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Light-Induced Coalescence of Plasmonic Dimers
and Clusters
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Carnegie,” Marlous Kamp, " Bart de Nijs, " Angela Demetriadou,* Jeremy J Baumberg'*

"Nanophotonics Centre, Cavendish Laboratory, University of Cambridge, Cambridge, CB3 OHE,
United Kingdom

*School of Physics and Astronomy, University of Birmingham, Birmingham, B15 2TT, United
Kingdom

Abstract

The properties of nanoplasmonic structures depend strongly on their geometry, creating the need
for high-precision control and characterization. Here, by exploiting the low activation energy of
gold atoms on nanoparticle surfaces, we show how laser irradiation re-shapes nanoparticle dimers.
Time-course dark-field micro-spectroscopy allows this process to be studied in detail for
individual nanostructures. Three regimes are identified: facet growth, formation of a conductive
bridge between particles, and bridge growth. Electromagnetic simulations confirm the growth
dynamics and allow measurement of bridge diameter, found to be highly reproducible and also
self-limiting. Correlations in spectral resonances for the initial and final states give insights into
the energy barriers for bridge growth. Dark-field microscopy shows that coalescence of multiple
gaps in nanoparticle clusters can be digitally triggered, with each gap closing after discrete
increases in irradiation power. Such control is important for light-induced nanowire formation or
trimming of electronic and optoelectronic devices.
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The coalescence of nanoparticles has significant commercial importance, being fundamental to
sintered nanomaterials.! This is of interest for a wide variety of applications from printable
transistors>* to conducting wires and contacts,* and is approaching large scale application in the
electronics industry.’ Nanoparticle coalescence is also crucial to understand in heterogeneous
catalysis. Here small nanoparticles (<10 nm) are required and these have high surface energy
making them especially prone to agglomeration.®’ Since catalytic activity is critically dependent
on the nanoparticle surface area, understanding and preventing agglomeration is crucial.



Studies of nanoparticle sintering take one of two approaches, using electron microscopy® or
molecular dynamics simulations,” both of which have limitations. Electron microscopy explores
only small sample populations and suffers degradation from the electron beam, while molecular
dynamics simulations are limited by computational expense to small nanoparticles.

Here we study the light-induced bridging of gold nanoparticle (AuNP) dimers by time-resolved
optical spectroscopy. This gives highly detailed information as the plasmonic modes are extremely
sensitive to the nanoscale geometry. A sequence of structural dynamics is reliably observed: first
the contact area between the particles grows, then a conductive filament fleetingly forms across
the gap, which finally grows to fill the full contact area, ultimately becoming a large proportion of
the nanoparticle diameter. We then extend this analysis to gold nanoparticle clusters and find that
the bridging of interparticle gaps occurs digitally, with each coalescence event distinct in the
spectral response.

Results and Discussion

The AuNP dimers are prepared by triggering and then quenching the aggregation of colloidal gold
NPs of 70+3 nm diameter. The binding ligand cucurbit[7]uril (CB[7]) is used to initiate the
aggregation, which glues the AuNPs together in a diffusion limited process, while also defining
the gap size to be 0.9 nm.!'° The aggregation in solution is monitored using extinction spectroscopy
(Figure 1a) and abruptly stopped after t=9 s by adding a portion of a melted aqueous 3 wt% agarose
solution. The agarose binds to the surface of the AuNPs and quenches the aggregation by restoring
the colloidal stability.!! The aggregation quenching is confirmed by the stability of the plasmonic
modes in extinction spectroscopy. Using a sealed vial to prevent evaporation, the resulting dimer
suspension is stable for weeks.
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Figure 1. Dimer preparation. (a) Extinction spectra of 70 nm diameter AuNP aqueous suspensions.
Cucurbit[ 7]uril initiates assembly which is then quenched after t=9 s through addition of agarose.
This results in a stable mixture of monomers and dimers. (b) Typical scanning transmission
micrograph of the quenched suspension (additional micrographs in Figure S1). Scale bar is
500 nm.



The number yield of dimers is found to be 26% by TEM, with 4% larger aggregates and 70%
monomers (N=100). This is consistent with that expected in the initial stages of diffusion limited
aggregation.'?> The assembly can be quenched at any time to give the corresponding distribution
of structures (Figure S1).

For single nanostructure spectroscopy the dimer suspension is drop-cast onto a glass cover slip.
Micro-spectroscopy is performed using a custom-built dark-field microscope with confocal fiber
spectral collection. Illumination from a white light laser provides the high intensity illumination
required for millisecond scattering spectroscopy on individual nanostructures.

