
Gap-Plasmon Enhanced Gold Nanoparticle Photoluminescence
Chatdanai Lumdee,† Binfeng Yun,‡ and Pieter G. Kik*,†,§

†CREOL, The College of Optics and Photonics, and §Physics Department, University of Central Florida, 4000 Central Florida
Boulevard, Orlando, Florida 32816, United States
‡Advanced Photonics Center, School of Electronic Science and Engineering, Southeast University, Nanjing 210096, China

*S Supporting Information

ABSTRACT: Gap-plasmon-enhanced gold nanoparticle photoluminescence is
studied experimentally at the single-particle level. The photoluminescence spectra of
gold nanoparticles on an Al2O3-coated gold film under both 532 and 633 nm
excitation show a clear peak near the measured gap-plasmon resonance wavelength.
Comparing the collected emission spectrum with that from a gold reference film under
633 nm excitation, a peak photoluminescence enhancement factor of 28 000 is
observed. The spectral shape and absolute magnitude of the enhancement factors for
both excitation wavelengths are reproduced using numerical calculations without the
use of any free parameters. The photoluminescence enhancement is explained in terms
of a gap-mode-enhanced e−h pair generation rate and a wavelength-dependent
enhancement of the emission efficiency.
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The first observation of gold photoluminescence (PL) was
reported in 1969 by Mooradian, who observed a broad

unpolarized emission spectrum with an emission peak at ∼500
nm. These findings were attributed to radiative recombination
of holes in the d-band with electrons in the sp-band1 with an
estimated emission quantum efficiency on the order of 10−10. In
1986 Boyd et al. developed a detailed model describing the
photoluminescence from roughened metal films in terms of
band structure and field enhancement factors. By describing the
rough surface as a random collection of grounded nanoscale
hemispheres and considering the field enhancement at the
excitation and emission wavelengths, good agreement between
measured and experimental photoluminescence data was
obtained.2 Since those early observations advances in nano-
fabrication have enabled the systematic investigation of
photoluminescence from large collections of gold nanostruc-
tures. Such ensemble measurements revealed an unusually
strong PL signal, which unlike that observed in bulk gold shows
emission peaks that correlate with plasmon-related peaks in the
extinction spectra, suggesting that surface plasmons are
involved in the emission enhancement.3−7 More recently,
advances in microscopy and spectroscopy techniques have
enabled the investigation of the PL response of individual gold
nanostructures. These single-particle studies demonstrated a
close correlation between the PL spectra and their scattering
spectra and confirmed the increase in PL quantum yield
compared to bulk gold.8−12 Moreover, it was observed that the
enhanced PL from anisotropic gold nanostructures results in
emission with a polarization angle aligned with the polarization
direction of a spectrally matched plasmon resonance, even
when the structure is excited at frequencies far from the

resonance.12−14 Most studies describe the enhancement in
terms of a plasmon-enhanced e−h pair generation rate and a
plasmon-enhanced radiative recombination efficiency, both
associated with the enhanced local electric fields that occur
near the plasmon resonance frequency. In addition it has
recently been proposed that excitation of high-angular-
momentum plasmons can become a major nonradiative e−h
recombination channel for holes located near the metal
surface.15 Despite the general agreement on the main
contributing factors to the fluorescence enhancement, few
studies quantitatively analyze these effects at the single-particle
level.4−7,11−14

A plasmonic system that has recently received a significant
amount of attention is the film-coupled nanoparticle system.
Metal particles deposited on metallic or highly polarizable
substrates or films exhibit resonances that are strongly localized
near the gap between the particle and the substrate. The field
enhancement provided by such gap plasmons can significantly
exceed that of individual nanosphere resonators, and it has been
used in plasmon-mediated optical sensing applications
including the detection of local chemical reactions16 and
surface-enhanced Raman scattering of molecules.17−20 This
structure is also of interest due to its ability to generate
energetic electrons and holes in the important junction region
of a nanoparticle with a dielectric-coated substrate, which may
have applications in plasmon-enhanced (internal) photo-
emission and plasmon-mediated photocatalysis.21−24 In addi-
tion, film-coupled nanoparticles offer several advantages over
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other coupled plasmonic resonators that support gap plasmons.
These include their ease of fabrication, their highly reproducible
optical response, their structural stability, and their wideband
spectral tunability through variation of the particle−substrate
separation.25−27 These factors make film-coupled nanospheres
a promising platform for the quantitative analysis of plasmon-
enhanced gold photoluminescence and related electronic
effects. The present study uses a combination of single-particle
scattering spectroscopy and single-particle multiwavelength
excited photoluminescence spectroscopy to determine the
magnitude and physical origin of the gold PL enhancement by
gap plasmons. A numerical approach is presented that achieves
quantitative agreement between the observed and modeled PL
enhancement spectra. We show a maximum measured PL
enhancement factor as high as 28 000 at the gap-mode
resonance wavelength, relative to the PL signal obtained from
a planar gold film with an area equal to the physical cross-
section of the nanoparticle.

