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ABSTRACT: Gold nanoparticles on Al,O;-coated gold films are presented as a " AuNP
chemically and thermally robust platform for molecular sensing. Single particle ,;L.
spectroscopy as a function of Al,O; coating thickness shows reproducible gold ‘
nanoparticle scattering spectra in the range from 690 to 610 nm as the AlLO;

thickness increases from 0 to 3.4 nm. Numerical simulation of these structures
indicates that surface-enhanced Raman spectroscopy enhancement factors in excess
of 10° can be achieved. The stability of the Al,O;-coated structures under high-power
laser irradiation was tested, revealing stable scattering spectra upon irradiation with
100 W/mm? at the particle resonance wavelength. The presented structure solves
challenges with thermal stability, wavelength tuning range, and Raman background

signal associated with previously attempted approaches.

1. INTRODUCTION

Plasmonic resonances of metal nanostructures are widely used
in sensing applications due to the extremely strong localized
field enhancement they can produce, enabling the sensitive
detection of analyte molecules in ultrasmall volumes through
changes in plasmon resonance wavelength, fluorescence signal
strength, and Raman scattering signal. Plasmon-mediated field
enhancement has enabled single-molecule Raman spectroscopy
in small metal nanoparticle aggregates."”> The main enabling
element in these experiments is the formation of nanogaps
between adjacent nanoparticles, resulting in hot spots: regions
that exhibit extremely high field enhancement factors. While
particle aggregates produce large field enhancement, the
randomness of the structure formation and the extreme
sensitivity of the optical response to the gap size make
nanoaggregates unpredictable, unstable, and difficult to produce
reliably. For these reasons, a lot of effort has been put into
developing plasmon-mediated biochemical sensor platforms
that can provide small gap sizes while also having predictable
and stable plasmon resonances. Select approaches include the
use of electron-beam lithography (EBL),** on-wire lithog-
raphy,”® and self-assembly.”””

An approach that has recently been receiving increasing
attention is the use of chemically synthesized metal nano-
particles deposited onto high dielectric constant substrates or
onto metallic films with an optional spacer layer. In the
resulting structures, a hot spot is formed in the gap between the
nanoparticle and the substrate due to the development of
dynamic image charges in the substrate.'®”"> This approach
allows the controlled formation of structures that provide high
field enhancement using low-cost and simple fabrication
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methods.">'* Moreover, this approach can make use of
nanostructures that are close to their thermodynamic
equilibrium shape (approximately spherical), promising ther-
mally stable performance. Finally, the plasmon resonance
wavelengths of supported nanoparticles can be controlled by
modifying the nanoparticle-to-substrate separation, e.g,, using a
low-dielectric constant spacer layer on a large dielectric
constant substrate. Using this approach, it has been shown
that plasmon resonances of gold nanoparticles which typically
occur in the green can be tuned across the entire visible range
by changing the substrate composition,"""® modifying the
substrate thickness,'® and adjusting the gap size between the
nanoparticle and the substrate."’ " These approaches move
the plasmon resonance of stable Au nanospheres to frequencies
well below Au interband transitions, resulting in sharper
plasmon resonances and larger field enhancement factors. Prior
demonstrations of substrate-controlled plasmon resonance
made use of organic spacer layers,'”?" which when used in
Raman detection are expected to introduce a background signal
due to Raman scattering from the spacer layer molecules and
may be chemically or thermally damaged relatively easily. An
alternate approach using all-inorganic materials resulted in
fragile systems' due to weak oxide—substrate binding using the
SiO,—Au system or a limited tuning range’® due to the
presence of a native oxide layer using the Al,0;—Al system.
To address these issues, here we present experiments on the
control of the plasmon resonance of Au nanoparticles using
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Figure 1. (a—e) Real-color dark-field microscopy images of gold nanoparticles on gold substrates with Al,O5 coating thickness 0, 1.3, 1.5, 2.2, and 3.4
nm, respectively. (f—j) False-color images of these same nanoparticles obtained using a hyperspectral camera taken in the range S00—800 nm. The

color bar shows the wavelength representation used in parts f—;j.

