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Abstract
The strongly enhanced and localized optical fields that occur within the gaps between metallic
nanostructures can be leveraged for a wide range of functionality in nanophotonic and optical
metamaterial applications. Here, we introduce a means of precise control over these nanoscale
gaps through the application of a molecular spacer layer that is self-assembled onto a gold film,
upon which gold nanoparticles (NPs) are deposited electrostatically. Simulations using a three-
dimensional finite element model and measurements from single NPs confirm that the gaps
formed by this process, between the NP and the gold film, are highly reproducible transducers of
surface-enhanced resonant Raman scattering (SERRS). With a spacer layer of roughly 1.6 nm, all
NPs exhibit a strong Raman signal that decays rapidly as the spacer layer is increased.
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The investigation of metals for use in guiding and controlling light has accelerated over the
past decade, as metals offer a potential route to the nanoscale miniaturization of photonic
devices. Though metals exhibit considerably more absorption than do their conventional
dielectric counterparts, they nevertheless possess unique properties that can add new
capabilities and functionalities to photonic devices. In particular, nano-sized metal structures
support localized plasmon resonances—or coupled electronic/optical excitations—whose
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properties can be controlled by tailoring the size and shape of the NP or through the
controlled spacing of several NPs.1-6 Incident light can interact with plasmon resonances
and be localized to subwavelength volumes, where an enhancement of the local fields over
the incident field typically occurs. These enhanced, localized fields can be used to drive
nonlinearities in molecular systems,7,8 and have been suggested as the basis for optical
metamaterials,9,10 nano-photonic circuits11 and devices such as plasmonic lasers,12-15

mixers16,17 and transistors.18

The largest field enhancements in plasmon resonant nanostructures coincide with the most
tightly confined fields. A NP with sharp asperities or corners, for example, can enhance
fields by a factor of one hundred or more in the localized, sub-nanometer volumes
surrounding the asperities.19 Similarly, fields can also be strongly localized and enhanced
within the sub-nanometer regions between NPs that are spaced within a few nanometers.
9,20-23 For those geometries that yield large enhancements, the exact characteristics of the
localized field pattern and the enhancement ratio will depend crucially on the sub-nanometer
features associated with the NP. The key to unlocking the potential of plasmonic structures
is to pattern or control these features at the sub-nanometer scale. While nano-technology has
provided us with powerful approaches to nanoscale patterning through lithographic and self-
assembly techniques, the control over sub-nanometer feature sizes required to reliably
achieve the strongest field enhancements has remained elusive.

A well known phenomenon associated with plasmonic field-enhancements is that of surface
enhanced Raman scattering (SERS), in which the inelastic scattering from the vibrational
modes of a molecule near a plasmon resonant structure is enhanced by many orders of
magnitude. It is universally found that the commonly used roughened films and colloidal NP
suspensions generate only a small percentage of ‘hot’ spots24,25 from which Raman signals
can be detected. Thus, while SERS can be easily demonstrated in bulk solutions and
substrates, chip-scale devices or even nano-sized SERS based sensors have been impractical
to implement due to the typically low yield in generating the SERS active nanostructure.

The search for improved and consistently reliable SERS substrates with uniformly large
field enhancements has resulted in both the fabrication of asymmetric NPs as well as the
controlled formation of NP clusters. In the latter case, structures have been created by a
number of techniques, including patterning by electron beam or by nanosphere lithography;
26-28 assembly of plasmonic nanostructures in solution using biochemical linkages;29-31 or
control of the relative position of plasmonic nanostructures using atomic force microscopy.
32 Measurements from samples produced by all of these techniques have confirmed the
sensitivity of the field enhancement to the dimensions of the gap between the coupled
plasmonic surfaces. Yet, none of these techniques has to date, provided sufficient control
over the gap dimensions to render any of the fabricated substrates robust enough to reliably
support the largest field enhancements.