■ RESULTS AND DISCUSSION
To generate a structure supporting gap plasmons, 80 nm
diameter gold nanoparticles were deposited from a colloidal
solution onto an aluminum oxide (Al2O3)-coated gold film with
a measured Al2O3 thickness of 3.4 nm. This results in the
formation of a well-defined nanostructure with a plasmon
resonance wavelength in the visible range. Details of the
experimental and numerical procedures are provided in the
Methods section. Figure 1a shows a dark-field microscopy
image of the gold nanoparticles sparsely distributed on the
Al2O3-coated gold film. The film-coupled nanoparticles
predominantly scatter red light and appear ring-shaped,
characteristic of a vertically polarized gap-mode plasmon
resonance.25,28,29 Note that all gold nanoparticles have similar
scattering color and intensity, indicating that all particles
support similar plasmon resonances. Figure 1b presents the
peak-normalized measured scattering spectrum Iscat (solid line)
of the nanoparticle highlighted by the white dashed square in
Figure 1a. The scattering spectrum has a strong resonance peak
at ∼650 nm with a full width at half-maximum (fwhm) of ∼68
nm and a small shoulder at a wavelength of ∼550 nm. Spectral
measurements on several other particles reveal typical variations
in peak scattering wavelength on the order of ±10 nm. For
additional representative spectra see the Supporting Informa-
tion. Numerical simulations of the scattering spectrum were
carried out to identify the modes responsible for the features in
the experimental scattering spectrum. Figure 1c shows the
simulated scattering spectrum of an 80 nm diameter spherical
Au nanoparticle on a gold film coated with a 2.8 nm Al2O3 film,
close to the experimentally determined Al2O3 thickness. The
simulations reproduce the experimentally observed scattering
peak position of 652 nm, as well as the presence of a secondary
peak at shorter wavelength. Figure 1d and e show the simulated
distribution of the electric field magnitude relative to the
incoming field at 550 nm and at 652 nm, respectively. Note that
in both cases the field enhancement factor near the gap exceeds
the plotting range. The main resonance peak at 652 nm is seen
to correspond to a highly confined plasmon mode with most of
the field concentrated near the gap between the particle and the
gold film (gap plasmon).29 At this frequency the peak field
amplitude 1 nm inside the gold particle exceeds the incident
field strength by a factor 17 under TM illumination. Unlike the
more common situation of spherical and ellipsoidal nano-
particles suspended in solution, the field enhancement is highly

inhomogeneous, complicating the analysis of related optical
effects. The electric field distribution under 550 nm excitation
shows the presence of a higher order resonance with lower
overall field enhancement than the main resonance. This mode
appears relatively prominent in the simulated scattering
spectrum in Figure 1c compared to the experimental results.
This difference may be due to the fact that the simulations do
not take into account the nonlocal nature of the metal dielectric
function, which is known to suppress modes exhibiting
significant field variation over a typical distance vf/f with vf
the Fermi velocity and f the plasmon resonance frequency
through a process known as Landau damping.30 In gold at 550
nm this distance is 2.5 nm, which is indeed comparable to the
spatial field variation near the gap of the electric field
distribution at 550 nm in Figure 1d.
Photoluminescence measurements of individual gold nano-

particles were carried out using continuous wave excitation at
either 532 or 633 nm. The experimental setup is shown
schematically in Figure 2. A 100 μW laser beam (532 or 633
nm) is sent into the microscope via a laser port and directed
off-center to the microscope objective, leading to p-polarized
illumination at the sample surface at a measured angle of
incidence of ∼35°. The fwhm of the laser spot at both
wavelengths was determined to be ∼2.8 ± 0.2 μm using the
nanoparticle-mediated beam sampling method described in ref
26. This excitation geometry provides the surface-normal
electric field component needed to excite the gap mode on the
Au nanoparticles. This is illustrated by the simulation results in
Figure 2b and c, showing a snapshot of the z-component of the
electric field under p-polarized excitation respectively at 532
and 633 nm at an angle of 35°, scaled to the same field value.
These excitation wavelengths are close to the gap-mode
resonance wavelengths, and indeed in both cases the excited
field distribution is seen to be strongly confined in the gap.
Note that the mode excited at 532 nm exhibits a higher spatial
frequency along the particle perimeter and lower internal field
strength compared to the mode excited at 633 nm.

