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When a pebble drops on the surface of water, it is often
observed that a water column, or “back-jet”, surges upwards.
Counter-intuitive though it might be, a similar phenomenon
can occur when light shines on a metal film surface. Indeed,
tightly focused femtosecond laser pulses carry sufficient
energy to locally melt the surface of gold film and the impact
from these laser pulses produces a nanojet, as has been theo-
retically described? and experimentally demonstrated.>-! In
particular, these studies show that the very fast cooling rate of
the nanojet, allows it to “freeze” in shape, as the temperature
drops below the melting point.[’! The gold surface can therefore
be imprinted with nanostructures, each marking the point of
impact of a laser pulse. Moreover, just as is the case with water,
nanojet can result in the projection of a small droplet. Recently,
this phenomenon led to the development of a nanofabrication
technique, whereby gold spheres with very regular dimensions
are collected and assembled into nanopatterns.’-'% Nanopat-
terns can also be produced on the gold surface itself with the
help of local field enhancements resulting from bringing either

a sharp tip!*11?l or spheres close to the surface.¥! But what if the
gold surface was nanopatterned to begin with, see Figure 1a?
For nanostructures with thickness much smaller than the
wavelength of light, because the absorption length of the laser
radiation is larger than the thickness of the nanostructure, it
was first reported that the temperature stays almost homoge
neous over the whole volume of each nanostructure.'l Conse-
quently, upon illumination and melting of the nanostructures
the shape change starts from the sharpest regions, where the
forces due to surface tension are high. The reshaping process
continues until the nanostructure forms a sphere, minimizing
surface tension. At this point the nanostructure constitutes a
droplet of melted material and it can be ejected from the sur-
face. This physical mechanism was later refined since it was
shown that the temperature over the volume of the nanopar-
ticles can become inhomogeneous.' More specifically, it
was reported that near curved surfaces, optical near-fields can
locally heat up the material and lower the ablation threshold.
The mechanism of the ablation was not demonstrated directly.
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plasmonic hotspot

Objective

Nanostructures

Figure 1. In (a), schematic (not to scale) representation of the experiment. In (b), in response
to the incident light's electric field, the electron density oscillates in the plasmonic hotspots.
These electron oscillations constitute an electric current. Associated Ohmic losses raise the
temperature of the material within the plasmonic hotspot above that of the rest of the nano-
structure. In (c), due to laser energy deposition by the femtosecond pulses, the temperature
within the hotspot is additionally increased above the melting point. A nanojet can then be
observed precisely in the plasmonic hotspots, while for the rest of the nanostructure the tem-
perature remains below the melting point and therefore there are no nanojets.

The authors also suggested, but did not show, that a similar
local heating could be achieved by means of optical near-fields
that are plasmon-enhanced.

Surface plasmon resonances are coherent electron oscilla-
tions at the interface between air and metal!’® These plasmons
can be excited very efficiently with light, see Figure 1b. Further-
more, depending on the particular geometry of the nanopat-
terned metal, the plasmons are usually very inhomogeneously
distributed on the surface of the nanostructures and can form
“hotspots”. Plasmons are interesting because they can greatly
enhance the local fields. Moreover, unlike sharp geometries,
which remain sharp regardless of the illumination wavelength,
plasmons are wavelength specific. This can be very advanta-
geous because a nanostructure can support different plasmon
modes depending on wavelength, i.e. the location of hotspots
can be tuned with the wavelength of light. Moreover, plasmon
modes are polarization-specific, which offers additional tun-
ability. To summarize, plasmonic hotspots are regions on the
nanostructures where the amplitude of electron oscillations,
that are due to light, is maximal. Because electron oscillations
constitute an electric current and because electric currents
heat up the material by means of Ohmic losses, it follows that
the hotspots are literally hot. Consequently, nanopatterning a
metal surface leads to strongly inhomogeneous heating upon illu-
mination, which has immediate consequences for the melting
process.