While the reproducible formation of “real” particle pairs or clusters with controlled sub-
nanometer spacing remains a challenging task, the interaction between a NP and its effective
image formed in a nearby conducting film (Figure 1A) provides a conceptually orthogonal
approach to generate a well defined enhancement region. The spacing between a NP and its
image can be controlled by the self-assembly of an insulating, nanoscale thin film onto the
metal layer. Metal NPs deposited onto the film can thus have a fixed and highly uniform
spacing relative to the metal surface, and hence to their images. The motivation behind this
study is to clarify the contribution of the gap dependent enhancement region to SERS, which
has recently been observed from NPs coated with Raman active molecules and deposited on
metal films.33-37
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To illustrate the efficacy of the NP-film system in generating large field enhancements, we
analyze the surface enhanced resonant Raman scattering (SERRS) from dye coated NPs.
Using a fluorescent molecule enables single NP SERRS spectra to be acquired, since the
electronic resonance associated with the absorption peak provides a scattering cross-section
enhancement of many orders of magnitude in addition to the electromagnetic enhancement.
The resonant scattering from dye molecules is sufficiently strong that SERRS spectra are
obtainable from just a few or even single molecules; thus, resonant dye molecules can serve
as efficient probes of nanoscale enhancement. For the experiments presented here, we used
malachite green isothiocyanate (MGITC), a fluorophore whose absorbance peak is in the red
portion of the visible spectrum,38 roughly overlapping with the plasmon resonance of the
gold NP-film system and the excitation wavelength.

The reproducibility of this system is due to every NP at a given NP-film spacer, in principle,
generating the same field enhancement in the region of the gap, with polarization and other
properties identical among all NPs. Figure 1B provides an illustration of the method we
employ whereby a 60 nm MGITC coated gold NP is separated from a 45 nm gold film using
a single self-assembled molecular layer of poly(allylamine hydrochloride) (PAH, ~0.6 nm).
When viewed through a microscope (0.9 NA 100x objective, Figure 1C, left), elastic
scattering from film-coupled NPs produce “doughnut” shaped point-spread-functions (PSFs)
due to the cancellation of the horizontal dipolar response of the NPs and their images.39 The
uniformity of the PSFs from a collection of NPs within a field of view, as well as the
similarity in their intensities and color, provides an indication that the spacing from the film
is similar for all NPs. Further confirming the posited orientation of the gap region and the
polarized nature of the resonance, it is found that both the elastic scattering and the SERRS
intensity from the NP-film system do not respond in any significant way to S-polarized
excitation.38

The NP-film resonance can be driven either by an incident beam brought in from above the
substrate in darkfield illumination (DF: incidence angle 75 degrees from normal); or from
below the substrate, using the total internal reflection (TIR: 45 degrees) occurring at the
interface to the glass slide substrate.38 Laser scattering from NPs and SERRS emission from
the MGITC molecules within the NP-film gaps was collected by an optical microscope.
When the laser scattering image (Figure 1C, left) is compared to the SERRS image (Figure
1C, right), we see that every NP-Film gap acts as an efficient and localized transmitter of
SERRS from MGITC into the far field. Also, in most cases the doughnut shaped PSF is
observed from the single NP-film SERRS, indicating transmission through the vertically
oriented dipole. Figure 1D shows a representative SERRS spectrum acquired from a single
film-coupled NP, selected using an adjustable image plane pinhole aperture and relayed to a
spectrometer. Distinct resonances corresponding to a collection of vibrational modes
specific to the MGITC molecule can be readily identified.40

The qualitative understanding of the field enhancing film-coupled NP system provided by an
image dipole model is complicated by the imperfection of the image. Therefore, a three-
dimensional model using COMSOL Multiphysics, a commercial finite-element mode solver,
was constructed to gain a more quantitative understanding of the NP-film system and to
enable parametric studies. The exact material properties of the NP, film, spacer layer; and
the excitation of surface plasmons in the film were incorporated into a full wave simulation
model, which enabled visualization of the near field patterns; collection of the far-field
scattered light; and generation of quantitative values for the expected enhancement factors
and resonance frequency shifts as a function of parameters of interest, such as incident
illumination conditions and NP-film gap distances.
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The intensity and color of DF images of elastically scattered white light from a gold NP
spaced from a gold film by layer-by-layer deposition of polyelectrolyte (PE) spacer layers38

(Figure 2A) correlates well with the simulated spectral shift from the model (Figure 2C) and
also previously reported39,41-43 blue shift in the plasmon resonance with increased NP-film
spacer distance. A more detailed comparison of the simulated scattering curves with both the
measured extinction curves and the measured single NP scattering curves are included in the
Supporting Information.