Figure 1. (a) Dark-field microscopy image of 80 nm diameter gold
nanoparticles on an Al2O3-coated gold film. (b and c) Measured and
simulated scattering spectra of the gold nanoparticle highlighted in (a).
(d and e) The simulated distribution of the electric field magnitude
under illumination at respectively 550 and 652 nm TM at an angle of
incidence of 77°, corresponding to the experimental dark-field
illumination angle.
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Figure 3a shows gold photoluminescence spectra collected
under 532 nm excitation, obtained from the sample shown in
Figure 1a. Since the laser spot size is much smaller than the
typical interparticle separation, it is possible to selectively excite
a region of the Au film that does not contain nanoparticles. The
dark green line shows such a reference measurement collected
from a region near the nanoparticle, resulting in a broad
featureless emission spectrum with a short-wavelength onset
governed by the long-pass filter used to suppress Rayleigh
scattering. This emission is commonly attributed to the
excitation of d-band electrons to the sp-band followed by
radiative carrier recombination.2,31 On the basis of the absorbed
laser power, the collection efficiency, and the integrated photon
count, the quantum efficiency of the detected photolumines-
cence is estimated to be 3 × 10−10. This matches typical
numbers reported in the literature, providing further evidence
that the collected signal originates from the gold film.1 The
bright green line in Figure 3a shows the PL signal collected
when the nanoparticle highlighted in Figure 1a is moved into
the center of the excitation spot. In this case a similar broad
luminescence background is present; however additional signal
appears near the nanoparticle gap mode resonance wavelength,
resulting approximately in a doubling of the PL signal at 660
nm. Remarkably, this signal doubling is achieved using a
particle that has a physical cross-section 3 orders of magnitude
smaller than the laser spot area; see the left sketch in Figure 3a.
Figure 3b shows the corresponding data under 633 nm
excitation. In this case the signal from an area not containing a
nanoparticle (dark red line) is again broad and featureless, but a
factor 2.4 weaker than when excited with green light. This
reduction in signal is attributed to the fact that at this lower
excitation energy fewer interband transitions are available, as
evident from the Au band structure and the Au dielectric
function, leading to a reduced e−h pair generation rate. Note
that the spectrum shows a narrowband dip near the laser line.
This is caused by the response of the notch filter that was used
to suppress Rayleigh scattering of the excitation laser. The PL
signal from the area containing the nanoparticle (bright red
line) is remarkably strong under 633 nm excitation, exceeding
the corresponding background signal by a factor ∼16 at the
main gap-plasmon resonance wavelength. The nanoparticle

(NP)-enhanced PL emission appears to have a different
spectral shape under different excitation conditions, which is
largely due to the different relative contribution of NP-
mediated PL and the Au film PL background in these two
cases; see the Supporting Information. No experimental
evidence was found for photoluminescence excited via
propagating surface plasmon polaritons on the gold surface.

To investigate the nanoparticle-mediated PL enhancement
quantitatively, we define a photoluminescence enhancement
factor gPL as

λ λ
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where INP is the PL signal collected when illuminating an area
containing a particle, Ifilm is the signal collected from a substrate
area away from the particle, Aeff is the effective laser spot area
defined as Aeff = πR1/e

2 with R1/e the spot radius at 1/e of the
peak irradiance, and σNP is the physical cross-section of the NP.
With this definition, the enhancement factor represents the PL
signal added by the presence of the particle, relative to the PL
signal from a substrate area with a size equal to the physical
cross-section of the particle excited at the same irradiance. This
enhancement factor is independent of the laser spot size, does
not depend on the intrinsic wavelength-dependent e−h
generation efficiency, and does not depend on the intrinsic
wavelength-dependent emission efficiency. Figure 4a shows the
experimentally obtained PL enhancement spectra gPL for the
gold nanoparticle highlighted in Figure 1a excited with 532 and
633 nm laser beams (green and red solid lines, respectively),
based on the curves in Figure 3 and the measured laser spot
sizes. For comparison the peak-normalized scattering spectrum
of the particle has been included (black dashed line, right axis).
Several features should be noted. First, the maximum PL
enhancement occurs close to the main plasmon resonance
wavelength of the nanoparticle. Second, the shape of the
enhancement spectrum appears identical for the two excitation
wavelengths. Third, the overall enhancement factors achieved

Figure 2. (a) Experimental configuration for single-particle photo-
luminescence spectroscopy. (b and c) Snapshots of the simulated
electric field distributions respectively under 532 and 633 nm
excitation at an angle of incidence of 35°, corresponding to the
experimental laser excitation angle.

