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ABSTRACT: Aluminum nanocrystals and fabricated nanostructures are
emerging as highly promising building blocks for plasmonics in the
visible region of the spectrum. Even at the individual nanocrystal level,
however, the localized plasmons supported by Al nanostructures possess
a surprisingly broad spectral response. We have observed that when an
Al nanocrystal is coupled to an underlying Al film, its dipolar plasmon
resonance linewidth narrows remarkably and shows an enhanced
scattering efficiency. This behavior is observable in other plasmonic
metals, such as gold; however, it is far more dramatic in the aluminum
nanoparticle—film system, reducing the dipolar plasmon linewidth by
more than half. A substrate-mediated hybridization of the dipolar and
quadrupolar plasmons of the nanoparticle reduces the radiative losses of the dipolar plasmon. While this is a general effect that
applies to all metallic nanoparticle—film systems, this finding specifically provides a new mechanism for narrowing plasmon
resonances in aluminum-based systems, quite possibly expanding the potential of Al-based plasmonics in real-world applications.
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Metallic nanostructures support coherent oscillations of material”'~>* and the self-terminating oxide layer that provides
electrons." These excitations, known as surface long-term stability.19 Unlike gold and silver, aluminum is
plasmons,” couple strongly to light, concentrating it to compatible with complementary metal-oxide semiconductor
subwavelength volumes® and producing large optical field (CMOS) technology, opening up new possibilities for
enhancements.”® The extraordinary properties of surface integration with electronics in on-chip device applications.
plasmons have triggered the development of numerous Some of these properties have already been used in applications

applications in areas as diverse as nonlinear optics,®”® 27
ultrasensitive biosensing:»;,g_11 photocatalysis,lz’13 and solar
energy harvesting.'”'> However, the majority of these have
involved the use of nanostructures made of gold or silver,
whose scarcity and resultant high cost clearly limit their large-
scale use. Additionally, the intrinsic properties of gold and silver
add further constraints; for example, interband transitions in
gold (silver) increase the plasmon damping for wavelengths
shorter than 550 nm (400 nm), precluding access to much of
the visible and UV spectral regions. In addition, the oxidation of
silver nanostructures severely degrades the plasmonic response
over time, limiting long-term device applications.

such as nonlinear plasmonics,24 color ﬁltering,zs_ or color
printing.”*~*° However, to fully exploit the advantages of
aluminum for plasmonics, we also need to acknowledge its
inherent limitations. One limitation is the broad linewidth of
aluminum plasmons at visible frequencies. This broadening is
due to an unoccupied band above the Fermi energy that results
in interband transitions in the red region of the visible
spectrum. So despite improvements in nanofabrication,”"**
including the recent synthesis of high purity aluminum
nanocrystals,”” the bright plasmon modes of this material are
inherently broader than the plasmons supported by noble metal

Aluminum has recently emerged as a highly viable potential structures due to their larger radiative losses.™
alternative to noble metals for large-scale or large-area
plasmonic applications.lé*20 Aluminum nanostructures can Received: July 21, 2015
support plasmons with wavelengths ranging from the near-IR Revised:  September 16, 2015

to the UV, thanks to the high plasma frequency of the bulk Published: September 18, 2015
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Here we report the surprising observation that when
aluminum nanocrystals are deposited onto an aluminum film,
their dipolar plasmon linewidth is substantially narrowed, which
in the case of our experiments, by nominally a factor of 2. In
general, it is well-known that the interaction between the
nanoparticle and a substrate can alter the optical response of a
nanoparticle.”> >’ Substrate-induced modifications are partic-
ularly stron§ for metallic substrates supporting surface plasmon
polaritons.”®~* Here, by carefully monitoring the scattering
spectra of individual nanocrystals, we observe that nanoparticles
positioned on an aluminum film display a dipolar resonance
with a significantly reduced linewidth and enhanced intensity
compared with corresponding nanoparticles deposited on a
dielectric (silica) substrate. Through a simple theoretical model,
we show that the narrowing originates from a substrate-
mediated hybridization of the dipolar and quadrupolar
nanoparticle plasmons. This interaction reduces the radiative
losses of the nanoparticle.

