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Ultra-short laser illumination is an intriguing tool for engineering
material by light. It is usually employed at or above the ablation
threshold. Practical applications profit from tailoring surface prop-
erties, for instance, by structural changes to the surface layer of an
irradiated target. A target-orientated restructuring of surfaces on
the nanoscale is much less explored. In particular, an intrinsic
intensity variation across a laser spot has not yet been considered
or employed. We image the unexpected nanoscale clusters formed
on the Cu(111) surface upon illumination of a Cu sample far below
its ablation threshold by femtosecond laser light, employing a
specifically-developed multi-scale approach. We unravel that these
clusters vary significantly in size and shape across the micrometer-
scale 400 nm 50 fs laser spot (repetition rate: 250 kHz). There are
three qualitatively different regions separated by sharp changes.
The observations highlight the importance of local fluence for
specific types of nanoclusters. Ultra-short laser illumination repre-
sents a non-trivial interplay between photo-thermal and electron-
induced mechanisms, transport of heat and electrons, and material
properties, which we discuss for identifying the underlying princi-
ples. Our study demonstrates that a multitude of as yet unconsid-
ered processes are involved in the tailoring of nanoscale materials
by ultra-short laser light.

1 Introduction

Ultra-short laser irradiation drives materials into new states of
matter far from equilibrium. The ultra-short laser light
causes structural modifications, impossible under equilibrium
conditions,”® yielding unique bulk structures' and surface
properties,”” defining the material’s behavior for, e.g., catalysis,?
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New concepts

While material processing by high-intensity ultra-fast lasers is well-
established, even used industrially, it is a topic of current research on
how the interaction between the light and the material causes the
changes on the nanoscale. Our results falsify a well-established
assumption that a 50 fs laser illumination of a few mJ cm™? fluence
leaves a metal surface unperturbed. By observing a laser-treated surface
with the high spatial resolution of a scanning tunneling microscope at
low temperatures below 10 K, where all thermal motion is frozen, we
reveal nanoscale clusters formed from material ejected from the bulk to
the surface. Moreover, the laser-induced nanoclusters vary qualitatively
across the laser spot. This local variation on the microscale has been
mostly ignored so far, both in research and application of nanoclusters.
We propose to utilize the low-intensity femtosecond laser illumination for
tailored nanocluster design.

friction,>®® or coating.'® For further examples, see recent reviews
covering fundamental aspects as ultrafast spectroscopic probes
and their future and"" ultrafast laser structuring of materials'* or
more applied topics as 3D laser-writing of dielectrics'® and surface
functionalization™* by ultrafast laser light.

While the lattice stays cold during the absorption of ultra-
short laser light, electron temperatures reach several thousand
Kelvin." An understanding of such non-equilibrium processes
behind the induced structural modifications is of utmost
importance for practical applications, such as nanoablation
and photo-lithography,’®'® and at the cutting edge of con-
densed matter physics and material science’”*® because it
elucidates the non-equilibrium material properties.’® The
energy densities to alter the surface structure by femtosecond
laser pulses are commonly above the ablation threshold, where
the purely thermal process is governed by the energy coupling
between the excited electrons and the cold lattice.'® This
threshold is, e.g., 400 mJ cm ™2 at 355 nm*® and 240 mJ cm 2
at 532 nm>' for the here investigated copper.

On the other hand, the field of femtochemistry, where
reactions of surface-adsorbed molecules are initiated by ultra-
short laser pulses,*” employs considerably lower fluences of the
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order of mJ cm™>. Femtochemical reactions are interpreted
based on unaltered surfaces. However, a Cu surface was struc-
turally modified at an illumination fluence of 60 mJ cm 2
(400 nm), below the ablation thresholds at similar wavelengths
and only an order of magnitude larger than those employed in
femtochemistry.>® These changes were revealed by X-ray dif-
fraction, a method that averages across a ~3 mm?® area. The
missing local view of such surface restructuring is a prerequi-
site to revealing the true nature of ultrafast laser-induced
changes. Other explored effects of the interaction of femtose-
cond laser light with matter are, e.g. femtosecond laser-induced
photodynamic assembly,** in situ anisotropic laser printing,*
or the optical response of nanostructures.>® These might profit
from a local view on surface restructuring by femtosecond
laser light.

