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Abstract: We report on the irradiation of gold rod–sphere
assemblies with ultrashort laser pulses, producing structures

that are very difficult to obtain by other methods. The
optical response of these assemblies displays several peaks
arising from the interaction of the plasmon modes of the
individual particles, offering thus great flexibility to control
the energy deposited on the individual particles. Judicious
selection of the wavelength and fluence of the laser pulses
allow fine control over the changes produced: the particles
can be melted, welded and/or the organic links cleaved. In
this way, it is possible to generate structures “à la carte”
with a degree of control unmatched by other synthetic
protocols. The method is exemplified with gold nano-
particles, but it can be easily implemented on particles
composed of different metals, widening considerably the
range of possibilities. The final structures are excellent
candidates for surface-enhanced spectroscopies or plas-
monic photothermal therapy as they have a very intense
electric field located outside the structure, not in the gaps.

Keywords: laser irradiation; nanoparticle welding; plas-
monic assemblies.

1 Introduction

Electromagnetic waves can excite the free electrons ofmetal
nanoparticles, inducing a phenomenon known as localized
surface plasmon resonance (LSPR) [1–4]. Such LSPR can
concentrate a huge amount of electromagnetic energy in
nanometric volumes, offering themaximumpossible spatial
and temporal control over light [5–9]. LSPRs decay by re-
emitting a photon, by creating very energetic electrons and
holes (hot carriers), or by electron–phonon coupling
[10–12]. The latter can produce very high local heating, up to
thousands of Kelvin [13–15]. This heat is detrimental for
most plasmonic devices, but recent studies indicate that it
could be used to promote chemical reactions [16–18] or
modify structures at the nanoscale [19–21].

The use of plasmonic nanostructures, combined with
photocatalytic semiconductors, to favour chemical re-
actions by increasing the speed of interband transitions or
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to extend the capture of light to photons below the
bandgap has been, and remains, a very active area of
research [22, 23]. Plasmonic or high-index dielectric
nanostructures have been proposed to design ultra-thin
semiconductor layers that, through the effects of field
enhancement or light entrapment, achieve almost unitary
broadband absorption with the consequent reduction in
materials and device costs [24]. In contrast to semi-
conductor photocatalysis, transformations driven by hot
carriers on metal surfaces offer the opportunity to explore
new types of chemistry that are usually only possible at
high temperatures and pressures [22].

On the other hand, the manufacture of complex
nanoparticles constitutes a bottleneck for several applica-
tions because versatile preparation methods are typically
very expensive and have a low yield, whereas the tech-
niques that solve these problems do so by sacrificing
versatility [25–27]. Despite being in its infancy, plasmon-
assisted modification of structures at the nanoscale using
ultra-short laser pulses has shown great potential to
manufacture advanced nanostructures in a straightfor-
ward and efficientmanner [19–21]. However, it has received
comparatively much less attention than the production of
plasmon-assisted chemical reactions.

The process can be understood as the union of
different Lego pieces to produce complex nanostructures
that are very difficult (or even impossible) to obtain by
other means. The particles can be linked together with
organic molecules, which is a well-established process [20,
28]. In turn, depending on the fluence, laser pulses can
deposit sufficient energy on the particles to melt them or
produce a temperature increase that, although not enough
to melt the particles, may degrade the organic ligand that
links them together. In this way, it is possible to selectively
cleave organic bonds or weld neighbouring particles
together [19, 20]. Assemblies involving asymmetric parti-
cles offer extra flexibility because they have different
plasmonic modes. Hence, we can easily devise the irradi-
ation conditions (i.e., laser wavelength and fluence) to
weld some particles together and unlink others.

In this work, we have taken advantage of this versa-
tility to illustrate a process to fabricate unique structures
beyond the possibilities offered by current manufacturing
methods. This two-step process is schematically depicted
in Figure 1. First, we synthesized rod–sphere core–satellite
nanoclusters using bovine serum albumin as the linker
(Figure 1(a)) [28], which are then irradiated with femto-
second (fs) laser pulses (Figure 1(b)). Depending on the
energy deposited, the spheres were found to weld onto the
rod or the organic links cleaved, releasing the spheres from
the structure.

2 Results and discussion

Spherical Au nanoparticles with an approximate diameter
of 15.5 ± 3 nmwere synthesized via the Turkevich reduction
method [29]. Likewise, Au nanorods were synthesized us-
ing a process that we have described elsewhere [20, 21, 30],
with a length of 63 ± 7 nm, a diameter of 20 ± 4 nm and an
aspect ratio of 3.2 ± 0.7. Figure 2(a) shows the UV–Vis
spectra of the nanorod (continuous lines) and nanocluster
(dashed lines) dispersions, prior to any irradiation. The
aggregation of satellite particles produces a redshift of the
LSPR band, accompanied by widening and a significant
intensity drop. This LSPR displacement can be explained
by the complex interaction between the plasmon modes of
the different structures that make up the cluster. On the
other hand, the observed plasmon widening and weak-
ening is the result of a large number of possible combina-
tions to form assemblies, each with an LSPR maximum
located at a slightly different wavelength.

