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ABSTRACT: A metallic nanoparticle positioned over a metal
film offers great advantages as a highly controllable system
relevant for probing field-enhancement and other plasmonic
effects. Because the size and shape of the gap between the
nanoparticle and film can be controlled to subnanometer
precision using relatively simple, bottom-up fabrication
approaches, the film-coupled nanoparticle geometry has
recently been applied to enhancing optical fields, accessing
the quantum regime of plasmonics, and the design of surfaces with controlled reflectance. In the present work, we examine the
plasmon modes associated with a silver nanocube positioned above a silver or gold film, separated by an organic, dielectric spacer
layer. The film-coupled nanocube is of particular interest due to the formation of waveguide cavity-like modes between the
nanocube and film. These modes impart distinctive scattering characteristics to the system that can be used in the creation of
controlled reflectance surfaces and other applications. We perform both experimental spectroscopy and numerical simulations of
individual nanocubes positioned over a metal film, finding excellent agreement between experiment and simulation. The
waveguide mode description serves as a starting point to explain the optical properties observed.
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When light impinges on a nanoscale metallic structure,
resonant oscillations of the conduction electrons, known

as surface plasmons,1,2 are excited. The unique properties of
these surface plasmon resonances make them attractive for use
in a wide array of applications. For example, when a plasmon is
excited, it can induce large, highly localized electric fields, useful
for enhancing molecular spectroscopies,3−5 refractive index
sensing,6,7 and nonlinear optics applications.8,9 For each of
these applications, it is critical to employ a plasmonic
nanostructure that can achieve a large enhancement of the
optical fields, but it is also desirable to use nanostructures with
easily tuned optical properties for precise deployment across a
wide range of the electromagnetic spectrum. Simple, uncoupled
nanoparticles cannot typically achieve these properties, yet
when multiple plasmonic structures are coupled, qualities such
as extreme field enhancements10,11 and broadly tunable
resonances12 become possible.
Coupled plasmonic nanostructures, such as nanoparticle

dimers12−15 or larger clusters of nanoparticles,16 have been
studied extensively. Controlling and tuning the optical
properties of these structures relies heavily on the ability to
precisely manipulate the gap size between them, effectively
determining how strongly they couple. As a result, much effort
has been devoted toward fabrication techniques that guarantee
control over this gap distance; yet, significant challenges
remain. For example, top-down, lithographic fabrication
techniques have excellent capabilities for placing and orienting
complex structures but are typically unable to achieve
controllable gap sizes smaller than ∼10 nm.17−19 In contrast,
the alternative approach of bottom-up, chemical synthesis can

produce structures and composites with extremely small gap
sizes but suffers from low yields and minimal control over
position and orientation of the structures.20−23 Extremely
precise manipulation of plasmonic junctions has also been
achieved by using atomic force microscopy techniques to
position two or more chemically fabricated particles in close
proximity to each other.8,24−26 Similarly, electron beams have
been shown to exert forces on nanoparticles, allowing for
precise control over the junction between two nano-
particles.27,28 While these techniques have resulted in
unprecedented control and understanding of plasmonic
junctions, they are limited to single nanostructures and cannot
be used as a scalable fabrication technique. These issues have
thus far prevented the fabrication of large-scale, practical
devices using coupled plasmonic nanostructures.
The system of a metallic nanoparticle positioned over a

metallic film29−36 represents an alternative class of coupled
plasmonic structures that sidesteps the fabrication difficulties
associated with the methods described above. In this geometry,
nanoparticles can be fabricated by either chemical or litho-
graphic approaches and subsequently directly deposited onto a
metal film coated with a dielectric layer. The thickness of this
dielectric layer can be precisely controlled by a variety of
methods, facilitating manipulation of the gap between the
particle and the film, and thus the plasmonic coupling.31,33 In
fact, this geometry has recently been shown to be useful for
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ultraprecise measurement and application of enhanced electric
fields.35,37 Furthermore, the gap size can be precisely
maintained for many individual nanoparticles across a large
sample, suggesting an immediate route toward the fabrication
of large-scale, practical devices.
In the present work, we focus on the specific system of a

