. Here, we use ultrafast ultramicroscopy to cap-
ture the spatiotemporal evolution of surface nanostructures as they
undergo melting, spallation, and re-solidification processes. Our
experimental observations, combined with finite difference time
domain (FDTD) simulations, show agreement with molecular dy-
namic simulations on ultrashort laser pulse-irradiated metallic nano-
particles and suggest the occurrence of melting of nanostructures
followed by photomechanical spallation within a few picoseconds.
At longer timescales, we image the re-solidification dynamics of
the melted nanostructures occurring within nanoseconds. The re-so-
lidification time for nanostructured surface occurs an order of
magnitude faster than for an initially flat surface. Our study demon-
strates a simple but powerful far-field optical approach for studying
ultrafast dynamics of nanostructures.

INTRODUCTION

Surface nanostructures play a crucial role in modifying the surface optical, electrical,
mechanical, chemical, and wetting properties of materials."? Direct femtosecond
(fs) laser nanostructuring enabled a range of technological advancements including
highly floatable metallic assemblies,” enhanced solar absorption of Si photovoltaic
cells,” selective solar absorbers,” and high-efficiency solar water purification.® Past
studies postulated the physical mechanisms behind the formation of different types
of nanostructures through fs laser processing by inspecting the final scanning elec-
tron microscopy (SEM) images of the laser-ablated surfaces.’

On the other hand, molecular dynamics (MD) simulations revealed several mecha-
nisms responsible for material removal in laser ablation and processing, e.g.,
coulomb explosion and photomechanical spallation®? In particular, MD simulations

were recently used to study the photo-induced dynamics of metallic nanoparticles "The Institute of Optics, University of Rochester

irradiated with ultrashort optical pulses.'®"" For sufficiently intense and short laser Rochester, NY 14627, USA
pulses, the nanoparticle temperature far exceeds the critical melting and boiling 2These authors contributed equally
temperatures, i.e., the nanoparticle is highly superheated. The superheated 3 ead contact
nanoparticle undergoes rapid melting and experiences compressive pressure, and *Correspondence: guo@optics.rochester.edu
a rarefaction wave propagates toward its center. This process results in two https://doi.org/10.1016/j.xcrp.2021.100651
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counter-propagating rarefaction waves creating tensile stress inside the nanopar-
ticle."" The tensile pressure creates voids that subsequently lead to spallation of
the nanoparticles that fragments into clusters of smaller particles.

Experimentally, imaging the photo-induced ultrafast dynamics of nanostructures
was demonstrated using ultrafast variants of high spatial resolution imaging
methods, e.g., fs X-ray diffraction imaging and ultrafast electron microscopy
(UEM). Although fs X-ray diffraction imaging provides a high spatial and temporal
resolution, it requires extensive image reconstruction algorithms that is challenging
for delay times >1 ns."®" Moreover, the intensity of the X-ray probe is often higher
than the damage threshold of imaged materials, making it impossible to determine
the re-solidification dynamics."® UEM requires vacuum operation with highly special-
ized instrumentation and is not suitable for materials resistant to electron
beams.'""'® Optical far-field ultrafast imaging of nanostructures that is necessary
to validate MD theoretical predictions, however, remains challenging. To overcome
these challenges, we introduced a dark-field ultrafast imaging approach (ultrafast ul-
tramicroscopy) that we used to image the formation of surface structures after
ablating a smooth surface.'” However, ultrafast ultramicroscopy has not been
used to image the photo-induced dynamics of nanostructures.

Here, we study the non-repetitive ultrafast photo-induced dynamics of nanostruc-
tures using ultrafast ultramicroscopy. We demonstrate the ability of the ultrafast ul-
tramicroscopy approach to collect scattered light from nanostructures even for a
highly reflecting substrate. We directly image Zn surface nanostructures as they
go through the entire melting, spallation, and re-solidification processes following
laser irradiation. By combining our imaging method with finite difference time
domain (FDTD) simulations and image correlation analysis, our results suggest the
occurrence of rapid melting followed by photomechanical spallation of the nanopar-
ticles within a few picoseconds (ps) under strongly superheated conditions in agree-
ment with MD simulations performed on nanostructures.®'%'" Finally, we image the
re-solidification dynamics and compare our results with the re-solidification dy-
namics of initially smooth surfaces.