Rod–sphere assemblies have the LSPR maximum
located at 791 nm, nearly matching the wavelength of the
laser pulses (800 nm). A summary of the changes produced
upon irradiation on the optical response of the rod–sphere
clusters is depicted in Figure 2(b). No significant changes
were observed in the case of irradiation at 0.5 J/m2 for
12 min (not shown). From a fluence of 1 J/m2 upwards, a
drop in absorption was observed at 800 nm, which became
more pronounced with the increasing fluence. At the same
time, an enhancement of the optical density was observed
on the right side of the LSPR, at wavelengths above that of
the laser pulse. In this way, the single plasmon mode
observed in the original clusters splits in two upon irradi-
ation, increasing the separation between the two peaks
with the fluence. For the lowest fluences, we carried out
additional irradiations for 1 h, observing, at 0.5 J/m2, a
change similar to that occurring at higher fluences and, at

Figure 1: Schematic representation of (a) synthesis of Au rod–
sphere nanoclusters and (b) welding of those nanoclusters by
irradiation with fs laser pulses.
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1 J/m2, the peak splitting becoming much more pro-
nounced, to the extent that the spectrum obtained for these
conditionswas similar to that obtained at 2 J/m2 and 12min.

Figure 3 shows typical transmission electron micro-
scope (TEM) images of both, non-irradiated and irradiated
structures, at the different fluences used. No significant
differences are observed between the non-irradiated par-
ticles (Figure 3(a) and (b)) and those irradiated at 0.5 J/m2

(Figure 3(c)), indicating that the number of structures
modified at this fluence is very low. With the increasing
fluence, for example, at 1 and 2 J/m2 (Figure 3(d) and (e),
respectively), we observe new structures appear with
spheres welded to the rod tips, while the side particles
seem to remain unaffected. The number of structures pre-
senting spheres welded to the rod tips increased with the
fluence. At a fluence of 4 J/m2 (Figure 3(f)), most spheres at
the tips have been welded to the core rod, while the side
spheres have disappeared, indicating that in all likelihood
some material has molten at the tips whereas the rod and/
or side spheres have reached a temperature high enough to
break the organic bonds linking them. Finally, at 6 J/m2

(Figure 3(g)), it is observed that all the spheres have been
welded to the central rod and even some spheres have been
welded together, a clear sign of partial gold melting.
However, it is noticeable that in all cases the rods conserve
their shape, which means that they have not molten
(except at the tips), or they would have a spherical shape
[21, 30].

To better understand the experimental results, we
performed finite-differences in the time-domain (FDTD)
simulations of the optical response for some selected
structures, using the free software computer code MIT
electromagnetic equation propagation (MEEP) [31]. We
began with non-irradiated structures, where the particles

Figure 2: Experimental UV–Vis spectra of (a) bare rods (continuous
lines) and rod–sphere clusters (dashed lines) and (b) rod–sphere
clusters, before and after irradiation at the fluences indicated in the
graph. Unless indicated otherwise, irradiation was performed for
12 min. The red vertical band represents the spectral extent of the
50 fs laser pulses.

Figure 3: TEM micrographs of typical rod–sphere clusters obtained, (a) low and (b) high magnification images before irradiation and high
magnification images after irradiation with laser pulses at a fluence of (c) 0.5, (d) 1.0, (e) 2.0, (f) 4.0 and (g) 6.0 J/m2. The irradiation time in all
cases is 12 min. The scale bars represent 200 nm in (a) and 50 nm in all other images.
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are separated fromeach other (fromTEMmeasurementswe
determined that the separation between the rod and the
spheres is 3 nm), as shown in Figure 4. When two spheres
are added at the tips of the rod, the plasmon is redshifted
with respect to the spectrum of the original rod (not
shown). As more spheres are added, the redshift increases
and a new mode, much less intense, appears around
580 nm, possibly produced by the interaction between
neighbouring spheres. The enhancement of the electric
field around the structure (Figure 4(b)–(e)) shows no sig-
nificant changes when more spheres are added to the
system. The maximum value always appears at the gap
between the rod and the spheres and, only in the case with
eight spheres, also in the gap between the side spheres.
From the point of view of irradiation, a very important
aspect of the shift of the LSPRmaximum is that laser pulses
will affect preferentially certain structures (those with the
LSPR in resonance with the laser wavelength). In this
particular case, 800 nm pulses will have a greater effect on
structureswith fewer spheres, although the oneswithmore
spheres will also receive significant amounts of energy.
One important aspect to interpret the results shown in
Figure 4 is that the clusters studied in this work are formed
around a nanorod. Consequently, their optical response
(and the amount of energy that they absorb) depends
strongly on their orientation with respect to the polariza-
tion of the laser pulse [20, 21]. Therefore, the efficiencies
shown in Figure 4 should only be interpreted as the upper
limit. The random movement of the structures within a
colloid means that, for most pulses, the structure will not
be perfectly aligned with the laser polarization and,
consequently, they will receive much less energy than that
estimated for perfect alignment.