The system we studied is depicted schematically in Figure la
It consists of a chemically synthesized aluminum nanocrystal®’

u Al nanoparticle
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Figure 1. Narrowing of the dipolar plasmon resonance of an
aluminum nanoparticle placed on an aluminum film. (a) Schematic
of the geometry. (b) Experimentally measured single-particle dark-field
scattering spectra of aluminum nanoparticles with diameters D = 180
nm (top) and D = 100 nm (bottom) on an aluminum film of thickness
T = 35 nm (gray curves), and directly on the silica substrate (blue
curves). Unpolarized illumination and a collection numerical aperture
of 0.28 were used in all cases. Right: SEM images of the nanoparticles
used to obtain these spectra with the scale bar corresponding to 100
nm.

on an aluminum film of known thickness deposited onto a silica
substrate (see Supporting Information for details of the
fabrication process). Both the nanocrystal and the film are
coated with a self-terminating aluminum oxide layer of a
thickness of ~3 nm that protects each structure from further
oxidation.*® The thickness of the oxide layer is included in the
dimensions of both the nanocrystal and the film. We examined
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the optical response of this coupled system by measuring
single-particle scattering spectra in a dark-field microscope
using unpolarized illumination (see the Supporting Information
for more details on the experimental setup). The corresponding
spectra are shown in Figure 1b for Al nanocrystals with
diameters of 180 nm (top) and 100 nm (bottom). The spectra
shown in gray correspond to a nanocrystal atop an aluminum
film of 35 nm thickness, while the blue spectra correspond to a
nanocrystal of the same dimension placed directly on the silica
substrate. Scanning electron microscope (SEM) images of the
analyzed nanocrystals are shown in insets on the right of the
figure. For nanocrystals on a silica substrate, both spectra
display a single broad peak in this energy range, corresponding
to the dipolar plasmon of the nanocrystal. For a nanocrystal on
an aluminum film, however, two distinct peaks appear in each
scattering spectrum. These can be classified as the hybridized
dipolar (lower energy) and quadrupolar (higher energy) modes
of the coupled nanocrystal-film system. In all cases, the nature
of the modes is identified by analyzing both the corresponding
induced charge density maps and the contribution of the
different multipolar orders to the scattering spectrum (see
Figures S1 and S2 in the Supporting Information for more
details). Here, we clearly see that the presence of the aluminum
film results in a drastic reduction of the resonance linewidth of
the dipolar plasmon mode. For the case of a 180 nm particle
diameter, the linewidth (full width at half-maximum, fwhm) is
reduced from 1.27 to 0.66 eV, a 48% reduction in linewidth,
and for the 100 nm diameter case the linewidth is reduced from
1.38 to 0.48 eV, a 65% reduction in linewidth. This linewidth
narrowing is accompanied by a large increase in scattering
intensity. This effect appears to be general to plasmonic
nanoparticle—film systems but has not been the focus of
analysis until now; in ref 44, for example, the linewidth
narrowing for a 60 nm diameter gold nanoparticle atop a 30 nm
thick gold film is 33%.

To understand the origin of this resonance narrowing, we
performed calculations of the scattering efficiency under the
same conditions as in the experiment (ie. unpolarized
illumination with the same incident and collection angles).
We assume the nanocrystalline particles to be perfectly
spherical. The presence of the oxide layer in both the
nanocrystal and the film imposes a minimum distance of 6
nm between their metal surfaces, ensuring that nonlocal and
quantum effects can be safely neglected.*~*” This allows us to
rely on a classical description based on the solution of
Maxwell’s equations. We use a semianalytical model* that is
based on an expansion of the fields into spherical waves
centered around the nanoparticle, combined with Mie theory
and Fresnel coeflicients to describe the response of the
nanoparticle and the substrate, respectively. With this approach,
we obtain a set of self-consistent equations for the fields that
account for the infinite sequence of scattering events between
the nanoparticle and the substrate. Upon solving these
equations, we obtain the near and far fields, and from them
the scattering efficiency (further details on this approach can be
found in the Supporting Information.)

Using this semianalytical model, we calculate the scattering
efficiency for a nanoparticle of diameter D = 80 nm placed at
varying distances H from an aluminum film of thickness T = 35
nm (Figure 2). When the nanoparticle is far from the film,
corresponding to when the coupling is weak, the spectrum
shows a single broad dipolar resonance. However, when H is
reduced and the coupling becomes stronger, the dipolar mode
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Figure 2. Interaction between an aluminum nanoparticle and an
aluminum film. The scheme at the top depicts the geometry used in
the calculation. The lower plot shows the scattering efficiency
spectrum for a spherical aluminum nanoparticle of diameter D = 80
nm located at a distance H from an aluminum film of thickness T = 35
nm, calculated with the semianalytical model described in the text. We
consider unpolarized illumination with the same incident and
collection angles as in the experiment.