chemically grown Ag nanocube6,38−43 positioned over both Ag
and Au films. This particular geometry, which can be thought of
as an optical patch antenna supporting confined waveguide
cavity modes between the metal layers,44−51 has recently been
shown to possess a remarkable “perfect absorber” modality
where the system behaves as a metasurface that is impedance-
matched to air, resulting in a theoretical zero reflection
coefficient at the wavelength of operation.7,36,52−60 Because of
the potential for a wide range of applications that leverage the
unique properties of this system, it is worthwhile to examine
the plasmon modes of film-coupled nanocubes in greater detail.
Here we perform numerical analysis and experimental spec-
troscopy of Ag nanocubes over both Ag and Au films with a
precisely sized molecular spacer layer defining the gap between
them. We study this system as a function of gap size and
determine the nature of its plasmon modes.
Silver nanocubes of various sizes were chemically synthesized

using reaction conditions similar to previously reported
syntheses.61 Five milliliters of ethylene glycol (EG) in a capped
50 mL round-bottom flask (rbf) were heated and stirred in a
hot oil bath at 150 °C until equilibrated (∼2 min). Sixty
microliters of 1.3 mM sodium hydrosulfide (NaSH) in EG were
then pipetted into the rbf, which then remained capped in the
oil bath. After 2 min, 500 μL of 3 mM hydrochloric acid (HCl)
in EG and 1.25 mL of poly(vinyl pyrrolidone) (PVP, 20 mg/
mL) in EG were added, sequentially, and the rbf was once again
capped. After a final two minutes, 400 μL 0.0282 M silver
trifluoroacetate were added to the rbf. The flask was capped for
a final time and allowed to react for 2−3 h, depending on the
size of the nanocubes desired. Once the reaction was completed
(solution was a deep tan color), the rbf was removed from the
hot oil and placed in an ice bath to cool. The contents of the
flask were transferred to a centrifuge tube, rinsed once with
acetone to remove any remaining organics, and centrifuged at
5000 rpm for 9 min. The supernatant was removed, and the
nanocube solution was resuspended in deionized water and
vortexed briefly. The solution was then centrifuged a final time
at 5000 rpm for 4 min, and the supernatant was again removed
to produce the final solution. The addition of the PVP during
the reaction results in a thin layer of PVP coating the
nanocube,38 which we estimate to be ∼1−3 nm.
Substrates were prepared by evaporating either a 50 nm Ag

film with a 4 nm Ge adhesion layer or a 50 nm Au film with a 5
nm Cr adhesion layer onto a Nexterion Glass B Clean Room-
Cleaned glass slide via electron-beam evaporation. Dielectric
spacer layers of varying thicknesses, composed of alternating
polyelectrolyte (PE) layers of poly(allylamine hydrochloride)
(PAH, MW = ∼58 000) and polystyrene sulfonate (PSS, MW =
75 000), were deposited onto the Ag film via layer-by-layer
deposition. During each PE layer deposition step, the metal
films were placed in solutions containing 0.003 mols-of-
monomer of the respective PE in 1 M NaCl for 5 min (Ag
films) or 30 min (Au films), rinsed thoroughly with ultrapure
water, and then briefly rinsed in 1 M NaCl for 30s before either
immersing in the next alternate PE solution or terminating the
PE layer deposition. (Although the data presented below for
nanocubes on Au films uses polyelectrolyte spacer layers made

using a 30 min deposition time, samples were also made using a
5 min deposition time with similar results. The 5 min
deposition time for the Ag films was chosen to avoid
oxidation.) The sequential deposition of PAH and PSS PE
layers was continued until the desired thickness was attained,
with the terminating layer being cationic (PAH). After the final
deposition step, the films were rinsed with ultrapure water and
dried under a stream of nitrogen.
Silver nanocubes were immobilized onto the terminal PE

layer (PAH) through momentary contact with a diluted
solution of the nanocubes (1:100) to ensure a low nanocube
surface coverage, thus allowing each individual nanoparticle to
be characterized and mapped. The films were rinsed with
ultrapure water and dried with nitrogen. The geometry of the
final Ag nanocube-over-metal film system is shown in Figure
1A.