Figure 5 shows the simulated optical response of the
welded structures. The main effect of welding is a signif-
icant redshift of the plasmon band, which can be
explained by assuming that the structure with the spheres
at the tip behaves like a single rod with a larger aspect
ratio. On the other hand, the split of the plasmon peak
(also observed in the experimental spectra) can be
explained by two different plasmonic modes that arise in
the new structure, as can be seen in Figure S4. The peak
located at the lower wavelength comes mainly from the
interaction of the rod and the spheres at the tips
(Figure S4(b)) whereas the high-wavelength peak is
related to the interaction of the rod with all of the spheres,
and also between the side spheres (Figure S4(c)). It should
be noted that the modified structures barely absorb the
laser pulses. In practice, this means that, once the struc-
tures have been welded, they do not suffer any further
evolution. For this reason, the changes observed in the

optical spectrum as a function of the irradiation time
should be interpreted as the modification of structures
previously unaffected by the laser pulses. In other words,
the modification of the structure is a single-pulse process
but the irradiation time plays an important role in the final
results because (i) with high probability, several pulses
are necessary until the structure absorbs enough energy
and (ii) it cannot be discarded that a certain cumulative
effect exists, where one pulse modifies slightly the struc-
ture and then another pulse deposits enough energy to
produce important changes. One important feature of the
electric near fields of the welded structures is that the
maximum enhancement is obtained outside the structure

Figure 4: (a) Simulated extinction efficiency (Qext) calculated for
different structures, composed of a nanorod surrounded by a
varying number of satellite spheres, as indicated in the legend.
Electric field enhancement, calculated for the wavelength of the
LSPR maximum, in the surroundings of the following structures:
(b) one rodwith two spheres at the tips, (c) one rodwith two spheres
at the tips and two at the sides, (d) one rod with two spheres at the
tips and four at the sides, (e) one rod with two spheres at the tips
and six at the sides. The separation between the rod and the
spheres is 3 nm. In all cases, the light polarization is along the
rod axis and the wave vector is coming out of the plane. The red
vertical band represents the spectral extent of the 50 fs laser
pulses.
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(i.e., not in the gaps), which would facilitate the access of
molecules in surface-enhanced spectroscopies.

The key to understanding the described results lies in
knowing how much energy is absorbed by each of the par-
ticles in the structure and how they evolve after rapidly
reaching the maximum temperature (in a process that is
practically adiabatic), i.e., during the cooling down [32]. A
detailed calculation is very complicated; hence, we will
simplify it here only for a structure consisting of a rodwith a
sphere at each tip, as shown in Figure 6. However, this does
not weaken the generality of the conclusions, because the
experimental results (Figure 3) show that, for the conditions
of thiswork,mostmodificationsoccur in the spheres located

at the rod tips. This can also be understood from the FDTD
simulations (see Figure 4) because the wavelength of the
laser pulses excites only the longitudinal mode of the
structures. The effective absorption cross-section of each of
the three particles is shown in Figure 6(a). Using these
values, it can be determined that the rod absorbs approxi-
mately 97% of the energy at the laser wavelength (800 nm)
and each sphere only 1.5% (see figure inset).

Taking into account the relative amount of energy
absorbed by each particle and the specific heat capacity of
gold [33, 34], one can estimate the maximum temperature
that they reach during adiabatic heating. For instance, at a
fluence of 4 J/m2, the rod reaches a temperature of 1915 K,
while that of the spheres is 700 K, approximately. Under
these conditions, the rod is expected to melt and, subse-
quently, evolve to a sphere (the most stable shape) [21, 30].
However, this is not observed experimentally, suggesting
that there must be an additional mechanism suppressing
the evolution from rod to sphere. To better understand this
effect, we performed finite elements method (FEM) calcu-
lations to study the temperature kinetics of this rod–sphere
system (Figure 6(b)). Two cases were considered: (i) the rod

Figure 5: (a) Simulated extinction efficiency (Qext) calculated for
different structures, composed of a nanorod surrounded by a
varying number of satellite spheres, as indicated in the legend.
Electric field enhancement, calculated for the wavelength of the
LSPR maximum, in the surroundings of the following structures:
(b) one rodwith two spheres at the tips, (c) one rod with two spheres
at the tips and two at the sides, (d) one rod with two spheres at the
tips and four at the sides, (e) one rodwith two spheres at the tips and
six at the sides. The rod and the spheres are touching each other and
a small cylinder, with a diameter of 10 nm, was added to connect
them, mimicking the morphology of the welded volume observed
experimentally. In all cases, the light polarization is along the rod
axis and the wave vector is coming out of the plane. The red vertical
band represents the spectral extent of the 50 fs laser pulses.