aluminum oxide (Al,O;)-coated gold films experimentally and
numerically. We demonstrate that this structure provides
reproducible Au nanoparticle resonance spectra that can be
spectrally tuned over at least an 80 nm bandwidth by varying
the oxide spacer thickness and that remain virtually unaltered
upon high-power laser irradiation. The controllable and
reproducible plasmon resonance wavelength, large tuning
range, stability of the structure under laser irradiation, and
the chemical stability of all materials used make the presented
system a good candidate for a reliable plasmonic sensing
platform for applications such as surface-enhanced Raman
spectroscopy (SERS) and plasmon-enhanced fluorescence
spectroscopy.”> >

2. EXPERIMENTAL SECTION

Sample Preparation and Characterization. Aluminum
oxide-coated gold films were prepared by thermal evaporation
using a multipocket Edwards FL 400 thermal evaporator (base
pressure <10~ mbar). Gold films with a thickness of 50 + 2
nm were deposited onto glass coverslips using a 2 nm Cr
wetting layer. Few-nanometer-thick aluminum films were
deposited onto the gold-coated samples without breaking
vacuum. A gold substrate without Al coating was used as a
reference sample. The film thickness of all deposited films was
verified using a Woollam M2000 variable angle spectroscopic
ellipsometer. Al films are well-known to form a thin native
surface oxide layer of 2—4 nm* upon exposure to ambient
environment. The Al layers deposited in the experiment are
thinner than the 3.6 nm Al,O; thickness formed on thermal-
evaporated Al films®® and completely oxidized into a thin ALO,
layer after exposure to air. Indeed, no evidence of metallic
aluminum was found in postdeposition variable angle
spectroscopic ellipsometry. Long-range Al,O; thickness varia-
tion on each sample was verified by performing ellipsometry at
various locations on the samples. The variations in the
measured thickness are included as error bars in Figure 4.
The root-mean-square surface roughness of the samples was

determined using atomic force microscopy (AFM). The
roughness was found to be ~1.5 nm on samples with and
without Al,O; coating, indicating that the roughness is
dominated by the Au film roughness. Following the deposition
steps, a colloidal solution of gold nanoparticles (BBInterna-
tional) with a batch-specific size distribution of 60.4 + 2.6 nm
was diluted in ethanol to a concentration of 2 X 10° particles/
mL and drop-coated onto the substrates. The droplet was
observed to spread rapidly across the sample surface and was
subsequently left to dry in air. Postdeposition microscopy of
the samples revealed well-separated optical scatterers attributed
to the presence of isolated Au nanoparticles, with interparticle
separations exceeding several micrometers. A large-area dark-
field microscopy image of the resulting scatterers on a gold film
is provided in the Supporting Information (Figure S1).

Optical Microscopy and Spectroscopy. Dark-field
microscopy images were taken using an Olympus IX-71
inverted microscope equipped with a 50X dark-field objective
(Olympus UMPlanFL 50X BD, N.A.= 0.75) and a Canon EOS
450D digital camera. Spectral images of the samples were
recorded using a HSi-440C Hyperspectral Imaging System
(Gooch & Housego) at a spectral resolution of 10 nm.
Scattering spectra of individual gold nanoparticles were
collected using an imaging spectrometer attached to the
microscope (Horiba iHR320 with Synapse CCD array) with
an effective collection area of ~8 X 8 um® at the sample surface
and a spectral resolution of 10 nm. All spectra were corrected
for the dark current and normalized to the scattering spectrum
of a nearby region of the sample.

Numerical Simulation and Calculation. Numerical
simulations were done based on the frequency domain finite
integration technique®® using literature data for the dielectric
functions of gold27 and aluminum oxide,*® as described in detail
in the Supporting Information.