Experimental scattering measurements were performed on
individual nanocube structures via dark-field spectroscopy.
Incoherent white light illumination was routed through a
multimode optical fiber and focused onto the sample at an
incidence angle of 62° from the surface normal. This high angle
of incidence in the dark-field configuration is necessary in order
to ensure that the direct illumination, which is specularly
reflected by the substrate, is not collected by the objective lens.
As a result, only the light scattered by the nanoparticles is
collected by the objective lens (50×, NA = 0.55), and this
scattered light can be either routed to a commercial, color
digital camera (Nikon D70) for imaging or to a spectrometer/
CCD setup for spectral analysis. The illumination was polarized
by a linear polarizer at the output of the fiber to be in either the
tranverse electric (TE) or the transverse magnetic (TM)
polarization (Figure 1A). Color images of a representative
sample with the thinnest spacer layer are shown in Figure 1 B,C
for the two different polarizations. Under TM illumination, the
particles appear red, while under TE illumination, the particles
appear purple. Spectral analysis was performed by focusing an
image of a particular particle onto an aperture in order to
exclude all light that did not originate from the single particle
under analysis, and then the spectrum of the particle was
dispersed by a spectrograph (Acton 2300 SPI) and collected

Figure 1. Ag nanocubes over a Ag or Au film. (A) Schematic
representation of the geometry of the nanocube over metal film
system. (B,C) Dark-field scattering images of Ag nanocubes over the
metal film illuminated in the transverse magnetic polarization (B) and
the transverse electric polarization (C). The TE and TM polarizatons
are defined by the E vectors in panel A.
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with a charge-coupled device (CCD) (CoolSnap EQ). The
specific nanocubes used in the measurements were chosen by
performing scattering spectroscopy of many individual nano-
particles and optically imaging their locations with respect to a
large surface feature on the sample. Each measured nanoparticle
was then located and imaged using a scanning electron
microscope (SEM, FEI XL30 SEM-FEG). Clusters and
misshapen particles were then excluded such that the data
presented below represent only isolated nanocubes.
Numerical simulations of the scattering from film-coupled

nanocubes were performed using the Finite Element Method
(COMSOL Multiphysics). The simulated geometry was chosen
to correspond as closely as possible with the experimental
geometry. Plane wave illumination was incident at 62° from the
surface normal, and the scattered light was collected only in the
solid angle above the nanoparticle corresponding to a 0.55
numerical aperture. In all cases, the simulations included a glass
substrate (n = 1.47) underneath a 50 nm thick Ag or Au layer
modeled using a dielectric function interpolated from
reflectance and transmittance measurements on thin silver
and gold films.62 A dielectric spacer layer (n = 1.4) of variable
thickness was placed on top of the Ag layer in order to simulate
the molecular spacer layer that defines the gap between the
metal film and the nanocube. The Ag nanocube was positioned
directly above this spacer layer, and the sizes of each of the
nanocubes were taken directly from measurements in the SEM
images of the samples (insets Figure 2). To more closely
approximate the experimental geometry and to avoid numerical
artifacts, the corners and edges of the nanocube were rounded
to have a radius of 7 nm in all cases. The medium surrounding
the nanocube above the substrate was modeled as air (n = 1).
Finally, to better approximate the behavior of an infinitely
extended metal film and avoid reflections due to truncating the
simulation space, we used the scattered-field formulation in
which the background field is specified using the analytical
solution for the multilayered system (air-spacer-film-substrate)
without the silver nanocube.63

A comparison of the representative experimental spectra and
theoretical spectra for several individual nanocubes is shown in
Figure 2. The column of panels on the left (A,C,E) contains
spectra of nanocubes over a silver film for three different gap
spacer sizes (increasing from top to bottom), while the column
of panels on the right (B,D,E) contains spectra of nanocubes
over a gold film, also for three different gap sizes (increasing
from top to bottom). The size of the gap is determined by the
number of PE spacer layers used. The spacers used here were
made of 5 (A,B), 7 (C,D), and 9 (E,F) PE layers. The
thicknesses of the PE gap spacers were measured by
ellipsometry64 (J. A. Woollam Co., inc., M-88 variable angle
spectroscopic ellipsometer) for each of the six samples and
were found to be (A) 5.8, (B) 6.4, (C) 10.9, (D) 11.6, (E) 11.4,
and (F) 14.4 nm. However, these nominal spacer thicknesses
are effectively modified by the ∼1−3 nm PVP layer that
surrounds the chemically fabricated nanocubes, resulting in
actual gap sizes larger than the nominal spacer thickness.
Because the plasmon modes of the nanocube-metal film system
are mostly confined to the gap region, we do not include the
PVP coating surrounding the entire nanocube in our
simulations. Instead, we vary the spacer layer between the
nanocube and the metal film in order to fit the experimental
spectra. The spacer thickness was the only parameter varied in
these simulations. For the nanocubes over the silver films, the
thicknesses of the spacer layers used in the model were 8 (A),