The calculated spatial distribution of the field enhancement at the 633 nm excitation
wavelength in the gap region between the NP and its image is shown in Figure 2B. A tighter
confinement of the fields within the gap as well as a much greater enhancement of the fields
at smaller NP-film gap distances is predicted. At the 1.7 nm gap distance, the volume of the
enhancement region is calculated to be ~ 1 nm3, which would fit up to 5 MGITC molecules.
38 While the majority of signal is likely to originate from just a few molecules, to estimate
the total SERRS enhancement, the E4 field occupying the region within a shell of 2 nm
thickness around the surface of the spherical NP is averaged and normalized by the incident
field. The 2 nm shell is selected to completely include the ~1 nm thickness of a monolayer
of MGITC molecules on a gold surface.44 The calculated values, plotted on a log scale in
Figure 2D, show a non-linear increase with decreasing NP-film gap distance. As the gap
narrows, the SERRS signal should climb dramatically.

Experimentally, MGITC SERRS was measured as a function of the NP-film gap dimension
by statistically analyzing the total SERRS emission (using DF excitation38) from single NPs
at each PE spacer distance. The integrated CCD intensities of 20 NPs for each sample were
averaged and plotted against NP-film gap distance (Figure 3A). Single diffraction limited
scatterers were selected for analysis to eliminate any potential enhanced field contributions
from aggregated NPs. The averaged SERRS intensities exhibit a trend as a function of the
gap distance that is in good agreement with simulated near-field values. The increased
variance of the SERRS intensity at higher field values is attributed primarily to deviations in
the physical position of each NP on the polyelectrolyte film and fluctuations in the number
of MGITC molecules in the field-enhanced region. Slight variations in either will have a
significant effect on the enhancement when the gap is on the order of a few nanometers or
smaller.

SERRS spectra and SERRS images from single NPs at each PE layer thickness using P-
polarized TIR excitation is shown in Figure 3B. Both MGITC SERRS intensity and spectral
resolution are highest at the smallest NP-film gap dimension, highlighting the importance of
the control over gap distance for maximizing SERRS signal and information content.

In conclusion, the single particle measurements and simulations presented in this report
illustrate the sensitivity of the scattering properties and SERRS enhancements associated
with the precise positioning of plasmonic structures. As just one example that demonstrates
the value in defining the sub-nanometer architecture of plasmonic NP systems by a simple
and tractable approach, reproducible control over the enhancement regions provides a
mechanism for generating high-yield SERRS substrates with consistent field enhancements.
Such techniques will be necessary to successfully transition the exciting and sometimes
exotic optical phenomena associated with metals to practical plasmonic or metamaterial
devices and components.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
A gold nanoparticle (NP) near a gold film (A) can be represented as a plasmonically coupled
‘dimer’ formed between the real NP and its image. B) Localized NP-film field enhancement
is used to drive SERRS from MGITC molecules adsorbed on the surface of the NP and
within the NP-film gaps, which were created by a single molecular layer of PAH (0.6 nm
layer thickness). ~1-5 MGITC molecules are estimated to fit into the enhanced region and
contribute to SERRS.38 C, left) Single NP-film/MGITC resonators elastically scatter TIR
incident 633 nm light from a HeNe laser (scale bar = 3μm). C, right) SERRS from the same
field was collected by blocking the laser scatter with a long pass filter and was measurable
from every single film-coupled NP (100% yield). D) Representative SERRS spectrum
collected from a single NP-film gap. The marked lines at 448, 807, 1180, 1370, 1618
relative cm-1 are used to identify MGITC.40
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Figure 2.
A) Images of elastic scattering from NPs (DF white light illumination) separated from gold
support film by increasing PE spacer distances (scale bar = 1 μm). B) Calculated spatial
distribution of the E field (DF illumination, 633 nm) at various gap distances where Max E
is the numerical value representing the highest field in each image. C) Calculated scattering
efficiency (DF, scattering cross-section integrated over NA = 0.9). D) Averaged E4/E0

4 (DF,
633 nm) at various gap distances where E0 is the amplitude of the incident beam.
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Figure 3.
Measured spacer dependence of SERRS from MGITC molecules in the NP-film gaps. A)
Averaged SERRS intensities (DF, 633 nm excitation) from 20 NPs (black squares)
compared with normalized values of the field enhancement predicted by simulations (data
from Figure 2D, plotted again here in A, grey circles). B) Representative MGITC SERRS
spectra (TIR, 633 nm excitation) and inset: MGITC SERRS images (scale bar = 1 μm) from
single film coupled NPs at increasing gap distance.
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