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N
anoscale optical antennas that sup-
port localized surface plasmon re-
sonances are receiving a tremend-

ous amount of attention because of their
ability to produce large optical field en-
hancement and extreme field confinement.
Localized surface plasmon resonances of
nanoscale metallic structures enable a broad
range of applications and effects, includ-
ing surface-enhanced raman spectroscopy
(SERS),1,2 plasmon-enhanced nonlinear re-
fraction and absorption,3,4 plasmon-enhanced
harmonic generation and frequencymixing,5�7

plasmon-enhanced biochemical sensing,8,9

plasmon-enhanced internal photoemis-
sion,10�12 and plasmon-enhanced photo-
voltaics.13,14 The response of nanoscale op-
tical antennas can be engineered through a
choice of material, size, shape of the struc-
ture, and the local environment.15,16 For
nanoantennas that are to be used predomi-
nantly in a fixed environment (e.g., in an
aqueous solution), this leaves little room for
control of the antenna response after fabri-
cation: once established the antenna com-
position, size, and shape are not easily
modified. Here we present a method to
modify the resonance response of nano-
scale antennas after fabrication through
substrate controlled resonance tuning.
It is well-known that a polarizable sub-

strate can affect localized plasmon reso-
nances of metal nanoparticles. Early work
by Kuhn provided a theoretical description
of the interaction between a metal surface
andmolecular emitters, showing a distance-
dependent emission lifetime and quantum
yield due to interaction of the dipole with
induced image charges in the metal, as well
as a small emission wavelength shift.17

Shortly thereafter Antoniewicz demon-
strated theoretically that a point dipole near
a metal surface exhibits an increased effec-
tive polarizability.18 In subsequent theoreti-
cal work by Takemori et al.19 and Ruppin,20 it

was shown that similar effects occur in the
coupling between a metal nanoparticle and
a metal substrate. In particular the presence
of themetal substrate was shown to cause a
redshift of the particle-related absorption
spectrum as a result of dynamic image
charges. More recently, several experimen-
tal studies demonstrated plasmon reso-
nance shifts of metal nanoparticles on a
variety of substrates,21�30 and wavelength
shifts as large as few hundred nanometer
were observed. However, in all these studies
the particle resonance was fixed once the
particles were placed on the substrate, and
no further resonance control was at-
tempted after particle deposition.
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ABSTRACT

Voltage controlled wavelength tuning of the localized surface plasmon resonance of gold

nanoparticles on an aluminum film is demonstrated in single particle microscopy and

spectroscopy measurements. Anodization of the Al film after nanoparticle deposition forms an

aluminum oxide spacer layer between the gold particles and the Al film, modifying the

particle�substrate interaction. Darkfield microscopy reveals ring-shaped scattering images

from individual Au nanoparticles, indicative of plasmon resonances with a dipole moment

normal to the substrate. Single particle scattering spectra show narrow plasmon resonances

that can be tuned from ∼580 to ∼550 nm as the anodization voltage increases to 12 V. All

observed experimental trends could be reproduced in numerical simulations. The presented

approach could be used as a general postfabrication resonance optimization step of plasmonic

nanoantennas and devices.
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In the present study we demonstrate postdeposition
control of the localized plasmon resonance of individual
gold nanoparticles on an aluminum film. Anodization of
the aluminum film enables the growth of a stable
aluminum oxide (Al2O3) film

31 that acts as a chemically
controlled spacer layer between the Au nanoparticles
and the Al film. Using single-particle scattering spectros-
copy we track the plasmon resonance response of a set
of individual deposited nanoparticles after several ano-
dization steps, and demonstrate that the variable spacer
layer thickness enables precise control of the nanopar-
ticle resonance frequency. The method appears to leave
the Au particles unaffected. While this work considers
spherical gold nanoparticles, the presented approach
could enable in situ or postfabrication optimization of a
wide variety of more complicated nanoantenna struc-
tures, provided that the antenna material is not affected
by the anodization process. The observed precise reso-
nance frequency control could enable new systematic
studies of light-matter interactions at the nanoscale.