Single Particle Stability Measurements. A linearly
polarized 633 nm laser beam was focused onto the substrate
at an angle of incidence of 15° using off-center illumination of
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the back aperture of a 50X dark-field objective. The beam
polarization was chosen to result in p-polarized irradiation of
the Au nanoparticles. The laser spot was found to be close to
circular with an approximately Gaussian beam profile and a
fwhm of ~2.2 ym as measured by nanoparticle-mediated beam
sampling (see Supporting Information). The peak irradiance
incident on the nanoparticles was set to ~100 W/mm?.

3. RESULTS AND DISCUSSION

Dark-Field Microscopy and Single Particle Spectros-
copy. Dark-field microscopy images of gold nanoparticles on
Al,O5-coated gold films with five different Al,O5 thicknesses (0,
1.31 + 0.18, 1.54 + 0.21, 2.20 + 0.32, and 3.37 + 0.18 nm)
were recorded by two CCD cameras: a Canon EOS 450D
digital camera for real-color images and a HSi-440C Hyper-
spectral Imaging System for spectral images. Figures la—e show
representative real-color dark-field microscopy images of
isolated gold nanoparticles on five samples. Figure la shows
the scattering observed from three Au nanoparticles. The
particles appear green, with each particle exhibiting a single
central maximum of the scattering intensity. This kind of spot
shape is known to be indicative of a laterally (surface-parallel)
polarized charge oscillation on the particle.””*° In addition the
green spots are seen to be surrounded by a faint red ring-
shaped scattering pattern. This spot shape is indicative of a z-
polarized (vertically polarized) plasmon resonance and has
been observed previouslgf on metal nanoparticles on various
metallic substrates.'®*** Figures 1b—e show similar images
taken of samples with a progressively thicker AL, O; layer
between the Au nanoparticle and the gold film. All images show
a similar red ring-shaped scattering pattern, while the green
central spot appears relatively weak. These images seem to
suggest that the spectral differences among the four AlLO;-
coated samples are limited. Figures 1f—j show corresponding
false-color images of the same particles shown in Figures la—e,
based on images taken with a hyperspectral camera attached to
the microscope. Images were taken in the spectral range 500—
800 nm with a collection bandwidth of 10 nm per image, and a
spectral sampling of 3 nm, resulting in a stack of 100 images.
The images were processed as described in the Supporting
Information, resulting in a color mapping of the peak scattering
wavelength according to the scale bar shown below the images.
Figure 1f shows the false color image of the same three Au
nanoparticles on the gold film shown in Figure la. Two main
differences are observed. First, the central maximum (green
scattering signal in Figure 1a) is not visible since the false-color
mapping emphasizes wavelengths in the range 600—700 nm.
Second, instead of a ring-shaped scattering image, two
separated scattering spots are observed. This is a result of the
polarization sensitive nature of the hyperspectral imager,
eliminating the left and right parts of the ring-shaped pattern.
Figures 1f—j reveal that the red z-polarized plasmon resonance
is gradually tuned toward shorter wavelengths as the Al O,
thickness increases. Additionally, particles in each individual
spectral image appear of the same color, showing that a
consistent resonance wavelength is obtained at each oxide
thickness. These assertions are corroborated by additional
single particle scattering spectra presented below.

To evaluate the response of the nanoparticles in Figure 1 in
more detail, a large set of single-particle scattering spectra were
taken for each sample. Figure 2a shows a typical scattering
spectrum of an isolated gold nanoparticle on the gold substrate
without AL,O; (black solid line). The gray region represents the
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Figure 2. (a—e) Measured scattering spectra from single gold
nanoparticles on gold substrates without an Al,O; spacer layer and
with 1.3, 1.5, 2.2, and 3.4 nm Al,O; spacer layer, respectively. The
shaded region on each plot represents the confidence intervals of the
measurement, and the black curve shows a typical scattering spectrum.
The green arrow indicates the plasmon resonance wavelength of gold
nanoparticles in colloidal solution. The insets in (a) show spectral
images obtained from the same particle by collecting wavelength bands
545—555 nm and 695—705 nm. (f—j) Calculated scattering spectra of
60 nm gold nanoparticles on gold films coated with 0, 1.5, 2, 3, and 4
nm of AL,O;, respectively. The blue curves in (f—j) show the simulated
scattering spectra assuming the presence of a 0.75 nm thick organic
shell on the gold nanoparticle.