If laser heating of the metal surface is inhomogeneous,
then the laser intensity can be tuned so that melting occurs
in the hotspots but not throughout the rest of the structure,
see Figure 1c. As the laser irradiates such a surface, nanojets
and the associated nanobumps can mark the hotspots. In fact,
such nanobumps were already observed in the precise loca-
tions of plasmonic hotspots on a nickel surface,'’! although the
nanobumps’ origin was not clearly identified. Nevertheless, it
was recognized that the nanobumps can constitute an efficient
method for visualizing plasmonic hotspots. It was also reported
that no nanobumps had been observed on a gold surface — a
rather severe limitation since gold is the material of choice for
plasmonic nanotechnology. Here, we propose a very clear and
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straightforward physical mechanism for the
occurrence of nanobumps and demonstrate
their presence on a gold surface. This insight
into the basic interactions of light and mate-
rials at the nanoscale opens up new possibili-
ties for applications. The latter can include,
for instance, laser-induced transfer fabrica-
tion of nanospheres, whose radius is deter-
mined by the plasmonic properties of a nano-
patterned gold surface.’~'% Another example
is electronic chips where the interconnects
between transistors could be ensured by
laser-induced, and plasmon-assisted, metal
melting.

Because it has been established that we
can change the location of the hotspots
by changing the incident polarization in
G-shaped nanostructures made of both
gold!'8-2% and nickel,?!! we begin by choosing
a G-shaped design, see Figure 2a, where both
gold and nickel are deposited, see Figure 2b. More details on
the deposition and on the rest of the sample preparation can be
found in Ref. [22]. After preparation, electron energy-dispersive
x-ray spectroscopy (EDS) reveals that the nanostructures (in
Figure 2c) contain, indeed, both gold (Figure 2d) and nickel
(Figure 2e). The quality of the sample preparation is checked
with scanning electron microscopy (SEM) and with atomic
force microscopy (AFM), see Figure 3a. This figure shows
that the nanostructures’ surfaces are rather smooth... before
illumination.

First, illumination of the nanostructures is performed with
Ti:Sapphire laser pulses, of approximately 120 fs duration, at
a wavelength of 800 nm. The laser light is focused with a x100
objective, NA = 1.46, to a spot of 330 nm by 440 nm, with an
average power of 0.82 mW and pixel dwell time of 0.571 us.
The samples are illuminated with light polarized linearly along
both the horizontal and vertical directions. These directions are
indicated with a red and a green arrow, respectively, in Figure 3.
Figure 3b and Figure 3d show AFM micrographs of the nano-
structures following illumination with horizontally and vertically
polarized light respectively. In contrast to Figure 3a, regular pat-
terns of nanobumps at the surface of the sample can now be
seen. For clarity, these white spots have been encircled in red
and green, depending on the polarization direction of light. The
precise location of these nanobumps depends on the direction
of linearly polarized light. For horizontally polarized light, the
nanobumps are situated along horizontal edges of the nano-
structures, whereas for vertically polarized light they are situ-
ated along the vertical edges. Since both gold and nickel are
present in the nanostructures, it is important to understand
what material are these nanobumps made of.

Energy-dispersive x-ray spectroscopy (EDS) is an element
specific technique which can be used to evaluate the relative
increase or decrease of material at the nanobumps. In order to
ensure the reproducibility of our results, EDS was performed
with two different instruments, in two separate research
groups. Figure 3d and Figure 3e show data obtained from EDS
scans along the nanostructures and through the nanobumps.
The exact path of the scans is indicated with a green line in
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our nanostructures, under the influence of
horizontally and vertically linearly polar-
ized light, respectively. It can be seen that
in each case, the direction of polarization
determines the direction of charge separa-
tion and that the charges accumulate on the
edges of the nanostructures. Moreover, the
sign of the charges represented in Figure 4a
and Figure 4b oscillates at the frequency of
light. Consequently, between the regions of
positive and negative charge, electric cur-
rents flow. According to Joule’s law, these
electric currents heat up the material; the
heating being proportional to the square of
the electric currents. Their precise location
is strongly dependent on the geometry of
the nanostructure. Figure 4c and Figure 4d