RESULTS AND DISCUSSION

Figure 1a shows a real-color dark-field microscopy
image of 60 nm Au particles deposited from a colloidal

solution onto a 100 nm thick as-deposited Al filmwith a
3.6 nm thick native Al2O3 layer. The image showsmany
individual scatterers that are well separated, enabling
single particle spectroscopy. All scatterers exhibit simi-
lar brightness and color, suggesting that these corre-
spond to single Au nanoparticles that were deposited
from the colloidal solution. This is further confirmed by
the corresponding scattering spectra described below.
Close inspection of the image shows slight color varia-
tions among the particles, possibly indicating small
differences in local environment, for example, surface
roughness of the deposited Al, variations in native
oxide thickness, small size and shape variations (e.g.
faceting) of the particles, or irregular deposition of
surfactants from the colloidal solution. The partly
inhomogeneous nature of the scattering response of
supported nanoparticles would lead to artificially broa-
dened resonance lines in ensemble measurements,
highlighting the need for single-particle measure-
ments. All particles produce a ring-shaped image
under the microscope. Such ring-shaped images were
also observed in prior experiments conducted byMock
et al.27 and Hu et al.28 on noble metal particles near a
gold surface. This intensity pattern is indicative of a

Figure 1. Darkfield microscopy images of 60 nm diameter gold nanoparticles on an aluminum substrate prior anodization
(a and b), and after anodization at different voltages (c to e). Scanning electronmicroscopy images of Au nanoparticles before
(f) and after (g) anodization.
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scatterer with a dipole moment that is aligned along
the optical axis, that is, normal to the sample surface.
This polarization will be referred to as “z-polarized”.
Figure 1 panels b�e show darkfield microscopy

images of the same four Au nanoparticles (marked by
the dashed rectangle in Figure 1a) for the as-deposited
sample, as well as after anodization at voltages Va of
3 V, 6 V, and 9 V. The color of the scattered light is seen
to change from yellow/orange to green as the anodi-
zation voltage increases, suggesting a controlled and
gradual change in the local environment of the parti-
cles. For all voltages the scattering remains predomi-
nantly z-polarized. Figure 1 panels f and g show
scanning electron microscopy (SEM) images of a Au
nanoparticle before anodization and another Au na-
noparticle after anodization, respectively. The nano-
particles show evidence of faceting, which could intro-
duce slight variations in particle response and particle�
substrate interaction.
To correlate the experimental observations with the

oxide thickness, ellipsometry measurements were car-
riedout after eachanodization step. The inset of Figure 2a
shows the measured Al2O3 thickness as a function of

anodization voltage (solid circles). The data reveal a
linear relationship between the Al2O3 thickness d and
the anodization voltage given by d (nm) = 3.42 þ
1.07Va. To quantify the observed color change in
Figure 1b�e, single particle scattering spectra were
taken of a set of nanoparticles for all anodization
voltages. Figure 2a shows representative scattering
spectra for one of these particles for the as-deposited
sample, as well as for three anodization voltages. All
spectra show a single well-defined scattering peak
with a fwhm of 70�90 nm, and a peak position in the
range 550�580 nm, consistent with the expected
scattering spectrum of single Au nanoparticles. As
the anodization voltage is increased, two trends are
observed. First, the resonance wavelength is seen to
blue-shift. Second, the peak scattering signal is seen to
decrease.
To quantitatively analyze the observations in

Figure 2a numerical simulations were carried out as
described in the Methods section. Figure 2b shows the
obtained scattering spectra for 60 nm diameter Au
nanoparticles on an Al2O3 covered Al film for four
different oxide thicknesses d corresponding to the
oxide thicknesses of the experimental data in Figure 2a.
The simulated scattering spectra show remarkable agree-
ment with the experimental data, demonstrating similar
resonance wavelength, resonance shift, resonance line
width, and reduction in scattering strength as the oxide
thickness is increased. The simulated data exhibit a
slightly higher signal at wavelengths above the plasmon
resonance compared to the experimental results. This
difference is due in part to the background correction
procedure described in the Experimental section and the
Supporting Information.

Figure 2. (a) Scattering spectra from a single Au nanopar-
ticle for different anodization voltages. The corresponding
oxide thicknesses are shown in parentheses. The inset
shows the measured Al2O3 thickness as a function of
anodization voltage. (b) Calculated scattering spectra of
60 nm Au nanoparticles on an Al2O3-coated aluminum film
as a function of Al2O3 thickness d corresponding to the
thickness values in panel a. The sample structure is shown
schematically.