one-sigma confidence interval obtained by taking spectral
measurements of 15 randomly selected particles on the same
sample. The spectrum shows a plasmon enhanced scattering
peak at a wavelength of 690 nm (1.775 eV), with a full width at
half-maximum (fwhm) of 88 nm (0.223 eV). The observed
spectral shape and line width are typical for a dipolar plasmon
resonance in gold nanoparticles and similar to the extinction
peak width of these gold nanoparticles in colloidal solution
(~80 nm line width). However, the resonance wavelength is
red-shifted by ~150 nm compared to the plasmon resonance
wavelength of 544 nm of these nanoparticles in colloidal
solution (green dashed line and arrow in Figure 2a). The
measured spectra also contain weak scattering features around
500—550 nm. The insets of Figure 2a show spectral images
obtained from the same particle by collecting wavelength bands
545—555 nm (left) and 695—705 nm (right). These images
confirm that the signal between 500 and 550 nm originates
from an at least partly laterally polarized green plasmon
resonance, while the signal at 690 nm originates from a z-
polarized red plasmon resonance. The large red-shift of the z-
polarized resonance results from an interaction between the z-
polarized electric dipole of the nanoparticle and induced
dynamic image charges in the substrate.’®*"** The observed
variation in signal strength of the scattering spectra as indicated
by the confidence interval is attributed to the specified size
variation of +2.6 nm of the nanoparticles leading to an
anticipated variation of the scattering signal strength by as
much as ~30% assuming a scattering cross section that is
proportional to the square of the particle volume.>® Note that
the relatively strong scattering strength of the z-polarized
resonance seems at odds with the observation of the weak red
scattering in Figure la. This is a result of the infrared cut filter
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present in the camera, leading to reduced response at
wavelengths larger than 600 nm.

Figures 2b—e show the corresponding typical spectra and
confidence intervals for gold nanoparticles on gold films coated
with 1.3 nm (24 particles), 1.5 nm (14 particles), 2.2 nm (22
particles), and 3.4 nm (20 particles) thick AL,O; spacer layers,
respectively. As the oxide thickness increases from 0 to 3.4 nm,
the peak scattering wavelength is seen to blue-shift from 690 to
610 nm. This observed tuning range of 80 nm is significantly
larger than that observed using anodization of an Al substrate in
ref 20, where a resonance shift of only ~30 nm was observed.
The larger tuning range is made possible by the absence of a
limiting native oxide thickness, which allows for smaller
particle—substrate separations than can be achieved in an
Al,Oj-coated Al system exposed to air. The scattering spectra
of gold nanoparticles located directly on the gold film (Figure
2a) are seen to be broader than those of gold nanoparticles on
Al,O;-coated substrates (Figures 2b—e), exhibiting line widths
of ~80 and 50—60 nm, respectively. This may be due to the
increased importance of nonlocal effects on the Au response for
small particle-substrate spacing.>**> Note that the scattering
peak height of the z-polarized mode varies by less than 17% as
the oxide thickness is changed (one-sigma interval). Finally,
note that for all Al,O3-coated samples the lower bound of the
confidence interval (marked by a vertical dash) peaks at a
shorter wavelength than the upper bound of the confidence
interval (marked by a plus symbol). This observation
corroborates the assertion that the observed brightness
fluctuations are due to particle size variations, since larger
nanoparticles are known to produce stronger scattering signal
and longer resonance wavelength; see e.g. Supporting
Information of ref 20.