In this article, we use scanning tunneling microscopy (STM)
to reveal nanoclusters formed on a Cu(111) surface by ultra-
short laser pulses at unexpected low fluences below the abla-
tion threshold. The clusters vary qualitatively and abruptly
across the laser spot. Their non-equilibrium origin is discussed
to assess the underlying mechanisms.

2 Methods

The experiments were performed with a home-built low-
temperature (5 K) STM of the beetle-type in an ultra-high
vacuum (UHV) chamber (base pressure < 2 x 10 '° mbar)
with standard facilities for sample preparation.*”

The Cu(111) sample is prepared by repeated cycles of Ne"
sputtering for 45 min (1.3 keV, 1.5 pA at 3 x 10> mbar) and
annealing at 650 °C for 5 min. The impurity level at the surface
is below 0.1% ML after this preparation procedure.

The STM features the possibility to guide a femtosecond
laser beam into the tip-sample region, as described in detail
elsewhere.?” The laser light is focused in situ, i.e., within the He
cryostat that surrounds the STM head, below the STM tip to an
elliptical spot of 13.5 um x 11.0 um, measured at 1/e> of a
photo-electron signal.

Laser pulses with a repetition rate of 250 kHz from a
commercial laser (RegA 9050 from Coherent) are frequency-
doubled in a Beta-Barium-Borate (BBO) crystal to 400 nm. The
400 nm pulse width is around 50 fs at the sample surface, as
measured in an in situ auto-correlation experiment. Here, we
use a power of (12.7 &+ 0.3) mW with 97% p-polarized light at
the surface. Both values are determined in a parallel set-up
outside the UHV chamber, mimicking the path of the laser to
the tip-sample region. For an absorption in Cu of 72% for
p-polarized 400 nm light at an incident angle of 65°, the
absorbed fluence is (7.6 + 0.4) mJ cm™ 2.8

An experiment starts by recording an STM image of the
pristine surface. Then, the tip is retracted from the scanned
area and the incoming laser light as far as possible without
moving the scanner head. The sample is subsequently illumi-
nated for 40 s, corresponding to a train of 10” laser pulses. After
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illumination, the tip is re-approached to scan the same spot on
the surface.

The usual scanning range of low-temperature STMs is quite
limited, to 1 pm x 1 um in our case. We increase this range by
one order of magnitude by moving the ramp that supports the
tip in slip-stick motion by approximately half its maximum
scan range (400 nm) followed by recording several partly over-
lapping STM images of 0.3 pm x 0.3 um.

All images are recorded at a tunneling current of 100 pA and
a voltage of 228 mV. Large-scale images are recorded at a lower
resolution of (1.2 nm x 1.2 nm)/pixel than small-scale images,
recorded at a higher resolution of (0.3 nm x 0.3 nm)/pixel. For
image analysis, the program WSxM is used.*’

3 Results and discussion

We propose to use low-intensity femtosecond laser light for a
targeted restructuring of metal surfaces on the nanoscale based
on scanning tunneling microscopy (STM), a technique for
which we developed a protocol to combine nanoscale resolu-
tion to pm ranges. We demonstrate the approach for nanoclus-
ters formed on a Cu(111) surface by ultra-short laser pulses in a
fluence range where femtochemistry is performed. The fluence
is thus considerably lower than that in** and far below the
ablation threshold. We discover not only nanocluster formation
at low energy density but also a substantial variety of these
changes across the laser spot. Based on this unprecedented
local view, we discuss the non-equilibrium origin of the
nanoclusters to assess their underlying formation mechanisms,
which can be used for a targeted restructuring of metal surfaces
on the nanoscale by femtosecond laser light.