Figure 3. (a) Measured z-polarized plasmon resonance
wavelength and (b) the corresponding peak scattering
signal of 60 nm diameter Au nanoparticles on an oxidized
aluminum as a function of Al2O3 thickness. The solid lines
represent the results from numerical simulations. The error
bars on the simulated data represent predicted signal
variation due to the known colloid size dispersion, see
Supporting Information.
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Figure 3a shows the measured peak wavelength
position (solid squares) as a function of oxide thickness
d obtained for a set of 10 separate particles. The error
bars represent the experimental standard deviation,
indicating slight spectral differences among the parti-
cles as also observed in Figure 1a. As the oxide thick-
ness increases the average peak scattering wavelength
blue-shifts from 584 to 550 nm, corresponding to a
∼30 nm shift in resonancewavelength. The solid line in
Figure 3a shows the simulated scattering peak position
obtained by repeating the simulations in Figure 2b for
several additional oxide thicknesses assuming a parti-
cle diameter of 60 nm. The simulated results reproduce
the experimental trends remarkably well. On the basis
of numerical simulations as a function of particle size
(see Supporting Information) the known size distribu-
tion of the Au colloid could introduce peakwavelength
variations of (2 nm, as indicated by the error bars on
the simulated data in Figure 3. Note that no free
parameters were used in the calculation of the reso-
nance wavelength. The experimental resonance wave-
length is approximately 10 nm larger than the simu-
lated resonance wavelength for all oxide thicknesses.
This systematic difference is possibly due to slight
differences between experimental and literature di-
electric functions, the presence of an adventitious
surface water layer,32,33 or the presence of surface
contaminants after deposition or anodization that
were not considered in the simulations.
Figure 3b shows the experimentally observed peak

scattering signal (open squares) as a function of oxide
thickness for the same set of 10 Au nanoparticles. The
error bars in the experimental data represent the stan-
dard deviation of the peak scattering signal from all
particles at each oxide thickness. The scattering signal
exhibits a gradual reduction as the Al2O3 thickness
increases. The solid line shows the corresponding

numerical simulation results, and the error bars on the
simulated data correspond to a predicted 22% variation
in peak scattering signal corresponding to the known
particle size variation, see Supporting Information. The
simulations exhibit a similar reduction in scattering
strength as the oxide thickness is increased. This reduc-
tion in scattering strength is due in part to the frequency-
dependent imaginary part of the Au dielectric function in
this frequency range: as the oxide thickness increases
from 3.6 to 16.3 nm, the blue-shift of the plasmon
resonance leads to an increase in Im(εAu) from 1.64 to
2.14, resulting in stronger plasmon damping for large
oxide thickness.
The experimental observations can be understood

in terms of the interaction of the oscillatory nanopar-
ticle dipole moment with its dynamic image dipole in
the metal substrate. Figure 4a schematically shows an
Au nanoparticle on an aluminum film with an Al2O3

spacer under TM illumination with electric field ampli-
tude Ein. At the illumination angle θin of the darkfield
objective, θin ≈ 69� ( 2�, the illumination contains
both x- and z-polarized components. These field com-
ponents in principle allow the excitation of two distinct
sets of dipolar plasmon resonances and resulting
image charge distributions in theAl film corresponding
to x-polarized excitation and z-polarized excitation.
Figure 4b schematically shows the induced horizontal
(x-polarized) oscillation of the particle dipole moment.
At frequencies well below the Al plasma frequency this
dipole oscillation on the Au particle induces an oscillat-
ing image charge in the Al film with a dipole moment
opposite to that of the nanoparticle. This antiparallel
x-polarized dipole orientation is known to result in a
redshift in the scattering spectrum compared to the
response of an individual nanoparticle.23,28,34 Figure 4c
shows the corresponding situation for z-polarized
excitation of the particle. In this case, the induced
dynamic image dipole is parallel to that of the nano-
particle, again leading to a redshift of the resonance.
The longitudinal near-field interaction between di-
poles is known to be twice as strong as the transverse
interaction, suggesting that a stronger red-shift would
be observed for the z-polarized mode. Since the near-
field dipole�dipole interaction strength decreases
rapidly as the dipole separation increases, the surface-
induced red-shift is expected to reduce as the oxide
thickness is increased, corresponding to the experi-
mentally observed blue-shift for increasing oxide thick-
ness. It should be noted that the finite polarizability of
Al2O3 also affects the particle response. Replacing the
Al2O3 layer by an air gap would place the particle in a
lower refractive index environment, leading to an
additional blueshift of ∼15 nm for large particle-film
separation based on numerical simulations (not
shown).
Owing to the different interaction strengths for