12 (C), and 15 nm (E). Each of these gap sizes is consistent
with the measured PE layer thickness plus the 1−3 nm PVP
layer on the nanocubes. For the nanocubes over gold films, the
thicknesses of the spacer layer used in the model were 13 (B),
17 (D), and 19 nm (F). These fitted gap sizes are slightly larger
than the expected values, but some variability between different
batches of fabricated nanocubes is to be expected. Each of the
spectra presented in Figure 2 represent nanocubes of similar
size (∼80 nm side length). From these examples, one can
observe that, as the gap size increases, the observed resonance
shifts to shorter wavelengths for both silver and gold films. This
behavior is expected for a coupled system where the coupling
strength is determined by the proximity of the constituent

Figure 2. Experimental and simulated spectra for several individual
nanocubes. Nanocubes over silver films are shown in the left column
(A,C,E) and nanocubes over gold films are shown in the right column
(B,D,F). In each panel, the experimental spectra are on the top and the
simulated spectra are on the bottom. Insets show SEM images of the
individual nanocube corresponding to the particular spectrum shown.
All data was collected in the TM polarization as defined in Figure 1
(however, our simulations indicate that the resonance occurs at the
same position in both the TE and TM polarizations). The length (L)
of the side of the nanocube is indicated for each nanocube. For both
the silver and gold cases, three samples with different spacer layers
made from 5 (A,B), 7 (C,D), and 9 (E,F) polyelectrolyte layers are
shown. The number of polyelectrolyte layers comprising the gap is
indicated for each experimental spectrum, and the gap size is indicated
for each simulated spectrum.
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structures, which in this case are the nanocube and the metal
film.
In Figure 3, we show the full range of nanocube data that was

collected in the experiments on both silver (A) and gold (B)

films. Here, the peak wavelengths are shown as a function of
the nanocube size as measured from the SEM images. The red,
green, and blue circles represent the experimental data for the
cases where the gap regions between the nanocube and the Ag
film were spaced by 5, 7, and 9 PE layers, respectively. The red,
green, and blue crosses depict the data points from numerical
simulations where the gap sizes between the nanocube and the
metal films were taken from the fits of the individual spectra in
Figure 2, and the size of the nanocube was varied from 60 to
100 nm. Linear fits to the simulated data points are shown as
solid lines. The simulated data points show that the plasmon
resonance of the nanocube redshifts both with decreasing gap
size and with increasing nanocube size. However, in the case of
silver films there exists a significant distribution in the
experimentally measured data to the extent that this trend is
not immediately obvious. Linear fits to the experimental data
on silver films, where the slope of the fit line was held at the
same value as the slope of the fit for the simulations, resulted in
root-mean-square errors of 36.2, 28.8, and 16.8 nm for the 5, 7,
and 9 PE layer cases, respectively. However, for the case of gold
films, the distribution of the experimental data appears to

follow much more closely to the predictions from simulations.
In this case, similar analysis resulted in root-mean-square errors
of 19.9, 12.2, and 9.1 nm for the 5, 7, and 9 PE layer cases,
respectively, representing a significant reduction in the error
with respect to the silver films. We believe that the silver film is
unstable over time and tends to oxidize, resulting in the
irregular distribution of the experimental data in the silver film
case.
The excellent agreement between our experiments and

simulations confirms that our numerical model is adequately
capturing the physics of the nanocube-metal film system. Thus,
we can use the model to develop a greater understanding of the
plasmon modes present in the system. We have chosen to
further analyze the modes of the system (Figure 4) in the
configuration from Figure 2A because this case had a small gap
size, where the nanocube is strongly coupled to the metal film.