redshifts slightly and becomes narrower. At the same time, a
second resonance, corresponding to the quadrupolar plasmon
of the nanoparticle, appears at higher energies. This behavior
originates in the hybridization of the dipolar and quadrupolar
plasmons of the nanoparticle caused by the symmetry-breaking
introduced by the presence of the aluminum substrate. As a
result, the quadrupolar resonance acquires part of the “bright”
character of the dipolar mode*”** becoming easily visible on
the scattering spectrum. Correspondingly, the dipolar reso-
nance becomes darker with a reduction in linewidth.
Interestingly, mode hybridization has been also exploited in
other systems, such as metal—insulator—metal structures, to
obtain narrow resonances by reducing the penetration of the
electric filed into the metallic parts of the structures.”'

The scattering efficiency of the dipolar resonance of a
nanoparticle is proportional to the square of the amplitude of
its polarizability. We can describe the various contributions to
this quantity using a straightforward harmonic oscillator model.
Within this simple approach, the plasmon is modeled as an
oscillator with a total charge q and mass m, whose amplitude
satisfies the following equation of motion™*~>*

2
mi = qE — mwozx —my &+ ;qzb'c'

(1)
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The terms on the right-hand side of this expression
correspond, respectively, to the driving force associated with
the external field E = Ege ™™, the restoring force with resonant
frequency @, the friction caused by the intrinsic damping 7,
and the Abraham-Lorentz force accounting for the radiation
reaction.”® By solving this equation, we obtain the plasmon
dipole moment d = gx and the corresponding well-known
expression for the polarizability™® a = d/E

()
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2
2w,
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Here, we have defined y, = (2w/3c%)(q*/m) as the effective
radiative decay rate of the plasmon resonance. The linewidth of
the resonance expressed by this polarizability has two
contributions, associated with nonradiative losses at a rate y,,
and radiative losses at a rate y. The magnitude of the
nonradiative loss is determined by the value of y,,, which in the
absence of finite size effects depends solely on the material
properties. The radiative losses, however, are proportional to y,.
This parameter determines the coupling between the plasmon
and the external field and is thus related to the brightness of the
resonance (e.g., a completely dark plasmon would have y, = 0).
By the dipolar and the quadrupolar modes of the nanoparticle
coupling to the aluminum film, the value of y, is decreased,
which reduces the radiative losses, narrowing the dipolar
resonance linewidth. Incidentally, in our experiments the
aluminum oxide layer separating the nanocrystal and the film
helps prevent an increase in nonradiative losses.

This narrowing mechanism is only efficient for systems in
which the radiative losses dominate the linewidth. Because
these types of losses occur at a rate ¥, we expect the narrowing
of the linewidth to be more pronounced for nanoparticles with
large sizes relative to the wavelength or for those made of
materials with a higher plasma frequency. This explains why
linewidth narrowing is a smaller effect for gold. To corroborate
this hypothesis, we use the semianalytical model to calculate the
scattering spectrum of spherical aluminum nanoparticles with
different diameters. Figure 3a shows the spectra obtained for
aluminum nanoparticles of increasing diameter on an aluminum
film with T = 35 nm (left panel), as well as for the same
nanoparticles sitting directly on a silica substrate (right panel).
Comparing these spectra we observe that, for all values of D
under consideration, the dipolar resonance is narrower when
the nanoparticles are on the aluminum film. However, the
difference in linewidth between dielectric and metallic film
substrates varies with particle diameter. This is shown in Figure
3b, where we plot the linewidth as a function of particle
diameter obtained by fitting the dipolar resonances of Figure 3a
to Lorentzian functions, both for the nanoparticles on the
aluminum film (gray) and on the silica substrate (blue).
Interestingly, the linewidth for the nanoparticles placed on the
aluminum film remains almost constant, suggesting that
radiative losses are already substantially reduced by the
presence of the film. For the nanoparticles on a dielectric
substrate (silica), the linewidth seems to reach a saturation
value, likely due to both the nonlinear dependence between y,
and D, and the redshift of the resonance. Similar calculations
using nanoparticles and films made of gold instead of aluminum
are shown in Figure S3 of the Supporting Information, showing
that, as expected, the narrowing of the resonance is less efficient
than in the aluminum structures due to the lower frequencies of
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Figure 3. Effect of nanoparticle size on the narrowing of the plasmon
resonance linewidth. (a) Calculated scattering efficiency spectra for
aluminum nanoparticles of different diameters D placed on a T = 35
nm aluminum film (left) and on a silica substrate (right). The spectra
in the right panel are multiplied by a factor of 8 to improve visibility.
The dashed lines serve as a guide for the eye to indicate the trend of
the dipolar resonance. The upper insets show the schematics of the
simulated geometries. All calculations are performed using the same
method and conditions as in Figure 2. (b) Calculated linewidth of the
dipolar resonance for the nanoparticles on the aluminum film (gray)
and on the silica substrate (blue), as obtained from the spectra of panel