Polarization scans are carried out to distinguish between single nanoparticles and dimers (Figure
2a). The scattering response of dimers has a sinusoidal dependence on the incident polarization
angle. The transverse and coupled modes are observed with the polarization perpendicular/parallel
to the dimer axis.
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Figure 2. Irradiation of a typical nanoparticle dimer. (a) Polarization-dependent dark-field
scattering spectra reveal orientation of dimer axis. (b) Subsequent dark-field scattering spectra
during irradiation as a function of laser power (shown to left). (c) Transmission electron
micrographs of dimers at different stages of coalescence (corresponding spectra in Figure S3). (d)
Schematic of the optically-identifiable growth stages (I-1II) during irradiation. (¢) Simulation of
dimer during facet growth (I) and then neck growth (ILIII).

In order to study the nanoparticle coalescence, dimers are simultaneously illuminated with a
404 nm laser focused onto the junction by a x63 imaging objective. The laser is strongly absorbed
at this wavelength by the gold interband transition. The dynamical shifts of the optical modes are
clearly seen in a representative irradiated nanoparticle dimer (Figure 2b, others in SI). The 404 nm
laser power is steadily ramped from 0 to 2 mW (at sample) in steps of 25 uW. Using 404 nm
irradiation to induce coalescence is advantageous because it allows for dark-field scattering spectra
to be recorded simultaneously, with a long pass filter to block the laser light. Spectra are taken
with an integration time of 100 ms.

It is instructive to estimate the temperature of the dimers for this irradiation. With a 500 nm spot
size and an absorption cross section of 10* nm? the absorbed power at maximum laser intensity is
P ~0.01 mW. The increase in particle temperature is given by 8T = P/(4mkR) where R is the
nanoparticle radius and x the thermal conductivity of the surrounding medium.'> We note this
ignores the thermal conduction characteristics of the dimer geometry. While the dimer temperature
is thus expected to increase by several hundred degrees, sufficient to cause significant mobility of
the surface gold, this is not sufficient to cause a full bulk melting (which indeed is not observed).'*
These temperatures are high enough to carbonize organic linkers, consequently the
phenomenology is not specific to the CB[7] spacers used. Since the illumination is continuous
wave, the heat is uniformly distributed within the particles,'® contrasting with the case of pulsed
illumination where heat is strongly localized according to the optical field.'

For low laser powers an initial red shift of the coupled mode is seen (stage I, Figure 2b). This is
caused by facet growth, which increases the gap capacitance C; and consequently redshifts the
coupled mode.!” In this phase, surface Au atoms move to lower energy by strong van der Waals
attraction to the opposite NP.!8

At higher laser powers the red shift rate slows and is followed by a rapid blue shift at a critical
laser power threshold (stage II). Depending on the individual dimer, multiple blue shifts can occur
progressively during stage II (Figure S4). Evidently this stage is strongly dependent on the dimer
morphology. Simulations indeed show that additional blueshifting modes appear if the bridge is
off center (Figure S5). The coupled mode blueshift is expected from conductive bridging across
the nanoparticle gap, because charge transfer between the nanoparticles reduces the gap
capacitance. This shorted coupled mode can equivalently be considered as the second order charge



transfer plasmon. Bridge mode anti-crossings are also seen, indicating their interaction with cavity
modes as previously reported for the nanoparticle-on-mirror geometry.!® The bridging modes all
show comparably narrow linewidths and low scattering strength, suggesting lower coupling
efficiencies into the far- field due to their tight confinement.

The final irradiation stage (Stage III) is accompanied by the appearance of a high intensity mode
approaching from the infra-red. This mode corresponds to the charge transfer plasmon (CTP). The
frequency of this mode is strongly dependent on the bridge width because it controls the
charge/electron transfer from the one NP to the other. For narrow bridges, the charge transfer
between the nanoparticle gives rise to charges localized/accumulated at the crevice either side of
the bridge.?’ As the bridge width increases, the coupling at the crevice decreases causing a blueshift
into the visible. We emphasize that the spectral sequence I-11I occurs very similarly in many dimers
(Figure S4). Additionally related behavior has been seen previously in the nanoparticle-on-mirror
geometry and with silver nanoparticles.!” This optical phenomenology is a general property of
bridging across plasmonic coupled gaps and not particular to the system studied here.
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Figure 3. Dependence of charge transfer plasmon on initial contact geometry. (a) Correlation of
the initial bonding dipolar mode and the final charge transfer mode. (b,c) Initial and final bridging
topology in the case of initially facet-to-facet (b) or tip-to-facet (¢c) morphologies, showing relation
between initial gap capacitance C; and the final bridge width. The BDP (initial) and CTP (final)

modes are indicated.