lateral and normal dipoles, the presence of both

Figure 4. Schematic representation of (a) darkfield illumi-
nation of a supported Au nanoparticle on an oxidized
aluminum film, (b) the particle polarization and image
charge distribution resulting from x-polarized excitation
and (c) from z-polarized excitation, and (d) a color image
of the observed dark-field microscopy image of a Au
particle on the native oxide layer on the Al film.
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x-polarized and z-polarized excitation could be ex-
pected to produce a double peak feature in the
nanoparticle scattering spectra, with a different red-
shift depending on the polarization. However, the
experimental results show single scattering peaks
and pronounced ring-shaped scattering patterns (see
Figure 1a�e and Figure 4d) indicating that only the
z-polarized mode is detected. The absence of the
lateral oscillation mode in the scattering images and
spectra can be understood by considering the charge
configurations of the two oscillation modes. The ver-
tical mode induces an image dipole that is aligned
along the particle dipole (Figure 4c), effectively gen-
erating an extended dipole that can radiate into the
far-field, albeit predominantly along the sample sur-
face. The horizontal mode on the other hand induces
an image dipole that is oriented antiparallel to the
particle dipole, corresponding to a predominantly
quadrupolar charge configuration (Figure 4b) which
does not radiate effectively into the far-field for particle-
image charge separations much less than λ/2. A sec-
ond independent reason for the absence of the lateral
dipole oscillation mode is related to the excitation
efficiency. The oxide-coated reflective Al substrate
affects p-polarized and s-polarized illumination com-
ponents differently, leading to significant differences
in lateral and normal excitation field strengths. Assum-
ing illuminationwith incoherent light at an angle of 70�
containing equal TM and TE contributions, the Fresnel
reflection coefficients predict that the Ez excitation
30 nm above an Al surface is approximately a factor 8
stronger than the Ex excitation. We therefore attribute
the absence of a clear x-polarized contribution in the
scattering images and spectra to the combined effect
of a reduced excitation efficiency and a low radiation
efficiency of the x-polarized mode. Note that the
inhomogeneous dielectric environment of the Au nano-
particles is also expected to lead to the excitation of
multipolar plasmon resonances. These multipolar reso-
nances occur at frequencies above the dipolar plasmon
resonance, and are not observed in the experiments.
The results presented here unambiguously demon-

strate the possibility of controlling localized plasmon
resonances through substrate anodization, with an
experimentally observed tuning range of ∼30 nm.
In the material system considered here the native
oxide layer puts an upper bound on the resonance

wavelength, as it sets a minimum distance between
the nanoparticle and the induced dynamic image
charge. The simulated resonance wavelengths for
thinner oxide layers (Figure 3a) suggest that signifi-
cantly larger red-shifts could be achieved in the ab-
sence of a surface oxide layer. Experiments and
applications utilizing these substrate-controlled reso-
nances will likely involve immersion of these structures
in aqueous environments, which is expected to result
in an additional red-shift, reduced resonance line
width, and improved field enhancement for spherical
Au nanoparticles. Finally, the experiments involved Au
nanoparticles that are thought to be only weakly
bound to the sample surface. The fact that several
anodization steps could be carried out without appar-
ent degradation of the electromagnetic response of
the nanoparticles and without detaching a majority of
the particles suggests that the method shown here
could be used to tune the resonance response of a
wide variety of plasmon resonant nanoantenna struc-
tures, provided that the antenna material is not af-
fected significantly by the anodization process.

CONCLUSION

Plasmon resonance control of 60 nm diameter Au
nanoparticles supported on an aluminum film is de-
monstrated through substrate anodization, resulting in
the formation of a thin Al2O3 spacer layer between the
Au nanoparticles and the Al substrate. The Au nano-
particles produce ring-shaped scattering images in
dark-field microscopy, indicative of z-polarized plas-
mon resonances. Single-particle scattering spectra
show a consistent blue-shift of the plasmon resonance
and a gradual drop in the scattering signal strength as
the Al2O3 thickness is increased. The observations are
explained in terms of oxide thickness dependent
coupling between the nanoparticle and a dynamic
image charge distribution in the substrate. The experi-
mental results and numerical simulations show re-
markable agreement. The presented approach could
be used for postfabrication plasmon resonance opti-
mization in a wide variety of plasmonic nanoantenna
structures. The technique is simple, controlled, and
could be useful for several applications that rely
on plasmonic nanoantennas such as SERS, plasmon
enhanced photoemission, and biodetection through
observation of plasmon resonance shifts.