(a).

the gold dipolar plasmon. Although the narrowing is associated
with the darkening of the dipolar plasmon, the scattering
efficiency for the nanoparticles on the aluminum film is almost
1 order of magnitude larger than for nanoparticles of the same
dimension on a silica substrate, as shown both experimentally
in Figure 1b and theoretically in Figure 3a. This is because the
field exciting the nanoparticle contains a component coming
from the reflection on the substrate, which is obviously larger
when the aluminum film is present. The same effect causes an
enhancement of the scattered intensity by redirecting the light
emitted toward the substrate. Therefore, the coupling with the
aluminum film produces not only narrower but also brighter
resonances.

To further characterize the plasmon narrowing mechanism,
we measure the single-particle scattering spectra of aluminum
nanocrystals of D = 130 nm deposited on aluminum films with
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varying thicknesses T. The experimental spectra are shown in
the left panel of Figure 4. For values of T larger than 35 nm, the
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Figure 4. Effect of film thickness on the plasmon linewidth. The left
panel shows a series of experimental single-particle scattering spectra
for aluminum nanoparticles of diameter D = 130 nm placed on top of
aluminum films of different thicknesses T, as depicted in the upper
inset. The right panel shows numerical simulations of the scattering
efficiency performed by using a finite-difference time-domain approach
for the same film thicknesses shown in the left panel. In both panels
the case with T = O refers to the particle positioned directly on the
silica substrate.

linewidth of the dipolar resonance (signaled by a shadowed
area) remains almost constant. However, when the thickness of
the aluminum film decreases, becoming comparable to the skin
depth of the material (~15 nm for aluminum at 2.3 eV), the
dipolar plasmon peak height is reduced and broadens,
approaching the case of no aluminum film (ie, T = 0).
These experimental results are well supported by the numerical
calculations shown in the right panel, which are obtained by
solving Maxwell’s equations using the finite-difference time-
domain method (see the Supporting Information for more
details). We use this approach instead of the semianalytical
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model because it allows us to introduce the nonspherical shape
of the nanoparticles. This is necessary because the Al
nanocrystals used in the experiment are not completely
spherical (Figure 1b), so we model them as ellipsoids (see
sketch in the upper part of Figure 4) with a surface-parallel long
axis of 130 nm and a perpendicular short axis of 111 nm. We
use the same unpolarized illumination, incident direction, and
collection angles as in the experiment. The very close
agreement between experiment and simulation further supports
our interpretation of the narrowing mechanism.

In summary, we have shown that the coupling of an
aluminum nanoparticle to an underlying aluminum film results
in dipolar plasmon resonances with significantly reduced
linewidths and enhanced intensity compared with an aluminum
nanoparticle placed on a dielectric substrate. We show that this
effect is due to a reduction in the radiative losses of the dipolar
plasmon, which is caused by the substrate-mediated hybrid-
ization of this mode with the quadrupolar mode of the
nanoparticle. The narrowing mechanism described in this work
is expected to happen for any metal, although is larger for
systems whose dissipation is dominated by radiative losses, as is
the case with aluminum, due to its higher plasma frequency
relative to silver or gold. We also address the dependence of
this linewidth narrowing effect on particle diameter, and on film
thickness. While general, the results presented here describe a
new and specific mechanism for reducing the scattering
linewidth of aluminum nanostructures. Indeed, these observa-
tions may substantially influence future aluminum plasmonic
nanostructure design to exploit film-coupling effects in line
shape-engineered devices from which applications requiring
narrow resonances could benefit.
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ACS Publications website at DOI: 10.1021/acs.nano-
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Detailed descriptions of the sample fabrication, the
experimental setup, and the theoretical methods. Also, a
detailed analysis of the character of the different modes
showing up on the scattering spectra, the decomposition
of the latter on the contributions associated with the
different multipolar orders, and results equivalent to
those of Figure 3b for the case of gold nanoparticles on
gold films. (PDF)
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Sample fabrication

The silica substrates were first cleaned by sonicating them in acetone for 5min and rinsed
with isopropyl alcohol. After that, the substrates were masked with alignment grids used
for transmission electron microscopy, and then 99.999% pure aluminum was evaporated over
them with the desired thickness. The base pressure of the chamber and the evaporation rate
were 5 x 1077 Torr and 1A /s, respectively. The aluminum nanocrystals were deposited on
the substrate by diluting them in isopropanol alcohol (concentration) and then spin coating

the solution on the substrate (1500 rpm, 1 min).