Intriguingly, we find that the final CTP mode blueshifts but only until it reaches the spectral region
around the initial bonding dipolar plasmon (BDP) mode A;. Higher laser powers up to 2 mW do
not initiate further blue or red shifts. Instead, the system remains stable at final wavelength As.



Irradiating many different nanoparticle dimers (N=32) gives very consistent behavior, with a
strong correlation between the initial bonding dipolar plasmon and the final CTP mode
wavelengths (Figure 3a, Figure S4). The wide range of initial spectral positions is typical for such
nanoparticle dimers, and has been ascribed to the range of different facet alignments between the
NPs.?! It is important to consider the other factors that can affect the BDP wavelength. The
nanoparticle polydispersity is low (4%) and so cannot result in ~300 nm shifts of the coupled mode
(Figure 3a). Likewise the gap size is well-defined by the CB[7] spacer.'® Consequently the contact
geometry is indeed the main factor affecting the BDP wavelength.

A strong correspondance between the BDP mode before contact and CTP mode after contact has
been predicted previously in simulations on rod dimers.?? In that work, it was found that the
correlation is observed for the approach of flat ended rods, but not for rods with hemispherical
ends. This result emerges because for both a strongly coupled gap (large capacitance Cy) and for
a wide physical contact (low inductance) the dimer is effectively short-circuited and the antenna
dipole is equivalent. This can explain why large C; dimers should have similar spectral resonances
in initial and final states. However the same does not account for a correlation between the initial
and final spectral modes of small C (e.g. tip-to-facet) dimers. We emphasize that the most obvious
explanation, that larger gap contacts generate wider bridges, completely fails as this would give a
reversal of the dependence seen in Figure 3a.

The only explanation that accounts for this behaviour is if the tip-to-facet geometry (Figure 3d)
enhances the ability of the bridge to laterally expand. A wider bridge has two complementary
effects. First, wider bridges generate larger crevice dihedral angles. This reduces the localisation
of the CTP mode to the crevice and causes it to blueshift (Figure 3b,c).?* Second, the preservation
of total volume leads to a shortening of the length of the bridged dimer, again blueshifting the CTP
mode. This would account for the correlation seen in Figure 3a.

The remaining question is why small C, contacts result in wider bridges. In general, coalescence
is favored because this reduces the surface area and so reduces the surface energy. However, it is
common for bridge growth to replace lower energy facets with higher energy facets, which results
in the process being kinetically trapped.>* Molecular dynamics simulations have described how
there can be two distinct bonding pathways for gold nanoparticles.”* Above a critical
crystallographic misorientation angle (15° for 10 nm AuNPs) high energy defects are formed
during coalescence. It is thus likely that the difference between the coalescence of facet-to-facet
and misoriented (e.g. tip-to-facet) contacts is that the latter is a defect mediated process. We posit
that bridge growth allows for these defects to restructure and lower in energy, providing an
additional thermodynamic drive for the coalesence process of misoriented dimers and delaying the
kinetic trapping.



Optical spectroscopy thus provides significant insight into the coalescence of nanoparticle dimers,
and is less invasive than typical electron microscopy. Such dimers form the simplest model system
and so provide a platform to develop and test coalesence and optical models. However for many
applications it is also necessary to gain understanding beyond this model system to nanoparticle
clusters and films. It is thus of interest to examine if our optical analysis extends to larger clusters.
We start by using a similar quenched aggregation to deposit larger gold nanoparticle clusters on
glass, by delaying the quenching to t=30s (Figure 4a). We follow the same ramped irradiation
protocol and track the optical spectra during the resulting coalescence of different gaps within the
cluster (Figure 4a). During light-induced bridging, multiple CTP modes are observed to blueshift
into the visible region. This contrasts with the case of dimers where only one CTP mode is seen
consistently. We therefore assign this to coalesence across different AuNP contact junctions,
which occur at slightly different laser powers depending on their gap geometries, optical in-
coupling efficiencies, and local temperatures from different thermal conductive contacts.
Consistent with this we find that the number of distinct CTP modes is positively correlated with
the scattering intensity (Figure 4b). Larger clusters both scatter more light and have more
nanoparticle contact junctions.