Figure 6: (a) Absorption cross-section (σabs) of the individual par-
ticles forming the structure of a rod with two spheres at the tips. The
inset represents the relative absorption for each particle: the rod
absorbs over 95%of the energy. (b) Temperature evolution of the rod
and the spheres when they are separated 2 nm (black and green
lines, respectively) or welded (red and blue lines). The grey hori-
zontal line represents themelting temperature of bulk gold. The grey
vertical lines represent the time when the rod temperature falls
below the melting point of bulk gold.
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and the spheres remain separated (2 nm) after heating and
(ii) they come into contact (for instance, due to rod
expansion). In both cases, the particles have been assumed
to be immersed in water, similar to the case reported by
Ekici et al. [33]. In Figure 6(b), we can see that, when the
particles remain separated, the rod reaches the melting
temperature of gold and remains above it for 67 ps (and
probably much longer in realistic conditions, due to the
reduced dissipation produced by the coating protein,
which acts as a thermal barrier). Under these conditions,
and depending on the cooling time, the rod could evolve
into a sphere. On the other hand, when the rod is in contact
with the spheres, their temperatures equilibrate in a very
short time and the rod temperature falls below the melting
point in just 40 ps, regardless of the protein coverage (this
effect could be more pronounced in realistic cases with
more than two spheres). This explainswhy the rod structure
is preserved, even at the highest fluence (6 J/m2) while, at
fluences of 2 J/m2 and beyond, we see welded spheres, indi-
cating that, in all likelihood, they have come into contact at
high temperature. Finally, it is interesting to compare the
results at fluences of 4 and 6 J/m2. For the former case, the
side spheres are absent, whereas for the latter fluence the
spheres arewelded. Tentatively,we canascribe thedifference
to the temperatures reached by the side spheres. Particles
weld when they get in contact at a high enough temperature.
Initially, the energy absorbed by side spheres is very low
compared to that absorbed by spheres at the tips. Thus, only
irradiations at very high fluence lead to temperatures
compatible with welding. At 4 J/m2, the temperature raise
apparently only produces link breakage and as a result the
release of the side spheres, but not permanent welding.

3 Conclusions

In summary, we report here the irradiation of gold rod–
sphere assemblies with ultrashort laser pulses, allowing us
to manufacture structures that are very difficult to obtain
by othermethods. The proposedmethodology is a two-step
process. First, a protein-assisted assembly is employed to
fabricate nanoclusters with a large number of satellite
particles per rod. The rod–sphere assemblies exhibit two
plasmon modes, redshifted with respect to the transversal
and longitudinal modes of the core rod. By varying the
aspect ratio of the core particle, these plasmon bands can
be tuned so that a nanocluster with the LSPR located
around 800 nm can be obtained (791 nm). Next, the as-
semblies are irradiated with a near-infrared fs laser
(wavelength 800 nm; 50 fs; 0.5–6 J/m2). The optical prop-
erties of the nanocluster dispersions are notably modified

upon irradiation: the plasmon band located at the highest
wavelength splits, being more pronounced the effect with
the increasing laser fluence. TEM analysis revealed that,
starting at a fluence of 1 J/m2 for 1 h, some spheres weld to
the tips of the rods. More particles become welded as the
fluence increases. At 4 J/m2, the tip spheres are welded
whereas the side spheres are removed and, finally, both,
the tip and side spheres, weld to the rod and between
themselves at a fluence of 6 J/m2.

FDTD and FEM simulations have allowed us to under-
stand these results in terms of how much energy is absorbed
by each particle and how the temperature of the system
evolves during heating. The proposed approach offers great
flexibility from the viewpoint of control over the changes
produced on the irradiated assemblies. Judicious selection of
the wavelength and fluence of the laser pulses would allow
fine control over the changes induced. In this way, it is
possible to generate custom-made structures with a degree of
control that is hard to match by other synthetic methods. The
method has been exemplified for gold nanoparticles, but it
should be easy to implement for particles composed of
different metals, expanding considerably the range of possi-
bilities of this methodology. For example, we can envisage
assemblies composed of gold and platinum particles, so that
the resulting bimetallic structure has an intense plasmon
combined with catalytic properties. Finally, the structures
manufactured by this method exhibit a very intense
enhancement of the electric field outside the structure (not
just in the gaps). Hence, these structures are excellent can-
didates for surface-enhanced spectroscopies or plasmonic
photothermal therapy.
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