3.1 Surface changes below the ablation threshold

Iluminating a pristine Cu(111) surface (Fig. 1a), as detailed in
the methods section, at a fluence that is more than two orders
of magnitude below the ablation threshold of Cu, leads to
unexpected substantial structural changes consisting of clus-
ters of various sizes and shapes (Fig. 1b). The additional
material must be ejected from the bulk because (a) the tip
remains unaltered, (b) there are no holes in the surface, (c) the
step edges have not retracted (¢f. dashed line in Fig. 1c), and (d)
all additional structures have the height of intrinsic Cu steps
(Fig. 1c). Thus, the illumination creates interstitials within the
bulk and induces their diffusion to the surface and on it to
form islands, a process distinctly different from the melting
and recrystallization process suggested earlier.>

While the overall triangular shape of the islands reflects the
symmetry of the fcc(111) surface, their outline is quite irregular
with branches along the three (110) directions (Fig. 1c-e), a
shape reminiscent of kinetically-limited dendritic islands
resulting from low-temperature metal-on-metal growth.>*?" In
contrast to such grown dendrites, two island types with signifi-
cantly different sizes coexist here (Fig. 1d). We define islands by
the sharp minimum in the histogram in Fig. 1f at 16 nm? as
“small” and “large”. The large islands are dendritic, and the
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Fig. 1 Cluster formation through laser illumination: (a and b) large-scale
images (a) before and (b) after illumination at 7.6 mJ cm~2 absorbed
fluence, 400 nm, 50 fs, 107 pulses; red rectangle marks region with a step,
enlarged in panel (c); green rectangle marks a terrace region, enlarged in
panel (d); yellow rectangle marks a dendritic island, enlarged in panel (e); a
dotted white line in (c) marks the position of the original step edge as
extracted from the image before illumination. Inset: Height profile along
the red line in the STM image. Arrows in (d) mark the onset of the
agglomeration of small clusters (see text); surface directions of Cu(111)
are inferred from images with atomic resolution. A cyclic scale is used in
(e) to emphasize the details on top of the cluster. (f) island area histogram
of the panel (b) at a bin size of 2 nm? and 10 nm? for island areas <20 nm?
and >20 nm?, respectively.

small islands are more compact, at an average size of
(34 £ 1) nm” and (5.4 + 0.5) nm?, respectively. The differences
in size and shape point to two separate formation mechanisms.
Higher resolution images reveal that the large islands
consist of smaller subunits (Fig. le), at an average size of
(6.3 &+ 1.6) nm®, comparable to the average size of the small
islands. Thus, small islands formed in earlier laser pulses are
induced to diffuse in subsequent laser pulses to agglomerate to
large dendritic islands through a hit-and-stick mechanism (see
arrows in Fig. 1d). A comparable agglomeration has recently
been proven in time-lapsed sequences of thermal growth of
water on Ag(111).*

3.2 Local variation in island size and shape

To explore the dependence of the surface restructuring on local
fluence, we developed a protocol to record a series of images
across a sizable part of the Gaussian-shaped laser spot in two
perpendicular directions (Fig. 2). On the micro-scale, the clus-
ters vary quantitatively and qualitatively. Quantitatively, the
coverage decreases with increasing distance from the origin,
following a power law with an exponent of roughly
five (0 oo F*°*%° Fig. 2, inset), indicative of a similar
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Fig. 2 Micrometer-scale imaging across the laser spot: 90 adjacent STM
images covering a range of 8.5 um in the x direction and 4.1 pm in the y
direction. The origin is set to the image of the highest coverage. Different
regions are marked in different shades of gray and by roman numerals. The
enlarged images represent examples for the three regions. The black
square marks the position of the image in Fig. 1b. Inset in the upper right
corner: Coverage 0 vs. local fluence F in x (black squares) and y direction
(red triangles) with fit of 0 oc F€ yielding ¢ = (4.9 £+ 0.6).

interstitial-fluence dependence. The exponent is in the typical
range of 2% to 15,** as observed in power law yield dependen-
cies in femtochemistry, giving the first indication of a non-
equilibrium process.