Experimental setup

The samples were illuminated using a continuum light source (Energetiq LDLS) filtered with
a monochromator. The illumination was focused on the substrate with an incidence angle of
50°, using reflective optics to minimize the optical losses along the beam path. The dark-field
scattering signal of the particles was collected at normal angle using a 15x, 0.28 NA finite

conjugate objective (Edmund Optics, UV ReflX).

Theoretical methods
Semianalytical model

The semianalytical model used in this work was developed in Ref. 1. In brief, the method
starts with an expansion of all fields in terms of spherical waves centered on the nanopar-
ticle. Then Mie theory is used to relate the fields scattered by the nanoparticle with the
corresponding incident fields. Similarly, Fresnel coefficients are used to calculate the fields
reflected and transmitted by the substrate. Conversion matrices between spherical and plane
waves in the particle-substrate gap are introduced to switch between the two representations
in that region, thus allowing us to plug Mie coefficients to describe scattering by the former

and Fresnel coefficients for the latter. Imposing the adequate continuity conditions to the



fields, a self-consistent set of equations is obtained, which accounts for the series of infinite
scattering and reflection events happening at the nanoparticle and the substrate, respec-
tively. Solving these equations, the electric field, and therefore, the scattering intensity are
obtained. We used similar conditions as in the experimental setup, corresponding to in-
cident and collection angles of 50° and 16°, respectively. We also assumed a 3nm thick
aluminum oxide layer covering both the nanoparticles and the film. The dielectric functions

of aluminum, aluminum oxide, and silica were taken from Ref. 2.

Numerical simulations

We performed numerical simulations for Figure 4 of the main paper using a commercial
finite-difference time-domain (FDTD) software package (Lumerical 8.9.163). The shape and
size of the nanoparticles were chosen based on the experimental scanning electron microscope
(SEM) images. In all cases the nanoparticles and the aluminum films were covered with a
3nm thick aluminum oxide layer. Unless otherwise stated, we used unpolarized illumination,
with an incidence angle of 50° and a collection angle of 16° with respect to the substrate
normal, in accordance with the experimental conditions. As in the semianalytical model,
the dielectric functions of aluminum, aluminum oxide, and silica were taken from Ref. 2.
Perfect-matched layers were used as boundary conditions to simulate the infinite substrate
and absorb scattered light. All calculations were converged to ensure the reliability and

accuracy of the simulation results.
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Figure 1: Analysis of the character of the different modes appearing on the scattering spectra.
We compare the experimental spectra with numerical simulations performed using a FDTD
solver (see previous section). The corresponding results are shown in the middle panel, for
the nanoparticle sitting either on the aluminum film (left) or the silica substrate (right).
The agreement between experiment and theory is remarkable. The different geometrical
parameters used in the simulations are shown in the upper panels. For simplicity, we consider
s-polarized illumination in both the experimental and the simulated spectra. Furthermore,
to improve visibility, the experimental spectra are vertically offset, and all curves in the right
plot are multiplied by a factor of 8. Analyzing the induced charge densities of the different
resonances, we confirm that the first peak of these spectra (i) corresponds to a dipolar mode,
while the second one (ii) is associated with a quadrupolar mode.
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Figure 2: Analysis of the contribution of the different multipolar orders to the nanoparticle
scattering. (a) Scattering efficiency calculated for different cutoffs on the multipolar expan-
sion, l... We consider a spherical aluminum nanoparticle of diameter D = 80 nm located
on an aluminum film of thickness 7" = 35 nm (see inset on panel (b), notice that the particle
and the film are separated by two 3nm-thick oxide layers). (b) Calculated linewidth of the
dipolar resonance as a function of I,,,4,.
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Figure 3: Comparison of the linewidth of the dipolar resonance of gold nanoparticles de-
posited on gold films and silica substrates. The geometry under consideration is the same as
in Figure 3 of the main paper. Namely, nanoparticles with different diameters D are placed
6 nm away from a 7' = 35 nm thick gold film (orange curve) or from the silica substrate (blue
curve).
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