The characteristic trends seen in the evolution of sucessive CTP modes can be considered in terms
of excitations of nanoparticle chain subunits.?> Each CTP mode progressively saturates to less
blue-shifted wavelengths (Figure 4a) which is caused by the formation of increasingly long fused
nanoparticle chains during coalesence. Longer fused chains have a redder longitudinal CTP mode,
resembling longer nanorods. The scattering intensity of the CTP modes also increases because
longer fused chains have a larger scattering cross-section.
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Figure 4. Laser-induced coalescence of typical AuNP cluster. (a) Unpolarized dark-field scattering
spectra during irradiation as a function of laser power. Charge transfer plasmon (CTP) modes are
indicated (dashed lines). (b) Correlation of number of CTP modes observed with the chain mode



scattering intensity before laser irradiation. Inset is a scanning transmission electron micrograph
of a typical cluster, scale bar 100 nm.

Simulations show that close to the interband transition NP chain temperatures are highest in the
chain center.?® Hence we expect bridging to occur successively outwards from the centers of chains
embedded within the clusters. What is apparent is that each bridging appears to be individually
identifiable, showing that coalescence does not trigger a runaway process where all bridges form
rapidly after the first. This then enables intriguing possibilities, such as the wiring up of well-
defined electronic contacts from aggregates which are illuminated to control the electrical transport
through the tunneling gaps. Further work assembling such aggregates on contacts is thus of
interest.

Conclusions

In summary, the plasmonic response of nanoparticle dimers and clusters during laser-induced
coalescence reveals three distinct processes. First, the facet area between a dimer grows, second a
thin conductive bridge connects the particles, and third the bridge grows broader and ultimately
becomes a large proportion of the nanoparticle diameter. A strong correlation is observed between
the initial BDP and final CTP modes, indicating a correlation between the initial contact geometry
and the width of the bridge. Dark-field spectroscopy on AuNP clusters also reveals the coalescence
of individual nanoparticle junctions resulting in multiple distinct CTP modes, which can be
successively triggered. This is relevant for the optical writing of open/closed gaps in electronic
devices as well as light-trimmed antenna structures for coupling to nanoscale dipole emitters in
the gaps.

Methods/Experimental

Gold nanoparticles

Gold nanoparticles were made in a three step seeded synthesis following the method of Ziegler et
al*” These were characterized by scanning transmission electron microscopy (Hitachi S-5500),
with a diameter of 7043 nm (standard deviation) from 100 measurements. Dimers were prepared
by a quenched aggregation. 20 uL of 1 mg/ml cucurbit[7]uril was added to 500 pL of the gold
nanoparticle suspension to initiate aggregation. At an appropriate time (~9 s for dimers, ~30 s for
clusters) the aggregation was quenched through the addition of 10 pL of a melted 3 wt% agarose
gel. These were then drop cast onto glass slides for spectroscopy.

For correlation of TEM and optical spectroscopy, the dimers were cast onto SiN TEM windows
(Agar Scientific, S172-4T, 100 nm membrane thickness).

Optical microscopy and spectroscopy
Optical microscopy and spectroscopy was performed using a custom-built dark-field
microscope.?® In order to achieve sufficient signal for high time-resolution measurements on



dimers, illumination is from a white light laser (Fianium SC400-4). A Leica 63x 1.2NA water
immersion objective was used. Spectra are taken using a fibre-coupled and a cooled Ocean Optics
spectrometer (QE Pro). Spectra are referenced using a white light scattering standard (Labsphere
Spectralon SRM 99).

Simulations

The electromagnetic response of the dimer geometries is simulated by three-dimensional finite-
difference time-domain (FDTD) calculations using Lumerical FDTD Solutions. For dimer
merging, the AuNPs are modeled as two merged ellipsoids keeping the length, width, and volume
constant as the morphology of the nanoparticles changes. The optical properties are fitted to
Johnson and Christy experimental data for gold. The CB[7] spacer layer is modeled as a uniform
coating around the particle surface with thickness of 0.9 nm and refractive index of n = 1.4. The
Si0; substrate was confirmed to have a negligible impact on the spectra by simulations and was
therefore excluded. The system is illuminated with a plane wave polarized parallel to the dimer
axis.

Supporting Information
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Additional STEM images, spectra of assembly quenching at a series of times, additional dimer
coalescence time-series spectra, spectra of partially fused dimers and corresponding TEMs, FDTD
simulations of asymmetric bridging and bridging with differing initial contact angles.
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