1000 nm

show the distribution of the squared electric
currents corresponding to the charge distri-
butions in Figure 4a and Figure 4b, respec-
tively. For comparison, the pattern of the

Au:35 nm

Si02:100 nm nanobumps'has been reprod_luced by means
of colored circles and superimposed on the
Si (001) simulation results. The figures demonstrate

that there is an unambiguous match between

Figure 2. The plasmonic nanostructures within the sample arrays are made of gold, on top
of Ni or Cr adhesion layer. For the G-shaped nanostructures, the nominal size and depth pro-
file of the sample are shown in (a) and (b) respectively. Scanning electron microscopy of the
actual structures is presented in (c), and energy-dispersive x-ray spectroscopy demonstrates
that continuous layers of both gold, in (d), and nickel, in (e), are present. For the star-shaped
nanostructures, the nominal size and depth profile are shown in (f) and (g) respectively.

the insets. More specifically, Figure 3d demonstrates that, in
the nanobump, there is a clear increase of the signal from gold,
with respect to the rest of the nanostructure. Simultaneously,
nickel signal remains constant throughout the entire nano-
structure. The data indicate that this particular nanobump is
made of gold; others however are not. Indeed, in Figure 3e, the
EDS scan crosses four nanobumps. Based on the observation of
increased EDS signal, the first two nanobumps appear to con-
tain both gold and nickel, while the third contains mostly nickel
and the fourth mostly gold. This seemingly random material
content suggests that the nanobumps are made of a gold/nickel
melt. Furthermore, the presence of a metal melt provides a
straightforward explanation of the nanostructures as nanojet
formation, associated with the femtosecond laser pulses. Obvi-
ously, the melting process is caused by light but what evidence
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the regions where nanobumps and high elec-
tric currents occur. Naturally, the simulated
structures have an ideal geometry, while the
measured ones present numerous fabrication
imperfections; therefore the match cannot be
expected to be absolutely exact. Nevertheless,
the largest nanobumps, situated at both ends
of the nanospiral in Figure 3D, clearly cor-
respond to the regions of highest local currents, in Figure 4c.
Because electric currents heat up the material through Ohmic
losses, the regions of high electric currents constitute, liter-
ally, hotspots on the sample surface. Therefore, as we increase
incoming laser power, melting of the sample takes place in the
hotspots, before the rest of the nanostructures. This process
could be unambiguously demonstrated upon increasing the
laser power and observing progressive melting originating in
the hotspots. Here we begin by showing that the processes at
study are not specific to the G-shaped sample geometry and
turn our attention to star-shaped nanostructures.

In the star-shaped nanostructures, numerical simulations
demonstrate that the structures exhibit localized plasmons
depending on polarization. Figure 5a and Figure 5b shows
that for horizontal polarization, two plasmonic hotspots should
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Figure 3. Illuminating the sample with femtosecond laser pulses produces a polarization-
dependent pattern of nanobumps with sharp tips, on the sample surface. Atomic force micro-
scopy (AFM), in (a), shows the sample before illumination. Illumination is performed with
horizontally (red arrow) and vertically (green arrow) polarized light. After illumination, the AFM
micrographs, in (b) and (c), demonstrate that a polarization-dependent pattern of nanobumps
is present on the sample surface. For clarity, the nanobumps are highlighted by circles in red,
for the horizontally polarized light, and in green, for the vertically polarized one. In (d) and
(e), energy-dispersive X-ray spectroscopy scans were performed along the green lines of both
insets. The results show that, on the nanobumps, sometimes the signal from gold increases
while that from nickel remains the same, as shown in (d); sometimes it is the other way around
and sometimes there is an increase of both the gold and nickel signal, as shown in (e). The
seemingly random material content suggests that the nanobumps are most likely made of a
gold/nickel melt.
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clearly demonstrates that the temperature dis-
tribution is strongly polarization-dependent in
the nanostructure. But how does this process
compare with ablation levels in the absence
of plasmons?