RESULTS AND DISCUSSION

Ultrafast ultramicroscopy on surface nanostructures

The experimental setup is shown in Figure 1A (see Supplemental experimental pro-
cedures). Briefly, an ultramicroscope is a dark-field imaging device that suppresses
background reflection by collecting scattered light only through proper positioning
of the objective lens. In our case, the pump and probe beams are incident on the
sample surface at 36 and 18°, respectively, while the imaging optics is positioned
normal to the sample surface. Amplified Ti:sapphire laser generates 65 fs with a cen-
tral wavelength of 800 nm. The pump and probe beams are produced by a beam
splitter, and the probe beam is directed to a BBO crystal that generates second har-
monic radiation with a wavelength of 400 nm. We use a variable optical delay line
with a delay time range between 100 fs and 408 ns. An electromechanical shutter
controls the number of pulses and is set to pass single pump and probe pulses.
Finally, scattered light from the pump is blocked using a blue short-pass filter. Our
experimental setup is suitable for determining the characteristic phase-transforma-
tion timescales as it spans the femto-, pico-, and nanosecond (ns) ranges.

Our ultramicroscope can image nanostructures via a single shot of non-destructive
optical probe beam (see Figures S1-S5). The concept of ultramicroscope imaging
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Figure 1. Ultrafast ultramicroscopy of surface nanostructures
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(A and B) A schematic of (A) ultrafast ultramicroscope setup and (B) ultrafast ultramicroscopy’s working principle. See also Figures S1-S5.

of surface nanostructures is shown in Figure 1B. A pump pulse is incident on nano-
scale surface structures followed by a delayed probe pulse with a delay time Ar.
Photo-induced phase transitions that obscure the scattered light appear as a dark
spot. By comparing the transient image with the initial image, i.e., before the
pump, we obtain information on the phase transition of the nanostructure. Further-
more, by comparing the transient image with the final image, we can determine
when re-solidification takes place. We study the photo-induced phase transition dy-
namics of Zn surface nanostructures. The structures are formed by ablating a pol-
ished Zn substrate with a laser fluence of F = 1.0 J/cm?, leading to nanostructures
covering the Zn surface with an average diameter of ~153 + 111 nm.

Figures 2A-2D present time-series snapshots of the Zn surface nanostructures as
they undergo photo-induced phase transition following a pump laser fluence F =
1.0 J/cm? (for full time-series images, see Figures S6 and S7). We compare the ultra-
microscope image of the initial surface nanostructures with the transient surface im-
age obtained after the pump at a given delay time Ar. For each preset delay, the
samples were laterally shifted to get a polished “fresh” surface. The fresh surface
is then irradiated with a single laser pulse to create surface structures. Afterward,
we perform the pump-probe imaging procedure.

We compare the initial and transient images for each delay time (see Note S1). At
A7 = 0 ps, the images are nearly identical (Figure 2A) as expected. However, at
AT = 6 ps, the scattering from parts of the surface (Figure 2B, left) has disappeared
(Figure 2B, right). The scattering signal disappearance disseminate across the sam-
ple as At increases, indicating the spread of melting and ablation of surface struc-
tures as shown for A7=10 and 283 ps (Figures 2C and 2D). Figure 2E presents
the image comparison analysis performed by comparing the transient and initial im-
ages that provides an objective characterization of the obtained images. Clearly,
the similarity decreases within a few ps, and almost no similarity exists after hundreds
of ps.

Photomechanical spallation from nanostructures

We note that melting of nanostructures cannot explain the suppression of scattered
light. Figures 3A and 3B show FDTD calculation of scattering from a 150 nm Zn
sphere (see Note S3). While liquid Zn has lower scattering than solid Zn,"® the differ-
ence is negligible and cannot explain the suppression of the scattering signal

Cell Reports Physical Science 2, 100651, December 22, 2021 3




Cell Regorts )
¢? CellPress Physical Science

Pre-pump image Transient image

melting +spallatio

e Image Correlation %

Correlation (%)

ya
0 T T T 74

T T
0 5 10 15 150 200 250 300

Time (ps)

Figure 2. Imaging the photo-induced phase transition of Zn surface structures

(A-D) Single-shot image of surface structures formed on Zn surface before (left) and after (right) exciting the surface with a pump pulse fluence F=1.0J/
cm? at (A) A7 = Ops, (B) 47 = 6 ps, (C) 47 = 10 ps, and (D) 47 = 283ps. Scale bar, 50 pm.

