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Plasmonic nanocavities, formed by closely spaced metal nanostructures, can generate electromagnetic
hotspots with significantly enhanced electromagnetic fields. Here, we introduce a strategy to form acces-
sible hotspot regions within plasmonic double disc nanoantennas, which we use to enhance the lumine-
scence properties of colloidal quantum dots. The nanoantennas, formed by two gold discs separated by a
silica spacer, are fabricated via colloidal lithography. A controlled wet-chemical etching step partly
removes the spacer, thereby exposing the cavity gap, which enables colloidal quantum dot deposition.
Finite-difference time domain (FDTD) simulations are used to study the plasmonic properties of this struc-
ture and their influence on the quantum dot emission profile. These simulations show that the gap
opening leads to distinct plasmonic properties capable of enhancing the quantum yield via coupling to
the excitation (633 nm) and emission (900 nm) wavelengths of the QDs. Experimentally, QDs interfaced
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with the exposed gap by capillary forces exhibit up to a tenfold increase in photoluminescence compared
to a continuous gold film and a 3.5-fold enhancement over nanoantennas with a closed gap. These
findings highlight the potential of precise structural control in plasmonic devices to enhance and control
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Introduction

Plasmonic nanocavities are formed in small gaps when two
metal nanostructures are brought in close proximity."” As the
localized surface plasmon resonances of both particles hybri-
dize,® the small mode volume of the nanocavity gives rise
to a hotspot with strongly enhanced electric field.* The high
E-field density in such hotspot regions enhances light matter
interactions,”” paving the way for applications in different
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emission properties of colloidal light sources.

areas, such as sensing,® biomedicine,”'® energy harvest-
ing,"'™" or catalysis."*"® A particular consequence of the con-
fined E-field is the enhancement of luminescence of a
quantum emitter, such as a fluorescent dye or a semi-
conductor quantum dot (QD) placed within the cavity, by the
modification of the excitation rates and the quantum yield."®
This emission enhancement strongly depends on the posi-
tion of the emitter within the cavity.>'” Quenching of emission
is observed if the emitter is very close to the metal surface
(<5 nm), while enhancement occurs at slightly larger distances
within a range of 5 nm to 20 nm."®'® Consequently, in order to
exploit plasmon-enhanced light emission, both structural and
optical properties of the two components need to be carefully
aligned. First, the emitter position within the cavity needs to be
precisely controlled to avoid quenching, yet provide high E-field
enhancement.”® Second, the excitation of the emitter needs to
be spectrally matched with the absorption of the plasmonic
mode to harvest excitation enhancement.” Finally, when the
emission wavelength of the emitter coincides with the prevailing
scattering resonance of the cavity, the emission properties can
be altered, e.g. to provide directionality in the far-field.*®*"*
The typical target wavelength of plasmon-enhanced lumine-
scence is in the visible range,”>>* which is of interest for
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designing efficient light sources. Recently, emission enhance-
ment in the IR region has been demonstrated for biomedical
applications, to enhance sensing capabilities*® or to design
optical devices at telecommunication wavelengths. While fun-
damental research has often focused on the emission pro-
perties of organic dyes as model systems,*®>” colloidal QDs
provide attractive properties as light sources.”**° QDs exhibit
nanoscale dimensions, allowing integration into small cavities,
yet are colloidal particles, and can thus be deposited,
adsorbed, and self-assembled with high controllability.*** In
addition, QDs show robust, non-bleachable emission with
high photoluminescence quantum yields (PLQY) and tunable
emission properties in the visible and NIR region. QDs emit-
ting in the visible range are typically based on cadmium sel-
enium (CdSe), while NIR emitters often employ lead chalco-
genide such as lead sulfide (PbS) and lead selenide (PbSe).***

To enhance QD emission properties, the task is to identify
suitable plasmonic structures. Complex gold nanostructures,
including nanowires,*® nanocages,”” nanostars,”® or faceted
nanoparticles,* provide tunable optical resonance.** However,
these individual plasmonic components are challenged by
losses that can compromise their quality factor (Q-factor). The
assembly of individual plasmonic building blocks into
dimer,*® oligomer,*® or a nanoparticle-on-mirror (NPoM)*"*?
configurations lead to hybridized resonances with enhanced
electromagnetic near-fields localized in the cavities separating
the plasmonic elements.**** Such defined assemblies can be
achieved by DNA origami,”*”* template-assisted-self-
assembly,*®*” electrophoretic deposition,*® or sequential capil-
lary deposition.”® These techniques offer deterministic control
over the number and positioning of building blocks, whether
they are plasmonic elements or QDs.>® Arraying such materials
in a defined fashion further offers the possibility to employ
Fano resonances,”*> and surface lattice resonances (SLR)>*°
to control spectral position and increase Q-factors.