Our experimental measurements in Figure 2 were limited by
the range of the detector such that any resonances occurring at
wavelengths shorter than ∼450 nm were not observable.
However, by extending the spectral range of our simulation,
additional higher order modes in the blue region of the
spectrum become apparent (Figure 4A, peaks 1, 2, and 3),
while peak 4 represents the experimentally observable
resonance. Here, we have simulated both the TM and the TE

Figure 3. Nanocube plasmon resonance wavelength versus nanocube
size: comparison of experimental data (circles) and simulations
(crosses). The simulations use the same gap sizes from the fits in
Figure 2. The lines represent linear fits to the simulated data. (A)
Silver nanocubes on a silver film. (B) Silver nanocubes on a gold film.

Figure 4. (A) Full range of simulated spectra from Figure 2A
(nanocube size L = 81 nm, gap g = 8 nm). (B) Electric displacement
fields on the nanocube surface at each numerically indicated peak from
panel A. Polarizations TE and TM were defined in Figure 1.
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polarizations as defined in Figure 1. Note that each of these
modes occurs at the same wavelength in both polarizations, but
that peak 4 is more strongly excited in the TM polarization
while the higher order resonances are more strongly excited by
the TE polarization. This observation explains the color change
observed in the dark-field images in Figure 1. Because the
particles strongly scatter blue light under TE polarization but
still scatter red light, they appear purple in the digital color
images.
From the simulated fields, it is possible to further analyze and

categorize the modes by visualizing the normal component of
the electric displacement field on the surface of the nanocube
(Figure 4b). Each of the modes can be understood as a
waveguide cavity mode that has been observed in other metal−
insulator−metal (MIM) geometries.36,65−71 The modes are
supported by a MIM waveguide bounded by the nanocube on
the top and the metal film on the bottom. Note that for each
mode, the opposite polarity field is present on the metal film
(not shown). These waveguide modes can be both excited and
reflected multiple times at the edges of the nanocube, leading to
resonances that can be observed in the scattering spectrum due
to the leaky cavity that allows some of the radiation to escape
and couple to free space. The higher order modes (peaks 1−3)
are examples of waveguide modes and occur at shorter
wavelengths such that the cavity is longer than a half-
wavelength of the mode. Thus several nodes are evident,
especially for peaks 1 and 2. Peak 3 appears to show both x and
y propagating components leading to the complex spatial
dependence observed. Notice that the modes appear to be
nearly identical in both polarizations, other than some minor
variations, showing that these modes occur independent of
polarization.
At the experimentally observable resonance (peak 4), two

areas of opposite polarity displacement field are separated
across the bottom side of the nanocube. This distribution is
consistent for both the TM and TE polarization. However, this
mode is not an electric dipole mode because the opposite
charge distribution is present on the metal film just below the
nanocube (not shown). Instead, peak 4 can also be explained as
a waveguide cavity mode that roughly satisfies the half-
wavelength criteria. In particular, the metal−insulator−metal
region supports a transmission line type of mode modified by
the plasmonic dispersion of the metal.72 At the edges of the
cube, there is a large effective impedance mismatch and most of
the energy is reflected back under the cube. The effective
boundary conditions at the cube edges for this mode are nearly
those of a perfect magnetic conductor (PMC), though modified
somewhat due to the plasmonic dispersion. The properties of
the transmission line mode along with the approximation of the
boundary conditions are enough to explain the various mode
patterns that emerge from the numerical simulations. In
particular, the waveguide description also aids in understanding
the experimentally observed dependence of the resonance
position on both the size of the nanocube and the size of the
gap between the nanocube and the metal film, as seen in
Figures 2 and 3. For increasing nanocube size, the resonance
redshifts because the length of the cavity increases and will
therefore support a resonance at a longer wavelength. Similarly,
as the gap narrows, the effective refractive index of the
waveguide mode increases, which effectively lengthens the
cavity, again resulting in a resonance condition at a longer
wavelength.36

The computed electric and magnetic field distributions
corresponding to the lowest order waveguide resonance are
shown in Figure 5. The electric field profile follows the pattern

of the charge distribution on the bottom of the nanocube with
two areas of intense field at either side of the nanocube. One of
the more interesting aspects of this resonance is that the charge
distribution essentially results in a current loop between the
nanocube and metal film inducing a strongly enhanced
magnetic field. This magnetic resonance has recently been
used to create a “metasurface” that can perfectly absorb light.36

