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Gas-phase deposition has been used to assemble two-dimensional ensembles of strongly coupled 3.0 £ 0.5
nm diameter naked Ag nanoparticles. The coupling mechanism is found to be complex suggesting dipole—dipole
coupling at relatively long distances but wave function overlap at center-to-center distances less than 25 nm.
The coupled nanoparticles are found to display enhanced sensitivity to changes in the refractive index of the
medium, relative to the isolated particle system, and the experiments confirm theoretical predictions of the
enhancement effect. For the Ag nanoparticles considered, the enhancement effect is interesting as the coupling
energy between particles is found to be remarkably insensitive to the medium and changing the surrounding
material from air to hexane has no noticeable effect on this energy. At the same time, changing the medium
from air to hexane always manifests a 0.14 eV shift (as for the individual nanoparticle) independent of
interparticle coupling and distance. In noncoupled systems the SPR appears at shorter wavelength where the
0.14 eV energy amounts to a relatively small shift in the peak position wavelength. In coupled systems,
however, the SPR is positioned at relatively long wavelengths and 0.14 eV is a large shift in wavelength
units, As the enhancement is the wavelength change per refractive index unit, more coupled systems yield
higher enhancement. The fact that enhanced sensitivity is observed in two-dimensional assemblies of
nanoparticles demonstrates that the effect is not restricted to nanoparticle dimers, specifically, as previously
thought. The results suggest that any geometric arrangement of closely spaced nanoparticles that generates
strong interparticle coupling interactions can form the basis of SPR-based sensor elements with the benefit of

near-field enhanced sensitivity.

Introduction

The development of assemblics of metal nanoparticles as
sensor elements requires an understanding of the impact of
interparticle coupling on the sensitivity of the optical response
to changes in the local environment. Due to the high polariz-
ability of the free electron gas, dipole—dipole interactions
between neighboring metal nanoparticles are strong and span
distances of 100 nm or more. In nanoparticle dimers, this
coupling has been shown to effect a shift of more than 140 nm
in the peak absorbance of the surface plasmon resonance
(SPR)."? In two-dimensional nanoparticle assemblies, shifts of
more than 400 nm have been reported.” The magnitude of these
shifits testifies to the importance of interparticle coupling on the
optical properties of assemblies of metal nanoparticles.

Schatz and van Duyne have demonstrated that theory based
on the discrete dipole approximation (DDA theory) captures
most of the interparticle coupling ¢ ffect on the optical properties
of nanoparticle ensembles.*™ The effect of changes in the
spacing between particles and changes to the geometry of the
ensemble can be predicted with this approach, and experimental
evidence supports the validity of the theory. The impact of
interparticle coupling on sensing capability, however, has
received little attention. Recently, Jain and El-Sayed have
focused attention on this more practical aspect of nanoparticle-
based sensors and the possibility of utilizing interparticle
coupling to enhance sensitivity.” Using DDA theory, they
conclude that the sensitivity of the SPR of a coupled nanoparticle
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pair, to changes in the refractive index of the surrounding
medium, is enhanced relative to the sensitivity of isolated
particles to similar changes. They find that the sensitivity
increases from 77 to 172 nm per refractive index unit (RIU™")
as the separation between a pair of naked 40 nm diameter gold
particles is decreased from the noncoupled state to near-
touching. Experiments by the Quidant group have used ebeam
lithography to demonstrate this kind of enhancement in nano-
particle dimers.'™" The data do not, unfortunately, lend
themselves well to direct quantitative comparison with the
predictions of Jain and El-Sayed and experiments more ame-
nable to validating the theory are desirable.

Fashioning naked nanoparticle dimers with well-defined
interparticle separations, that can be placed in a variety of media
with different refractive indices, is challenging work and
effectively restricted to the ebeam methods. The ebeam approach
is relatively costly and restricted to resolution limits of 10 nm.
To expand the scope and explore enhancement effects below
the 10 nm limit, other approaches to fabricating nanodimen-
sioned devices that exploit interparticle coupling effects are
required. Gas-phase deposition is one approach where as-
semblies of naked metal nanoparticles can be made in which
interparticle separations are well-defined. Recently, we dem-
onstrated controlled assembly of two-dimensional ensembles of
silver nanoparticles in which the spacing between particles could
be systematically varied.'> When the spacing is relatively large
the interparticle coupling is minimal and the optical properties
approach those characteristic of isolated nanoparticles. With
decreased spacing. the properties change from this non-coupled
situation to a highly coupled one, which implies a substantial
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change in the extent of near-field interactions between nano-
particles. The near-field effect is substantial and quadrupolar
absorbances could be observed even in small (<10 nm)
nanoparticles when intemmal reflection spectroscopy was
utilized.'"*"" The ability to control the extent of near-field
coupling between naked nanoparticles makes these nanoparticle
assemblies attractive as a means of testing predictions of theory
on the effects of such coupling on the SPR of nanoparticles.”