In gold film, the ablation threshold is situ-
ated within the laser fluence range of 0.4 to
1.4 Jjcm? for 100 fs pulses.?*7! 1t has been
reported that in nanostructures, local field
effects that are due to geometric features can
lower the ablation threshold to 9 m]/cm?.[*
In our nanostructures, plasmonic effects can
lower the threshold even further: the ablation
process starts at laser fluence of 2.7 m]J/cm?
and complete melting is reached for a laser
fluence of 6.5 mJ/cm?.

Note that in all our laser ablation experi-
ments described above, we typically used
~45 pulses per pixel. In previous reports, how-
ever, nanojet structures have been generated
on a gold film surface by tightly-focused single
femtosecond (fs) laser pulses.P~”! To properly
compare the plasmon-assisted nanojet gener-
ation process with these previously-reported
results we irradiated our nanostructures by
single 30 fs laser pulses. For this purpose, a
laser beam with a squared shape of 6 x 6 um?
size and flat-top intensity distribution was
used (see Refs. 5 and 10 for details of the
image transfer approach applied for beam
shaping). The flat-top intensity distribution
allowed irradiation of multiple nanostruc-
tures by a single laser pulse and at the same
irradiation conditions.

Figure 6a shows an SEM micrograph of
a G-shaped nanostructure, after illumina-
tion with horizontally polarized light. This
configuration is similar to that of Figure 4c,
where two very strong hotspots (in red) can
be seen at the edges of the nanostructure.
These hotspots can be seen, in Figure 6a,
as nanobumps generated by a single 30 fs
laser pulse. Upon increasing the laser power,
Figure 6a to Figure 6f, the nanobumps become
larger and, at laser fluence ~60 mJ/cm?, they
transform into nanojets. It is also apparent
in Figure 6e that the nanobumps are hollow.
These nanostructures are similar but signifi-

occur on the vertical edges of the star. The occurrence of these
hotspots is experimentally verified by means of second har-
monic generation microscopy, see Figure 5c. For increasing
laser power, Figure 5d and Figure 5e show that first two
nanobumps appear on the hotspots and then the vertical edges
melt and retract under the forces of surface tension. As can be
seen in Figure 2f, these edges are 200 nm long, i.e. the length of
removed material is significantly below the 800 nm wavelength
of the light source. A similar process is observed for the ver-
tical polarization, whereby the hotspots are situated on the hori-
zontal edges of the star, see Figure 5f to Figure 5j. The figure
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cantly smaller than those generated by tightly focused single
30 fs laser pulses on a homogeneous gold film surface. Their
shape can be explained by a fast local melting of a gold film,
rapid hydrodynamic processes of nanojet generation and fast
solidification of the nanostructures. The small size of the
plasmon-generated nanojet structures opens new possibilities
for molecular dynamic simulations of the nanojet formation
process at experimental scales. This direct comparison of sim-
ulation results with experiments was previously not possible
due to the significantly larger size of laser-generated nanojet
structures.! At slightly higher laser fluences (83 mjJ/cm?,
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The results presented here are focuses
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. surface, femtosecond laser pulses can melt
x10!"  the material precisely in the regions of plas-
7  monic hotspots. At the beginning of the
melting process, nanobumps are observed

on the surface of the nanostructure. The

5 nanobumps often present a sharp tip, which
cannot be explained by forces trying to mini-
mize surface tension in the melted region.
These nanobumps are the cooled remains of
nanojets generated by the impact of femto-
second pulses on the hotspots. For increased
laser power, the entire nanostructures melt
starting from the plasmonic hotspots. At this

Figure 4. The pattern of melted nanobumps matches that of the plasmonic currents, where stage the melting .processes. ll)eclome domi-
Ohmic losses locally increase the temperature. The electric field of light incident on the nano- nated by forces trying to minimize the sur-
structures causes the surface charges to oscillate in response to the direction of light polari-  face tension. We have also shown that upon
zation: horizontal, in (a), and vertical, in (b). The locations of the resulting electric currents,  excitation of different plasmons, depending
squared, are shown in (c) and (d) respectively. According to Joule’s law, the squared electriccur-  on the polarization of light, it is possible to
rent is proportional to the heating. Colored circles indicating the nanobumps are superimposed
on the figures. These circles match well the pattern of hottest regions on the surface.