Numerical Simulation and Calculated Scattering
Spectrum. To understand the observations made in Figures
1 and 2a—e, numerical simulations were carried out (see
Supporting Information). Figure 2f presents the simulated
scattering spectrum of a 60 nm diameter gold nanoparticle on a
50 nm gold film on a glass substrate with a refractive index of
1.5 (black line). The simulated spectrum shows a broad and
weak scattering band around 550 nm and no evidence of a long
wavelength resonance, markedly different from the experimen-
tally observed spectrum. Part of this difference may be due to
the fact that the simulation does not take into account the
expected presence of organic ligands that remain on the particle
surface or the Au film surface after deposition from solution.
The simulations were repeated assuming that the nanoparticle
surface is covered with a 0.75 nm thick organic layer,
corresponding to the thickness of a monolayer of normally
oriented citrate molecules. This choice results in a spectrum
(Figure 2f, blue line) that closely resembles the experimental
data, showing a clear peak at 697 nm and a weaker scattering
peak at 580 nm.

Figures 2g—j show the simulated scattering spectra of 60 nm
diameter gold nanoparticles on gold films coated with a 1.5, 2,
3, and 4 nm thick AL, O; layer. The figures contain both the
calculated spectra of gold nanoparticle with and without a 0.75
nm organic coating. Both sets of the spectra show the same
general trend as observed experimentally although it is clear
that the presence of organic ligands significantly blue-shifts the
spectral response of the particle.

To clarify the nature of the observed resonances, Figure 3
shows the calculated scattering spectrum of an Au nanoparticle
on the Au film, assuming the presence of a 0.75 nm organic
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Figure 3. Calculated scattering spectrum of a 60 nm diameter Au
nanoparticle coated with a 0.75 nm thick organic shell on a gold film.
Insets show corresponding electric field snapshots at 550 and 690 nm
under TE and TM illumination, respectively, shown on the same
relative scale.

coating on the particle. The insets show electric field snapshots
in the (x,z) plane of E, (lateral field) at the green resonance
(550 nm) under TE illumination and of E, (normal field) at the
red resonance (690 nm) under TM illumination, displayed on
the same relative scale. The full color range represents a
maximum magnitude of 1.5 times the incident field strength.
The lateral field distribution at the green resonance shows
moderate field enhancement throughout the particle respon-
sible for part of the observed scattering signal. The normal (z-
polarized) field distribution at the red resonance, on the other
hand, shows a predominantly dipolar mode with a large electric
field in the gap between the nanoparticle and the gold
substrate. The secondary peak at 575 nm is the result of a
higher order plasmon resonance of the nanoparticle with a net
z-polarized dipole moment (see Supporting Information).
Figure 4a summarizes the measured scattering peak wave-
lengths as a function of the Al,O; thickness based on ~100
measured single-particle scattering spectra, as well as the
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Figure 4. Measured (black squares) and simulated (red triangles)

scattering peak wavelength (a) and peak intensity (b) of single gold
nanoparticles on a gold film with different Al,O; coating thicknesses.
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corresponding simulated data. The measured data (black
squares) and the simulated data for nanoparticles coated with
a 0.75 nm organic ligand layer (red triangles) show a similar
dependence on spacer layer thickness. Figure 4b presents the
corresponding data sets for the relative peak scattering signal of
the gold nanoparticles on each substrate. The measured
scattering intensity exhibits relatively little variation as the
spacer layer thickness is changed. This relative insensitivity of
the scattering signal strength to the spacer layer thickness is
reproduced in the simulations, both with and without the
assumed presence of an organic coating on the nanoparticles.

To evaluate the applicability of these structures to SERS-
based detection of molecules on the particle surface, the
enhancement of the surface-normal electric field E, relative to
the z-component of the incident field E, ;. was determined
underneath the particle inside the 0.75 nm thick organic shell.
The peak field enhancement factors E, .. /E, . range from
~441 to ~39 for the limiting cases of 0 nm Al,O; and 4 nm
Al O3, respectively, corresponding to predicted SERS enhance-
ment factors IEz,peakI“/ |E, " ranging from 3.8 X 10'° to 2.4 X
10°. This expression for the SERS enhancement factor assumes
that the detected Raman shifts are much smaller than the
plasmon line width.>***” These calculations do not take into
account effects of nonlocality that are expected to reduce the
field enhancement factors at small gap sizes. In addition, the
listed enhancement factors would change if the particle shape
changes, e.g, when the incident laser power exceeds the
damage threshold of the irradiated structures. The particle
stability against laser irradiation will be investigated in the
following section. Note that the use of an inorganic spacer layer
as done in the experiments has the added anticipated advantage
that the support itself does not add Raman lines typical of
organic molecular bonds, and consequently it is expected that
the current structure allows for SERS measurements with
relatively low Raman background signal.