Figure 3. Photoluminescence spectra collected under 532 nm
excitation (a) and 633 nm excitation (b) from areas containing a
gold nanoparticle (bright green and bright red lines) and no gold
nanoparticle (dark green and dark red lines). The insets schematically
show that a gold nanoparticle adds PL signal at the particle resonance
wavelength (red arrows) to the weak background PL.
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under 633 nm excitation are approximately an order of
magnitude larger than under 532 nm excitation. These
observations reproduce quantitatively when considering differ-
ent particles on the same sample; see the Supporting
Information. The largest enhancement is achieved near the
gap-mode resonance under excitation near the resonance
frequency, showing a peak enhancement factor of 28 000.
To understand the observations in Figure 4, we quantitatively

model the photoluminescence enhancement factor by evaluat-
ing the nanoparticle-induced changes in e−h generation rate
and emission efficiency based on simulated electric field
distributions. The electron−hole pair generation rate in a
volume element dV inside gold is proportional to εIB″ |E⃗TM(r,⃗ω)|

2

where ω is the angular frequency of the excitation source,
εIB″ (ω) is the part of the imaginary dielectric function related to
interband transitions at the excitation frequency, and E⃗TM(r,⃗ω)
is the simulated field distribution under TM excitation at the
experimental angle of incidence (see Figure 2b and c for the
corresponding field cuts). To determine the enhancement of
the emission efficiency, we make several assumptions. First, we
assume that radiative e−h recombination in the gold film is
highly inefficient and remains highly inefficient in the presence
of the nanoparticle. In this case any changes in emission rate are
accompanied by an improvement of the emission efficiency by
the same factor. Second, we assume that the radiative emission
rate into a given narrow angular range is proportional to the
simulated local electric field intensity under plane wave
excitation at an angle in that range. Third, we assume that
the collected PL spectrum is dominated by signal emitted at the
a typical collection angle of 35°. Since radiative recombination
may lead to s- or p-polarized emission, we take into account
simulated fields ETM(ωem) and ETE(ωem) for TM and TE

polarization, where ωem represents the angular frequency of the
emitted light. Finally, we assume that carrier movement during
the e−h recombination time is negligible relative to the spatial
extent of the excitation field, allowing us to model excitation
and emission enhancement based on simulated electric fields at
a single position r.⃗ On the basis of these assumptions, the
emission rate RPL from a volume element near position r ⃗
excited at ωexc is proportional to
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where γ is a function describing the bulk gold photo-
luminescence spectrum under excitation at ωexc. Position
arguments have been omitted for brevity. The total gold
photoluminescence in the presence of a gold nanoparticle (INP)
can now be calculated in relative units based on the simulated
field distributions by integration of eq 2 throughout the particle
volume and the Au film, while Ifilm can be determined similarly
from simulated field distributions in the absence of a
nanoparticle. The resulting spectra allow us to predict the
absolute PL enhancement factor gPL quantitatively using eq 1
without the use of any free parameters for a given simulation
geometry.
Figure 4b presents the resulting simulated PL enhancement

spectrum gPL for excitation at 532 nm (green solid line) and
633 nm (red solid line) of the structure shown in Figure 2. The
peak-normalized calculated scattering spectrum is included for
comparison (black dashed line). The simulated results show
remarkable agreement with the experimentally determined
enhancement spectra. First, the maximum simulated enhance-
ment factor under excitation at 633 nm is 22 000, only 22%
lower than the experimentally determined value, despite the
sensitivity of the result on the laser spot size and particle
alignment in the laser spot. It bears repeating that this
correspondence is obtained without the use of any free
parameters. Second, the simulated PL enhancement under 532
nm excitation is a factor of 8 lower than under 633 nm
excitation, compared to a factor of 15 in the experiment. Third,
the simulated enhancement spectra have a nearly identical
shape for different excitation wavelengths, as is also observed
experimentally. Finally, the maximum simulated enhancement
appears at slightly longer wavelengths than the scattering peak
wavelength. Numerical simulations indicate that this small shift
is a result of the difference in excitation angle for the scattering
spectroscopy and PL measurements.
Given the good correspondence between the experimental