METHODS
Experiment. Samples were prepared on a 3-in. [100] silicon

wafer with resistivity >1 Ω-cm. A 100 nm thick aluminum layer
was deposited onto the Si wafer using thermal evaporation
at a deposition rate of 12 Å/s using an Edwards FL 400 system.
After deposition, exposure to ambient conditions leads to the
rapid formation of a stable native aluminum oxide layer on the

sample with a typical thickness of 2�4 nm.35,36 The Al-coated
silicon wafer was cleaved into ∼1 cm2 pieces. For nanoparticle
deposition, a monodispersed gold nanoparticle colloidal solu-
tion with a particle diameter of 60.4 ( 2.6 nm was used (BB
International, United Kingdom). It should be noted that this size
range corresponds to the vendor-specified batch-specific size
histogram. The colloidal solution contains trace amounts of
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citrate, tannic acid, and potassium carbonate. The colloid was
diluted with ethanol to a concentration of 2� 108 particles/mL.
Approximately 4 μL of colloid was dropped on the samples
using a high precision pipet and immediately dried using air
flow. The ethanol diluted solution was found to wet the sub-
strate well. This procedure was found to lead to well-separated
individual particles located on the Al surface with a particle
density of ∼1 particle/100 μm2. The nanoparticle-coated wafer
and similarly prepared reference samples without nanoparti-
cles were subsequently anodized in a 3 wt.% ammonium
tartrate solution in deionized water (>10 MΩ-cm) at room
temperature using a stainless steel counter electrode at anodi-
zation voltages in the range 1.5 V � 12 V. Following each
anodization step the sample was rinsed in deionized water and
dried using air flow. This procedure produces an amorphous
barrier-type Al2O3 layer with a thickness that is controlled by the
anodization voltage.31,37 The oxide thickness of the reference
samples after each anodization stepwas determined using a J.A.
Woollam variable angle spectroscopic ellipsometer. Scann-
ing electron microscopy images were obtained using a Zeiss
ULTRA-55 Field emission scanning electron microscope.

Optical microscopy and single particle scattering spectros-
copy measurements were carried out after the initial particle
deposition as well as after each anodization step using an
Olympus BX-51 reflected light optical microscope equippedwith
standard dark-field optics. Most particles were found to remain
on the substrate after anodization. The scattering spectra of
individual nanoparticles were collected using a 50� dark-field
objective (Olympus MPlanFl 50� BD, N.A. = 0.80) and a multi-
mode fiber connected to a spectrometer (Horiba Jobin-Yvon
iHR320 monochromator with Synapse CCD array). The effective
collection area on the sample was ∼20 μm2, and the spectral
resolutionwas 10nm. Singleparticle scattering spectra Isc(λ) were
obtained using the relation Isc= (INP � IREF)/IIN where INP is the
signal obtained fromanarea containinga single nanoparticle, IREF
is the signal collected from a nearby region without a nanopar-
ticle, and IIN is the lamp spectrum. All spectra were corrected for
the detector dark current. Finally, the thus obtained single
particle scattering spectra were corrected for a small remaining
offset (<4% of the peak scattering signal). The detailed data
collection procedure is described in the Supporting Information.

Simulations and Calculations. Scattering spectra were deter-
mined based on three-dimensional frequency domain electro-
magnetic simulations38 of a unit cell structure with a lateral
size of 200 � 200 nm2. Variation of the unit cell size between
180 � 180 and 220 � 220 nm2 was found to lead to scattering
wavelength shifts smaller than 3 nm. The silicon substrate was
replaced with SiO2 (n = 1.5) due to limitations of the modeling
software; however, this choice is not expected to affect the
results due to the relatively large Al thickness of 100 nm.
Literature data were used for the Al2O3,

39 Au,40 and Al41 di-
electric functions. The structure was illuminated at an angle
corresponding to the N.A. of the objective used in the experi-
ment. The z-dipole moment μz of the nanoparticle was deter-
mined at each frequency from the calculated field distributions,
and the scattered power of the oscillating dipole was assumed
to be proportional to |μz|

2ω4 with ω being the angular fre-
quency of the dipole oscillation.42
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