Since the local coverage correlates to the number of created
interstitials, a similar non-linear relationship should hold for
the dependence of their amount on local fluence. Despite a
monotonous change in interstitial formation and coverage, the
number of islands changes non-monotonously. It increases
from region III to II following the increase in the coverage.
However, it decreases from region II to I despite a further
coverage increase, accompanied by a qualitative change in the
island geometry. The few islands in the region I are predomi-
nantly large and dendritic; in region II, small compact and
large dendritic islands coexist (¢f Fig. 1f); in region III, the
small compact islands dominate (Fig. 2). Island area histo-
grams in Fig. 3 reflect these differences in island sizes.

3.3 Fluence-dependent regions

We present one example for each of the three regions identified
from these dependencies (Fig. 3). The large variety of dendritic
islands (Fig. 3a and b) in the region I leads to a broad
distribution of island sizes up to 100 nm> with a weak max-
imum at approximately 33 nm? (Fig. 3c). Though around 10%
of the islands are in the range defined as small, these relate to
the broad equilibrium distribution of dendritic islands. The
area histogram of the more uniform circular islands in the
region III (Fig. 3i and j) is much sharper, with all islands
smaller than 20 nm?. Thereby more than 90% are within the
region defined above as small (Fig. 3k). The area histogram in
the region II, where both types of islands coexist (Fig. 3e and f),
can be considered a superposition of those in the other two
regions (Fig. 3g). In this region, 67% of the islands smaller than
20 nm” echo the small islands in the region III. The size
distribution of the remaining islands in region II is as broad
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Fig. 3 Properties of separate regions: (a—d) region I; at a coverage of
0.23 ML (e—h) region Il; at a coverage at 0.11 ML (i-l) region Ill; at a
coverage of 0.03 ML (a, e and i) large-scale STM images (b, f and j) zoom
into squares marked in (a, e and i); (c, g and k) island size histograms and
(d, h and |) histograms of shape values S of the STM images in (a, e and i).
The shaded bars in (h) represent the shape values for the large islands. All
histograms are normalized to the total count of islands Niot.

as that for the dendritic islands in region I. We multiply the
ratio of the island area A to the square of the perimeter P by 4%
to capture the different shapes of the islands. In this definition,
S = 4n-(A/P*) has a value of 1 for a perfectly circular island.
S = 2n_r2 -2m = 1. The more dendritic a cluster is the lower
(2n-r)?

its S value. For instance, the shape value of the cluster shown in
Fig. 1e is, at 0.29, only one-third of that for a circular one. The
histogram of these shape values in the region I is asymmetric,
with its maximum at a comparable value of 0.27 (Fig. 3d),
corresponding thus mainly to dendritic clusters. The shape
value histogram of the region III displays considerably higher
values, with more than 80% of the clusters with values above
0.54 (Fig. 31), indicating small, compact ones. The lack of shape
values below 0.36 is consistent with the absence of large,
dendritic clusters. The shape value histogram from the region
1I displays no distinct maximum with an equal distribution of
shape values between 0.36 and 0.90. Existing smaller S values
reflect the coexistence of dendritic and more compact clusters
(Fig. 3h). However, separating the shape values for small and
large clusters reveals that this histogram is not a simple super-
position of those in the regions I and III. While the shape value
distribution of the small clusters mostly resembles that of
clusters in the region III, the shape value distribution of the
dendritic clusters in the region II differs distinctly from that in
the region I. The shape values of the large clusters in the region
II are distributed around a maximum of S = 0.45, while they lie
around S = 0.27 lower in the region I. Therefore the large
clusters in the regions I and II differ in shape.