It is instructive to explore how the coupled modes of the
nanocube−metal film system evolve into the uncoupled
nanocube plasmon modes as the gap between the nanocube
and the metal film is increased gradually (Figure 6). This
progression of spectra was simulated in the TM polarization for
both the case of a nanocube over a silver film (A) and a gold
film (B). In these simulations, the dielectric spacer layer was
removed for simplicity, such that the gap between the nanocube
and the metal film was modeled as air (n = 1). For clarity, these
spectra were normalized to the peak value of the 5 nm gap
spectrum for both the gold and silver cases. This means that the
relative amplitudes of the peaks can be compared among the
silver film or the gold film case, but cannot be compared
between the two cases. Note that this results in different peak
amplitudes for the two air (black) spectra yet these are in fact
the same spectrum. From this progression of spectra, one can
see that, as the nanocube is moved away from the film, the
magnetic waveguide mode strongly blueshifts because the
coupling strength between the film and the nanocube is
weakened with increasing distance. This trend is observed for
both the silver film and gold film cases, although the mode is
more redshifted in the gold film case. Similarly the higher order
modes at ∼400 nm also weakly blueshift with increasing

Figure 5. Enhancement of the electric (A,C) and the magnetic (B,D)
fields for peak 4 from Figure 3. The field plots are shown for both the
TM (A,B) and the TE (C,D) polarization. Frames A and C are plotted
on the same scale for comparison (scale bar at the top for the electric
field enhancement), and frames B and D are similarly plotted on the
same scale (scale bar at the top for the magnetic field enhancement).
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distance from the metal film, although much less than the
magnetic waveguide mode. Note that the magnetic waveguide
mode (indicated by green markers) does not simply change
gradually into the uncoupled dipole mode of the nanocube as
the nanocube is moved away from the film. Instead, the
magnetic waveguide mode begins to be less well-formed as the
ability to couple to the metal film is removed at long separation
distances. Simultaneously, the nanocube dipolar mode
(indicated by orange markers) is damped out in close proximity
to the metal film but begins to slowly emerge as the nanocube
is moved away from the metal film. For the nanocubes over
both the silver and gold films, this mode then slightly blueshifts
to a final position of 440 nm and remains there when the metal
film is completely removed and the nanocube is isolated in an
isotropic air medium. The electric displacement field
distributions are shown for both the dipolar mode (isolated
in air case) and the waveguide mode (5 nm gap case). The
dipolar nature of the dipolar mode (orange) is readily apparent
and easily distinguishable from the waveguide mode (green).

In conclusion, we have fabricated and measured the spectra
of individual Ag nanocubes coupled to silver and gold films.
This choice of geometry coupled with the fabrication procedure
using a molecular spacer layer to define the gap between the
nanocube and the metal film provides a robust method to
experimentally control a plasmonic junction with extreme
precision. Using experimental and numerical analysis of this
geometry, we found that the observed resonances can be
understood as waveguide cavity modes, where the gap between
the Ag nanocube and the metal film defines a waveguide cavity
where electromagnetic energy can resonantly reflect back and
forth. These waveguide modes are strongly dependent on the
length of the waveguide, determined in this case by the size of
the nanocube, offering a straightforward method for tuning the
optical resonances over a broad range that in theory could be
extended to span the visible and infrared frequencies. The
waveguide resonances are also extremely sensitive to the gap
size separating the nanocube from the metal film, a property
that could potentially be exploited for active tuning
applications.
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Nötzel, R.; Ning, C.-Z.; Smit, M. K. Opt. Express 2009, 17, 11107.
(69) Miyazaki, H. T.; Kurokawa, Y. Appl. Phys. Lett. 2006, 89,
211126.
(70) Bozhevolnyi, S. I.; Sondergaard, T. Opt. Express 2007, 15,
10869.
(71) Chandran, A.; Barnard, E. S.; White, J. S.; Brongersma, M. L.
Phys. Rev. B 2012, 85, 085416.
(72) Ciraci, C.; Lassiter, J. B.; Moreau, A.; Smith, D. R. J. Appl. Phys.
2013, 114, 163108.

Nano Letters Letter

dx.doi.org/10.1021/nl402660s | Nano Lett. 2013, 13, 5866−58725872