(E) Image comparison analysis that determines the correlation between the initial image with the transient image. See also Figures S6 and S7.

observed in our experiments. For scattering to be fully suppressed either the surface
topology must be smooth, or the scattering cross section of the surface structures
drops significantly.

We show here that scattering suppression is due to spallation of surface nanostruc-
tures, as predicted by MD simulations,®'%"" which enjoy weaker scattering and
higher absorption. The normalized scattering and absorption cross sections of an in-
dividual Zn nanoparticle versus D are shown in Figure 3D, inset. Because of the D¢
dependence of scattering, individual spalled structures with D = 3 nm have 8 de-
cades lower scattering than the original particle with D = 150 nm. The calculated to-
tal scattering and absorption of N particles with a volume equal to that of a 150 nm
sphere for different particle diameters are shown in Figure 3D. The latter calculation
considers the case where a 150 nm nanoparticle is spalled into smaller particles with
a given diameter. Note that the D® dependence applies only to the calculated scat-
tering and absorption of individual nanoparticles and is valid for particle sizes where
the quasi-static approximation applies.'” The total absorption increases by over two
decades, while the total scattering decreases by over two decades, as D < 20 nm.
Therefore, the absorption will dominate scattering for a cloud of particles with D <
20 nm. Accordingly, the sudden decrease in scattering signal is due to spallation
of a surface structure into particles with D < 20 nm, which is in general agreement
with MD simulations on nanoparticles. Note that even if the surface below
the spalled structures is inhomogeneous, it would be shadowed by the spalled
highly absorbing objects. Our observations indicate that spallation of existing
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Figure 3. Origin of scattering suppression

(A and B) FDTD calculation of scattering from a 150 nm (A) solid Zn sphere and (B) liquid Zn sphere.

(C) Schematics of photomechanical spallation process in surface nanostructures.
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(D) Calculated scattering and absorption versus diameter of N Zn particles with the same volume as a 150 nm Zn sphere. Inset: calculated scattering and

absorption of individual Zn nanospheres as a function of the sphere’s diameter.

(E) Image correlation analysis that compares the initial and transient Zn surface structures at 47 = 283 ps. The erased structures are shown in red color

and newly formed structures in blue color. The nascent structures form at the periphery of the original structures.

nanostructures occurs initially at random sites and expands away from the sites for a
few hundred picoseconds. The observed inhomogeneous spallation across the sub-
strate is likely due to the initial spatial inhomogeneity of surface structures, which can
lead to inhomogeneous absorption of the incident laser pulse at the nanoscale, i.e.,
the lightning rod effect.

We also observed the formation of nascent structures at the periphery of the original
surface structures. Nascent structures can appear due to various mechanisms, e.g.,
Marangoni effect, hydrodynamic motion due to pressure relaxation, and re-deposi-
tion of spalled or ablated particles.”® Figure 3E shows surface structures with faux
colors representing the old structures in red and nascent structures in blue by
comparing the images obtained in Figure 2D (47 =283 ps) (see Figures S8 and
S9). The formation of nascent surface inhomogeneities can be explained based on
various mechanisms. At the sub-nanosecond timescale, surface fluctuations are
more likely to occur due to pressure relaxation in the melted layer. Pressure relaxa-
tion creates hydrodynamic motion-induced surface fluctuations where the fluctua-
tions are governed by the speed of sound in the melted materials. From our images,
we can see that nascent structures exist at a fresh surface ~1 um away from original
structures.!” The estimated 772" ~ 450 ps based on pressure relaxation agrees
with our observation of 775" ~ 200 — 300 ps (see Note S4). Importantly, this
observation consolidates our argument that spallation of existing structures sup-
presses scattering where the structures initially existed, i.e., only scattering from re-
gions where no initial structures exist is observed.

Cell Reports Physical Science 2, 100651, December 22, 2021
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Re-solidification dynamics of surface nanostructures

Finally, as the lattice heat dissipates, solidification starts and transient structures
begin to resemble the final structure. The re-solidification process of bulk materials
is expected to extend to 10s - 100s nanoseconds and to depend on the total energy
absorbed by the substrate and the heat diffusion properties of the substrate.? The
solidification time of surface structures can be calculated by considering thermal
conduction as the main cooling mechanism for ultrafast laser heating. 7°°“depends

on the spatial scale of the temperature field z and the thermal diffusivity x, which
:17.21