In light of these facts, our nanoparticles are well suited for
testing the medium effect on interparticle coupling, as predicted
by Jain and El-Sayed, and to explore whether such effects are
observable in two-dimensional assemblies or restricted to
nanoparticle dimer configurations, exclusively. In the present
work, we measure the response of the SPR of coupled
nanoparticle assemblies to changes in medium refractive index
and compare these results directly with DDA theory. The
enhanced sensitivity predicted by Jain and El-Sayed is observed
which strongly supports the validity of the theoretical predictions.

Experimental Section

To prepare assemblies of silver nanoparticles, we employed
a system that generates gas-phase nanoparticles in a vacuum
environment and deposits these onto substrates. Ag nanoparticles
were generaled in the gas phase using an aggregation-type
source (Mantis Nanogen) as discussed elsewhere.*'*'* Briefly,
voltage (200—400 V, 200—300 mA) applied between an anode
cap and a metal target, in the presence of a few milliTorr of
Ar, sustained a plasma inside the region capped by the anode.
Ar was introduced at a rate of 50 scem (MKS 1179A mass flow
controller) through a shower-head inlet directed at the anode
cap and positioned immediately in front of the anode cap. The
Ar gas flow was augmented with a 10 scem flow (MKS 1179A
mass flow controller) of He which was introduced into the
aggregation zone through a second gas inlet. Condensation of
the plasma gas began once the plasma gas exited the plasma
region, through a hole in the anode cap, and entered the first
aggregation zone. The gas then expanded into the second
aggregation zone, which was evacuated by a 500 L s~ turbo
pump (Varian V-550). The nanoparticles thus generated passed
through an orifice into the sample chamber where a pressure of
<107 Torr was maintained during deposition by a 300 L s™'
turbo pump (Varian TV-301). The nanoparticles were deposited
onto microscope slides (Fisher Premium) positioned in the
nanoparticle beam path. From scanning tunneling microscope
images of the nanoparticles deposited onto highly ordered
pyrolytic graphite, the diameter of the particles used in this work
was found to be 3.0 + 0.5 nm in diameter.* As discussed in a
previous publication,’ because the nanoparticles are negatively
charged during the deposition process, Coulomb repulsion
minimizes the amount of particle aggregation and coalescence
that occurs. Accordingly, as the deposition proceeds the average
distance between particles steadily decreases, interparticle
coupling steadily increases, and the nanoparticles form mono-
dispersed, two-dimensional assemblies.

To monitor optical properties during deposition, light from a
halogen—deuterium lamp (Mikropak DH-2000) was directed
into the sample chamber through an optic fiber, passed through
a collimating lens, through the microscope slide, and out of the
sample chamber through a quartz window."* The reflected light
was then collected by a second collimating lens and focused
into another optic fiber which carried the light to the CCD array
spectrometer (Ocean Optics-SD2000). The spectrometer was set
to acquire spectra every 2—3 s during deposition so that spectra
of the nanoparticles could be acquired in real time, as they were
being deposited.
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Figure 1. Shift in the SPR peak position of 3.0 + 0.5 nm diameter
Ag nanoparticles as a function of the interparticle separation. The data
were acquired in situ during the deposition process. The blue line is a
fit of the experimental results assuming that the SPR peak position
scales as R, where R is the interparticle (center-to-center) separation.
From AFM imaging, the precision is estimated to be R + 20%, which
reflects the natural variation in interparticle separation during the
deposition. The inset is a semilog plot of the same data. A linear fit is
shown for the shortest distance data in the inset as a red line.

Results

Interparticle coupling effects on the optical properties of the
nanoparticle assemblies are clearly evident during the deposition
process. The steady shift of the SPR to longer wavelengths, as
seen in Figure |, is characteristic of increased interparticle
coupling as interparticle separation is decreased. ™"

The absence of aggregation and coalescence during the
deposition was verified using SEM and AFM images, as
described elsewhere."'* Imaging was also used to determine the
spacing between individual nanoparticles plotted in Figure 1.
Although the smooth trend observed contrasts some literature
where behavior is more complicated,'” the steady shift to longer
wavelengths is expected of the 3.0 & 0.5 nm diameter particles
because they are small. Blue shifts caused by phase retardation
effects are negligible for small nanoparticles because only
nearest neighbor coupling is important. The SPR peak position
is a smooth near-exponential function of interparticle separation
accordingly.>'® Within the dipole—dipole coupling model, the
data should vary with R, shown as a blue line in Figure 1.

Because nearest neighbor interactions are dominant, the
optical properties of the nanoparticle films are expected to mirror
those predicted by Jain and El-Sayed for an isolated pair of
nanoparticles. There is no evidence of long-range order in the
nanoparticle assemblies so the probability of several plasmon
resonance modes with different polarization behaviors is
minimal.>'” The randomness of the deposition process coupled
with the radial symmetry of the Coulomb repulsion that drives
the self-assembly process appears to minimize long-range order
and associated effects. The dominance of nearest-neighbor
interaction is also apparent in Figure | where the surface
plasmon resonance peak position varies smoothly as a well-
behaved function of R. The naked nanoparticle films therefore
constitute a suitable experimental analogue of the nanoparticle
dimer model used by Jain and El-Sayed and are thus useful for
testing the theoretical results.

In order to explore the impact of interparticle coupling on
the sensitivity of the SPR to changes in the refractive index of