and numerical results, we are able to assign the physical origin
of the various experimental observations. Figure 5 illustrates the
contributing factors to the PL enhancement under excitation at
532 nm. Figure 5b shows the Au band structure around the X
point adapted from ref 32 with the energy of the top of the d-
band set to 0 eV and energies below the Fermi level marked by
the shaded region. Excitation of a gold film with 532 nm light
can excite d-band electrons into empty sp-band states (green
vertical arrow), followed by electron and hole relaxation and
eventual electron−hole recombination. From the experimental
scattering spectrum shown in Figure 5a it is clear that this green
light (energy marked by the green dashed line) interacts with
the higher order plasmon mode, resulting in slightly enhanced
e−h generation in the Au nanoparticle gap region, in addition

Figure 4. Measured (a) and calculated (b) photoluminescence
enhancement spectra gPL for a gold nanoparticle excited with 532
nm (green solid lines) and 633 nm (red solid lines) laser lines. The
black dashed lines show the measured and calculated peak-normalized
scattering spectra of the particle.
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to the e−h pairs generated in the gold film. This excitation
enhancement slightly increases the total PL intensity in this
case and does not affect the spectral shape of the emission.
During relaxation of the generated energetic carriers, a small
probability of radiative recombination exists. Since the extra e−
h pairs are predominantly excited near the gap (see Figure 2b),
they experience a strongly enhanced local optical density of
states associated with the gap-plasmon mode, leading to an
enhancement of the emission rate. Consequently, the
observation of large enhancement factors requires spatial
overlap of the plasmon-enhanced e−h generation profile with
the field distribution of the plasmon mode that is responsible
for the emission enhancement. When the energy difference
between the electron and the hole during relaxation matches
that of the gap-plasmon resonance (marked by the red
horizontal arrows in Figure 5a and c), the recombination rate
is maximally enhanced, coupling energy into the gap mode,
which subsequently radiates into the far field. Figure 5c shows
the corresponding experimental PL spectra under 532 nm
excitation of a flat gold film (gray line) and of a gold
nanoparticle on the film (black line). For excitation at 633 nm,
the mechanism is similar, but the excitation photon energy is
closer to the gap-mode resonance energy, resulting in a
stronger enhancement of the e−h generation rate. In addition,
the excitation field distribution is almost exactly matched to
that of the gap mode, maximizing the fraction of e−h pairs that
can interact with the gap mode. Together these effects explain
the larger overall PL enhancement factors observed under 633
nm excitation compared to those observed under 532 nm
excitation. Note that under 532 nm excitation, e−h pair
generation and therefore radiative recombination can occur
near both the X point and the L point in the Au band structure,
as discussed in detail in ref 8. It has been suggested that the
radiative recombination efficiencies from these two types of e−
h pairs could be different, which in principle could affect our
analysis. The good correspondence between our measured and
simulated enhancement factors suggests that such differences
do not have a major effect on the magnitude of the
enhancement factor in this system. This may be due to the

fact that the radiative recombination efficiencies for either class
of e−h pairs are much smaller than unity, and consequently for
both classes of e−h pairs an increase in the radiation rate will
lead to a linearly proportional increase in the emission
efficiency.
While the numerical simulations and the physical model

description are able to quantitatively describe the key aspects of
the experimentally observed enhancement spectra, differences
are observed. Most notably the simulated PL enhancement
spectra exhibit a pronounced shoulder near 580 nm that is not
observed in the experimental data. This shoulder is caused by
the higher order resonance observed in the simulations; see
Figure 2b. As argued before, this mode is expected to be
relatively highly damped due to nonlocal effects that are not
accounted for in the simulations, resulting in an overestimation
of the field enhancement and therefore of the e−h excitation
enhancement. A final point worth noting is that the gap-mode-
enhanced photoluminescence does not originate exclusively
from the Au nanoparticle. On the basis of the simulations, we
find that the extra PL contributed by the gap-mode plasmon
resonance (λ = 660 nm) originates largely from the region
inside the Au nanoparticle closest to the substrate (∼70%),
while the region of the gold film directly underneath the
nanoparticle contributes ∼30% of the added PL signal.