Single Particle Scattering Stability. Given the extreme
sensitivity of the spectral position of the nanoparticle
resonances to structural changes on the subnanometer scale,
it must be verified whether these structures remain stable under
typical measurement conditions in laser-excited spectroscopy
such as SERS. To test the stability of the structures under laser
irradiation, isolated nanoparticles were exposed to laser powers
2 orders of magnitude higher than those typically used in SERS
of ~1 W/mm?, and scattering spectra of the same nanoparticle
were obtained before and after laser irradiation to verify spectral
stability. A linearly polarized 633 nm laser beam was focused
onto the substrate with the peak irradiance incident on the
nanoparticles ~100 W/mm? for all subsequent measurements.
The beam polarization was chosen to result in p-polarized
irradiation of the Au nanoparticles, necessary for achieving the
large gap-fields associated with the z-polarized resonance. Note
that the laser wavelength is close to the z-polarized resonance
wavelengths experimentally observed in this study.

Figure Sa shows scattering spectra of a gold nanoparticle on
the gold substrate without Al,O; coating before and after laser
irradiation for 1 min shown on the same relative scale. A
significant change in the scattering spectrum is observed. Both
the short and long wavelength resonance shift significantly, and
the brightness of the long wavelength peak is seen to reduce
substantially. The experiment was repeated several times on
separate particles, with similarly large spectral changes observed
in all cases. Notably, the scattering spectra of these particles
were found to be different after each successive irradiation,
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Figure 5. (a—e) Normalized scattering spectra of single gold
nanoparticles on gold films coated with 0, 1.3, 1.5, 2.2, and 3.4 nm
Al Oj; layers, respectively. The red and black curves represent the
spectra before and after 1 min of laser illumination at ~100 W/ mm?,
respectively. (f—j) Calculated scattering spectra of gold nanoparticles
with a 0.75 nm (black line) and 0.6 nm (red line) organic shell on gold
films with 0, 1.5, 2, 3, and 4 nm Al,O; coating, respectively. The black
and red dashed lines in (f) correspond to the same particle with a 0.6
and 0.5 nm organic coating, respectively.

indicating that no stable equilibrium particle configuration was
reached. Figure 5b presents the scattering spectrum of a gold
nanoparticle on an Al,O; coated gold substrate with a 1.3 nm
Al,O; thickness before and after laser irradiation. Contrary to
the observations in Figure Sa, the nanoparticle on the thin
AlO; coating shows a relatively stable scattering spectrum.
Irradiation is only seen to introduce a small (<10 nm) red-shift
of the spectrum and a slight (<8%) increase in the peak
scattering intensity. Similarly small changes in the scattering
spectra were found in samples with 1.5, 2.2, and 3.4 nm thick
Al,O; coatings, as shown in Figures Sc—e, respectively. In
contrast with the observations made for particles in the absence
of an Al,O; coating, the spectra in Figures Sb—e remain stable
after prolonged irradiation.