We use contour plots to visualize the transition between the
regions by displaying area and shape value histograms for all
images shown in Fig. 2. In contour plots, the relative abun-
dances N/N are converted into colors (Fig. 4).
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Fig. 4 Variation of area and shape value histograms along y (a and c) and x
(b and d) in the coordinate system defined in Fig. 2 on the false colour scale
given on the right-hand side: (a and b) area histograms on logarithmic
N/Niot scale. Red squares: Coverage 0 (right axis), vertical lines across the
data points mark the range of local coverages on these images. (c and d)
shape value histograms on a linear N/Nges scale. The dashed lines separate
the regions marked on top of the images.

Apart from compression due to the ellipticity of the laser
beam on the surface, the clusters follow similar trends in both
directions. The coverage decreases (Fig. 4a and b, red data
points), the fraction of small clusters increases (Fig. 4a and b),
and the maximum of S shifts to higher values (Fig. 4c and d).
Despite the smooth change in fluence across a laser spot, some
features change abruptly. From the regions I to II, the number
of small clusters increases sharply (Fig. 4a and b, at the dashed
line). An accompanying sharp change in shape value (Fig. 4c
and d) results from an absence of small clusters and a shift of
the shape values of the large clusters from an average value of
~0.35 to a higher average of ~0.55. A (less abrupt) disconti-
nuity between the regions II and III is best observable in the x
direction (Fig. 4d). The maximum of the shape value histo-
grams in the region II at S ~ 0.62 is fading out when
approaching this discontinuity, while a new maximum at S ~
0.81 starts to grow at it.

We relate disparate clusters in the three regions to distinct
processes at other local fluences. At the lowest fluence in the
region III, the adatoms form small, compact clusters. Thus,
adatom diffusion is induced by the fluence in the region III but
the small clusters are stationary in laser pulses following their
creation. The higher fluence in the region II is sufficient to
induce diffusion of these small clusters, leading to their
agglomeration into dendritic clusters. As small clusters hardly
exist in region I and the shape of the dendritic clusters is more
fractal, a third process triggers the formation of the dendritic
clusters in the region I, adding to the processes leading to the
formation of small clusters in the region III (adatom diffusion)
and large clusters in the region II (small cluster diffusion). The
smaller shape value S suggests that the clusters in the region I
are formed from smaller particles than the large clusters in the

This journal is © The Royal Society of Chemistry 2023
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region II, possibly adatoms. Thus, either the small clusters do
not agglomerate or are not stable at the higher fluence of the
region IL.

3.4 Excitation mechanism

To explain the three processes, we discuss the excitation
mechanisms behind the observed nanocluster formation. In
general, the processes can be driven either by the laser-excited
electrons or thermally by the increased temperature of the
lattices after electron-phonon equilibration.”” For forming
small clusters, the adatoms must diffuse over the surface.
The diffusion might be induced thermally during the transient
increase of the surface temperature after the laser pulse. The
maximum phonon temperature is estimated to ~135 K,
employing the two-temperature model for the parameters used
here.?? It stays for ~ 100 ps above a temperature of 90 K. For the
thermal adatom diffusion energy barrier of 0.04 eV,** each
adatom moves around once every second pulse, calculated as
before.***” This scenario implies sufficient thermal mobility to
form the observed small clusters in the region III during the
pulses following the adatom creation.

The diffusivity of small clusters, consisting of up to 100
atoms, is several orders of magnitude lower than that of single
adatoms,*®* excluding a significant thermal diffusion during
the transiently elevated phonon temperature. It implies an
electron-induced process. We propose that the small clusters
are excited as an entity, similar to adsorbed molecules in
femtochemical reactions.>” The long lifetime of an excited state
of a small cluster in the large projected band gap of Cu(111)
may aid the subsequent diffusion, similar to the anti-bonding
states of Cs/Cu(111).® It explained the coexistence of small and
large clusters in the region II: some small clusters move far
enough to form larger clusters, while others don’t. Such mobi-
lity should increase with laser fluence across the region II,
reflected in a decrease in the number of small clusters by the
approach towards the region I (Fig. 4a and b).