■ CONCLUSION

In conclusion, we have measured plasmonic gap-mode-
enhanced photoluminescence of a gold nanoparticle on an
Al2O3-coated gold film. A PL enhancement factor was defined
making use of the PL signal collected from a gold film
reference, and based on this definition a maximum PL
enhancement factor of 28 000 under 633 nm excitation was
obtained. Numerical simulations were shown to reproduce the
excitation wavelength dependence, the spectral shape of the
enhancement, and the absolute enhancement factors without
the use of any free parameters. The enhancement could be
explained entirely in terms of a plasmon-enhanced e−h pair
generation, combined with an increase in the emission rate
associated with the electric field enhancement near the
particle−substrate contact point.

■ METHODS

An Al2O3-coated gold film was prepared by thermal evaporation
using a multipocket Edwards FL 400 thermal evaporator. A 2
nm thick chromium wetting layer was deposited onto a glass
coverslip (Thermo Scientific), immediately followed by the
thermal evaporation of a 50 nm gold film. A few-nanometer-
thick aluminum layer was deposited on the gold layer without
breaking vacuum. The aluminum film completely oxidizes into
an Al2O3 layer after exposure to air. The Al2O3 thickness was
measured using variable-angle spectroscopic ellipsometry and
was found to be 3.4 nm. Gold nanoparticles were drop-coated
on the substrate and left to dry in air from an ethanol-diluted
monodispersed gold nanoparticle colloidal solution (BBInter-
national) with a particle diameter of 80.7 nm (size variation σ <
3.9%).
Optical microscopy and spectroscopy were performed on an

Olympus IX-71 inverted microscope equipped with standard
dark-field optics using a 50× dark-field objective (Olympus
UMPlanFl 50× BD, collection NA = 0.75, 77° illumination
angle). Dark-field images and single-particle spectra were
recorded using a Canon EOS 450D digital camera and an

Figure 5. (a and c) Measured scattering and photoluminescence
spectra of a film-coupled gold nanoparticle. The dashed green lines
mark the photon energy corresponding to 532 nm excitation. The
horizontal red arrows indicate the gap-plasmon resonance energy. (b)
Au band structure around the X point near the Fermi level, adapted
from ref 32. The vertical green and red arrows show e−h excitation at
532 nm followed by plasmon-enhanced recombination at an e−h
energy separation that matches the gap-plasmon resonance energy.
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imaging spectrometer (Horiba iHR320 spectrometer equipped
with an Andor DU401-BR-DD CCD camera), respectively. The
large interparticle separation allows for the spatial selection of
individual nanoparticles for spectroscopy by limiting the
spectrometer entrance slit width and using vertical binning of
the recorded CCD data (collection area ∼6 × 4 μm2). All
spectra were collected with a 10 seconds exposure time and
corrected for the detector dark current. The raw spectra were
averaged over 18 pixels to match the optical spectral resolution
of 10 nm. The scattering spectrum of gold nanoparticles was
obtained by collecting the scattered signal from the particle
(INP), subtracting the scattered signal from a nearby area
without a nanoparticle (Iref), and dividing by the latter,
corresponding to the formula Iscat = (INP − Iref)/Iref.
For single-particle PL measurements each nanoparticle was

aligned to the center of the laser spot using a three-axis
piezocontrolled sample stage. The reflected laser beam was
blocked using a beam stop, and any remaining Rayleigh
scattered laser light was suppressed using a 550 nm long-pass
filter in the case of 532 nm excitation and a notch filter in the
case of 633 nm excitation. Photoluminescence spectra were
recorded under 100 μW continuous wave irradiation with the
same collection system as used in the scattering spectroscopy
but using a 60 seconds integration time and ∼6 × 10 μm2

collection area. All spectra were corrected for the detector dark
current and the grating and detector spectral response
functions.
Frequency domain full-field electromagnetic simulations

were carried out using CST Microwave Studio33 assuming a
unit cell boundary condition with a lateral cell size of 240 nm ×
240 nm. Plane waves with TE and TM polarization were used
as the excitation sources. Simulated electric field distributions at
an angle of incidence of 77° and 35° were used to calculate the
gold particle scattering spectrum and PL enhancement
spectrum, respectively. Literature data were used for the
dielectric functions of gold and Al2O3.

34,35 The scattering
spectrum of a gold nanoparticle was calculated using the
method described in ref 26. Briefly, the calculated electric fields
in the particle and the gold film were first used to calculate the
total electric dipole of the structure (μ). The scattering
spectrum is assumed to be proportional to the dipole radiation
power: Iscat ∝ ω4|μ|2.36
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