The remarkable stability of Au nanoparticles on Al,O;-coated
Au films under high power laser irradiation is attributed to their
close proximity to their equilibrium thermodynamic shape as
well as the stability of the oxide spacer layer used. Given the
subtle nature of the spectral changes observed in Figure $, it
seems unlikely that the observed spectral shifts are the result of
any major changes in the nanoparticle shape. One possible
origin of the small spectral shifts is the slight modification of the
particle—substrate interaction. To investigate this possibility,
scattering spectra were calculated of a gold nanoparticle on the
same Al,O; spacer layers as in Figure 2 with a 0.75 nm organic
shell and a 0.6 nm organic shell on the nanoparticle (black and
red solid lines respectively). These simulations should be
considered illustrations of the effect of subnanometer changes
in the effective particle—substrate separation, e.g., through slight
nanoparticle deformation, changes in configuration or position
of any remaining organic ligands on the Au nanoparticle
surface, or the thermally stimulated removal of organic
molecules from the gap region. The possibility of the thermally
induced temporary removal of a surface water layer was
rejected, since the red-shift persisted for minutes after the
irradiation. Figures Sg—j show the simulated spectra for the
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Al,O; supported Au nanoparticle with different organic shell
thicknesses. For each AL, O; spacer layer thickness a similar
effect is observed: the reduction of the organic layer thickness
1.5 A results in a small red-shift of the resonance peak. These
simulated resonance shifts are slightly smaller than those
observed in the corresponding experimental images (Figures
Sb—e). Intriguingly another experimentally observed trend is
reproduced remarkably well by the simulations: the experi-
ments show that the peak scattering wavelength becomes less
sensitive to laser irradiation on samples with a thicker Al,O;
spacer layer. This trend is reproduced in the numerical
simulations while assuming an identical structural change in
all cases (here represented by a 1.5 A reduction in the organic
cover layer thickness). This trend can be understood by noting
that the distance dependence of the plasmon resonance
becomes less pronounced at large spacer layer thickness, as
observed in Figure 4a. These observations support the
assumption that the laser-induced spectral changes are related
to small changes in particle—substrate interaction. Please note
that the presented data indicate the stability against irradiation
of gold nanoparticles on an Al,Oj-coated gold substrate;
however, note that analyte molecules may decompose or
otherwise be modified at lower irradiation powers.

Despite the good correspondence between experimental and
simulated trends in Figure 5 for Al,Os-coated samples,
significant differences are observed for the sample not coated
with ALO;. The results obtained with the 1.5 A reduction in
organic shell thickness show a smaller reduction in peak
scattering signal and a smaller red-shift than observed
experimentally. The differences are possibly due to the fact
that the numerical simulations ignore nonlocal effects***>** or
effects related to electron tunneling expected to occur at small
gap sizes.””

Several alternative hypotheses were considered to explain the
observed spectral shifts observed upon laser irradiation,
including significant thermally induced changes in particle
shape (faceting), the formation of a finite electrically conductive
contact area between particle and substrate in the case of an Au
nanoparticle on the Au film, and the development of the
theoretically expected contact angle of Au on Al,O; upon laser
irradiation. However, none of the corresponding numerical
simulations led to satisfactory agreement in spectral shape and
spectral location, leading to e.g. dramatically larger red-shifts or
the development of pronounced multipolar resonances that
were not observed experimentally. The irradiances used here
are also substantially lower than those used in recent work that
demonstrated particle deformation due to optical gradient
forces (~100 times).*> We therefore conclude that the spectral
changes observed here are due to minute changes in effective
particle—substrate interaction, possible due to redistribution,
deformation, oxidation, or removal of surface molecular layers.

4. CONCLUSION

In conclusion, we demonstrate wide-band plasmon resonance
tuning of gold nanoparticles on thermally and chemically stable
Al,O;-coated gold substrates. Dark-field microscopy images and
hyperspectral images show well-separated scattering patterns
indicative of a strong z-polarized plasmon resonance. Optical
spectroscopy of individual nanoparticles shows spectral tuning
from 690 to 610 nm as the Al,Oj; thickness increases from 0 to
3.4 nm. The observed tuning range of ~80 nm is 3 times larger
than previously achieved for Au nanoparticle resonances tuned
with anodized Al substrates, as the current structure does not

suffer from a limiting native oxide layer thickness. Simulated
scattering spectra show a good agreement with experimental
observations, and the corresponding field enhancement factors
suggest SERS enhancement factors well in excess of 10° are
possible. The scattering spectra on Al,O; coated Au films were
found to remain stable upon prolonged exposure to 100 W/
mm? laser illumination near the nanoparticle plasmon
resonance wavelength, demonstrating that this structure may
be used as a reliable optical biochemical sensing platform.
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© Supporting Information

The method used for generating a false color image from a
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