choose the position of the nanojets on the
sample surface. For smaller nanostructures,
exciting different plasmonic modes should
Figure 6f) a spherical droplet of ~40 nm radius is ejected from  bring further control over the position of the nanojets. At a
each hotspot, see Figure 6g. This process can further be applied  threshold value of laser fluence of ~83 mjJ/cm?, the nanojets
to fabrication of regular structures consisting of gold nanopar-  can eject very regular metal nanosphere droplets, whose radius
ticles.”"1% The ejection of the nanodroplet leaves a metal cone  is tuned by the geometry of the nanostructures and their plas-
on the surface of the nanostructure. The radius of curvature at  monic properties. These droplets can be further collected on

Charges Hotspots Hotspots SEM SEM
simulation experimental

Figure 5. Strongly polarization-dependent heating of nanostructures by femtosecond laser pulses, due to plasmonic hotspots. For horizontally polar-
ized light, a numerical simulation indicating the charge distribution at the surface of the nanostructure is shown in (a). The resulting electric currents
are shown in (b). The hotspots were experimentally observed by means of second harmonic generation microscopy, shown in (c). In (d) and (e), Scan-
ning electron microscopy (SEM) images of the nanostructures for laser illumination at T mW and 1.8 mW of laser power, respectively, are shown. On
the second row, for vertically polarized light, figures (f) to (j) are organized in a similar manner.
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Figure 6. Single femtosecond pulses produce nanojets from the plasmonic hotspots. From
(a) to (f), scanning electron microscopy of the G-shaped nanostructures reveals that with
increasing laser power a nanobump forms, grows and results in the formation of a nanojet that
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electron energy (10 kV) to minimize the substrate
signal.

For the EDS and SEM measurements in
Figure 4a, carbon was evaporated on the sample
surface to provide a conducting layer for further
examination. A high resolution scanning electron
microscope (Philips XL-30 FEG) equipped with an
energy dispersive spectroscopy detector system
with an ultra thin window was used for qualitative
determination of the composition of the different
phases. Back-scattered electron (BSE) and
Secondary Electron (SE) images were acquired with
the help of the same device.

~60 mJ/cm?2
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ejects a nanosphere of metal. In (g) a very regular nanosphere, which has landed on the arm

of a neighboring nanostructure, is shown. In (e) it is apparent that the nanobumps are hollow.

The direction of light polarization is indicated with the red arrow.

a receiver substrate and assembled into regular nanoparticle
structures. This method can also be applied to fabrication of
electronic chips, which can be designed by first producing a
matrix of disconnected transistors, and subsequently creating
interconnects by laser-induced and plasmon-assisted melting.

Experimental Section

For the preparation of the star-shaped samples, a silicon substrate
covered with a thermally grown layer of silicon dioxide approximately
100 nm thick was coated with a solution of poly(methyl methacrylate)
(PMMA) dissolved in anisole. The substrate was then spun at
2000 RPM for 45 seconds and then heated on a hotplate at 150 Celsius
for 75 seconds producing a 100 nm thick layer of PMMA resist. The
PMMA layer was then patterned using electron beam lithography (EBL)
and the exposed areas of PMMA resist removed using a developer
consisting of 1 part 4-Methyl-2-pentanone (MIBK) to 3 parts Isopropyl
alcohol (IPA). The EBL-masked sample was then placed in a thermal
evaporation chamber which was evacuated to a base pressure below 1 x
10" mBar. A 5 nm chromium adhesion layer was evaporated onto the
sample using a resistively heated tungsten wire basket, followed by a
35 nm gold layer deposited from a resistively heated molybdenum boat.
The coated sample was then placed in an acetone bath for several hours.
Sonication of the bath then removed the unexposed PMMA and its
metallic coating leaving behind the metal features.

The EDS and SEM measurements in Figure 2 and Figure 4b were
performed on Quantax X-ray microanalyzer, Bruker, attached to a
combined instrument SEM/FIB (scanning electron microscope/focused
ion beam). The EDS spectra and maps were taken at relatively low
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