The sudden absence of small clusters in the region I implies
a threshold fluence for an additional process. We propose that
a second, energetically higher excited quantum state of the
small clusters is accessible by the hotter electrons, leading to
the destruction of the small clusters. The resulting fragments,
possibly single adatoms, form the more dendritic clusters in
the region I with their smaller shape value S.

The primary result of this study is the unexpected nanoclus-
ters formed in the mJ cm™? fluence range, far below the laser
ablation threshold. As the highest phonon temperature of
135 K is far below the thermal melting temperature of Cu, at
1357 K, melting and recrystallization of>® cannot explain it. The
question arises of how the interstitials form. A single photon of
~ 3.1 eV carries sufficient energy to break the bonds of bulk Cu
atoms (calculated vacancy formation energy of 1.33 eV)."!
However, its energy cannot be converted directly for this
purpose as it is absorbed by the electron system.*” Instead,
excited electrons and holes are formed. Neither an excited
electron nor the corresponding hole can transfer its whole
energy to a single atom via scattering because of momentum

This journal is © The Royal Society of Chemistry 2023
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conservation. Thus, another process must be responsible for
creating bulk interstitials. We discuss two scenarios. The inter-
stitials might be created before the conversion of the excitation
into delocalized electron Bloch waves. Or, they might be created
after these Bloch waves got relocalized. Short-lived excitons in
d-band metals offer a pathway for the first scenario. The
absorbed photon energy remains for a few femtoseconds loca-
lized in such bound electron-hole pair.*® If the exciton recom-
bined within its short lifetime, it could transfer its entire energy
to one individual atom in a radiation-less process to overcome
the interstitial formation energy. The second scenario of Bloch
wave localization demands breaking the crystal symmetry. We
propose that the formation of initial interstitials is initiated by
electrons or holes localizing at intrinsic defects or even at an
emerging defect as suggested recently.”* In subsequent laser
pulses, the thus created interstitials serve as additional defects
for localization. This effect is called incubation in laser ablation
studies. It relates to ablation thresholds which reduce with the
number of laser pulses.*™*® The processes to explain this
phenomenon include plastic deformations*® due to heat
accumulation®® and laser-induced defect accumulation.®
These mechanisms may contribute to lower the damage thresh-
old or to the variation of the absorption length so that the
deposited energy 1is increased during trains of laser
irradiation.”® Cases for which heat accumulation cannot
describe the experimental result are successfully modeled in
an extended defect model.>® This model attributes the lowering
of the threshold to the accumulation of long-lived optically
active defects, which increase absorption locally (e.g. rough-
ening due to the ejection of atoms and clusters far below the
macroscopic ablation threshold fluence®® or void formation®?).
We suggest that similar processes operate in our case. However,
the threshold decrease saturates typically at around 1000
pulses,”® a pulse train that is not accessible in our experiment
but will hopefully be approached in the future.

4 Conclusion

In conclusion, we unveiled the importance of the local fluence
for nanoclusters formed across the spot of an ultrafast laser by
extending the size range of local imaging for a fundamental
understanding of photo-induced processes. The local view
revealed that the surface is altered severely by ultrashort laser
pulses with fluences orders of magnitudes below the ablation
threshold. At least two non-thermal processes are involved in
the nanocluster formation, the interstitial formation and sur-
face diffusion of Cu clusters on Cu(111). Those processes result
from not yet considered energy transfers upon ultra-short laser
excitation. The perceptions of the underlying physics recast our
understanding of the interaction of matter with ultra-short
lasers. Understanding these non-equilibrium processes may
be used in future to control and thus tailor material properties
by ultra-short laser light. Furthermore, recognizing a transient
surface structuring during a femtochemical reaction may
change our view of surface femtochemistry.
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