, 18 I4k\ '3
solid — 2 4 = A E . 1
T z / X, z 7T (Equation 1)

where [, is the absorbed intensity, Ty is the ambient temperature, g is the electron-
phonon coupling factor, and k is the thermal conductivity. The estimated 7°° from
Equation 1is 200 and 37 ns for F = 1 J/cm? and F = 0.1 J/cm?, respectively.

given by previous wor

To experimentally study the re-solidification of nanostructures, we compare the tran-
sient images obtained at a given delay time At and the final structures formed due
to Pat At =  via the frame-reference method.'® As shown in Figures 4A-4C, nascent
surface structures form and repopulate the entire irradiated region. By comparing the
transient and final images, we can determine the re-solidification time for the entire
structure, which appears to be in the order of 100 ns (see Figures S10-512). Similarly,
Figures 4D and 4F compare the ultramicroscope images of surface structures irradiated
with laser fluence F = 0.1 J/cm?. The transient structures start resembling final struc-
tures even within few hundreds of ps as shown in Figures 4E and 4F. The transient
and final structures are very similar at At7=527ps and are nearly identical at At =

2.8 ns. Furthermore, it was experimentally shown that 7°°® of bulk Zn ablated with
F=0.1J/cm?is approximately 124 ns, i.e., at least a decade longer than 7% for nano-
structured Zn surface as in our study.'” Our results confirm MD simulations that showed
that spallation leads to a reduction in the duration of the re-solidification process.®”

Note that plasma generation does not seem to play a dominant role in explaining the
observed suppression of scattered light. Plasma was shown to initially generate ho-
mogenously across the laser-irradiated region below 1 ps.?**? Even assuming that
micro-plasmas are generated from nanostructures and microstructures, the scat-
tered signal would disappear below 1 ps. Moreover, early-stage plasma expansion
from fs laser ablation expands primarily perpendicular to the ablated surface. After
several nanoseconds, the plasma expands in lateral and perpendicular direc-
tions.”’** Our images show rapid (picosecond) lateral expansion of the “dark”
spot, which does not support the dynamics of micro-plasmas expansion. Finally,
the lifetime of the generated plasma lasts up to 1,000 s of nanoseconds. Conse-
quently, if the plasma plume had any contribution, we would not have observed
the re-solidification of surface structures within few tens of nanoseconds.

Since scattering is a universal property, our technique is not limited by the type of
material used.” Because of its simplicity, ultrafast ultramicroscopy will be valuable
for the study of photo-induced phase transitions. Our method can image processes
that require higher temporal resolution than that of existing electron-beam pulses,
e.g., non-thermal melting. The diffraction limited spatial resolution did not limit
our ability to image nanoscale dynamics. Future works can enhance the resolution
using tunable probe wavelengths,”® using algorithms to enhance the imaging reso-

lutions, or using image processing neural networks.”?’
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Figure 4. Imaging the solidification dynamics of Zn surface structures

(A-C) Compare the transient structures (left) versus final (right) structures formed after irradiation with F = 1.0 J/em? pump pulse at (A) 47 = 283ps, (B)
Ar=1ns,and (C) 47 = 123 ns.

(D-F) Compare the transient structures (left) versus final (right) structures formed after irradiation with F = 0.1 J/em? pump pulse at (D) 47 = 200ps, (E)
A7=527ps, and (F) 47 = 2.8 ns. Scale bar, 50 um. See also Figures S10-512.

To conclude, we showed that ultrafast laser irradiation provides a unique tool for pre-
paring and studying extreme states of condensed matter at the nanoscale with widely
existing experimental tools. Using a variety of numerical tools, we correlated the opti-
cal properties of the surface nanostructures with photo-induced phase transitions. We
optically imaged the melting and spallation of nanoscale structures, as opposed to
what was studied previously using electron-beam diffraction that relied on tracking
the loss of long-range lattice order to infer its existence.”®*” Our results agree with
MD simulations on nanoparticles. We showed that the solidification time is an order
of magnitude shorter for nanostructures surfaces compared with unstructured surfaces.

EXPERIMENTAL PROCEDURES

Resource availability

Lead contact

Further information and requests for resources should be directed to, and will be ful-
filled by, the lead contact, Prof. Chunlei Guo (guo@optics.rochester.edu).
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Materials availability
This study did not generate new unique reagents.

Data and code availability

All the data associated with this study are included in the article and in the Supple-
mental information. Additional information is available from the lead contact upon
reasonable request.

SUPPLEMENTAL INFORMATION

Supplemental information can be found online at https://doi.org/10.1016/j.xcrp.
2021.100651.
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