Double disc nanoantennas, consisting of two metal nano-
discs separated by a thin dielectric spacer are comparably
simple cavity structures. Such structures can be conveniently
prepared by colloidal lithography with well-defined sizes of the
discs and adjustable dielectric spacer.”” These structures are
also known as metal-insulator-metal architectures,”® in-
tandem pair,” or nanosandwiches.”” The coupling of plasmo-
nic modes of single discs results in hybrid modes that can be
characterized by strong field enhancement within the dielec-
tric gap.”® The spectral properties of these hybridized plasmo-
nic modes can be tuned by manipulating parameters such as
disc size,*® material composition,””**® and spacing.’’ In a
modified version, single discs can be positioned on a continu-
ous metal film to form patch antennas.®* %

The challenge to use such patch or double disc architec-
tures for QD emission enhancement is the inaccessibility of
the cavity to the colloidal QDs, which can therefore not be
interfaced directly with the hot spot region of high E-fields
located within the dielectric spacing layer.”> One potential
solution is to integrate a colloidal QD layer directly as the
spacer material during fabrication.® However, the emission
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properties of the integrated QD layer can be compromised by
the fabrication process of double disc antenna architectures,
which involve nanolithographic processes such as reactive ion
etching.®®

Here, we propose a conceptually different strategy for the
integration of QDs within the plasmon nanocavity formed by a
double disc nanoantenna. By decoupling the integration of the
QDs into the nanocavity from the fabrication process, we
ensure that their emission properties remain intact. First, we
use colloidal lithography to fabricate an array of double disc
nanoantenna structures consisting of two gold discs separated
by a silicon dioxide spacer. We then partially expose the cavity
by selectively removing the silicon dioxide spacer via a wet-
chemical etching process. Importantly, as the etching proceeds
from the outside towards the center of the spacer layer, we can
control the region of exposed gap via the etching time and
etchant concentration. Finally, we take advantage of capillary
forces, which drive particulate materials into small gaps,
wedges and other surface features®® to position QDs into the
opened cavity. We first explore the plasmonic properties of the
double disc nanoantenna, in particular as a function of gap
exposed, combining experiments and electromagnetic simu-
lations based on the finite-difference time domain (FDTD)
method to understand the resultant optical properties.
Building on the understanding of these plasmonic modes, we
then investigate the emission properties of a layer of colloidal
QDs interfaced with the double disc nanoantenna. Our results
indicate that the opening of the cavity by etching is central to
observe emission enhancement.

Results and discussion

We use colloidal lithography®”®® to fabricate arrays of

double disc nanoantennas in a simple and parallelized way.
Fig. 1A schematically illustrates the fabrication process.
First, thin films of gold (30 nm thick), silicon dioxide
(25 nm thick), and gold (30 nm thick) are deposited on a
glass substrate by thermal evaporation. A colloidal mono-
layer of polystyrene particles with a diameter of around
330 nm preassembled at the air/water interface®® is trans-
ferred onto the substrate. We then reduce the size of the
polystyrene particles using isotropic oxygen plasma to
prepare a non-close packed arrangement.”® Next, we use a
directed reactive ion etching normal to the surface to
remove any material not shielded by the particles. Upon
removal of the colloidal mask by adhesive tape, an array of
double disc nanoantenna structure results. Fig. 1B shows a
representative top-view scanning electron microscopy (SEM)
image of the fabricated structures array, highlighting the
regularity of the individual structures.

We now subject the double disc nanoantenna to a basic-pH
environment using NaOH solutions with different concen-
trations to etch the SiO, spacer layer separating the two gold
nano-discs as schematically illustrated in Fig. 2A. The tilted
SEM images of double disc nanoantenna arrays—both without

This journal is © The Royal Society of Chemistry 2025
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Fig. 1 Fabrication of double disc nanoantennas via colloidal lithography. (A) Schematic illustration of the fabrication process. (i & ii) Thin films of
gold, SiO,, and gold are deposited on a substrate. (iii) A colloidal monolayer is deposited onto the substrate and (iv) reduced in size by oxygen
plasma. (v) A directed argon-ion etch removes all material not shielded by the templating particles. (vi) An array of double disc nanoantenna finally
results after removal of the particles. (B) Top-view scanning electron microscope (SEM) image showing the double disc array.

etching and after immersion in 0.4 M or 2 M NaOH solutions
for 10 minutes—reveal the morphological changes induced
from these etching processes as shown in Fig. 2C. The
increased removal of the SiO, layer is evident by the visible
contour of both discs in the etched samples. In the case of a 4
M NaOH treatment, the SiO, layer was completely dissolved,
resulting in the removal of the top disc. Only few, separated
discs reminiscent of the second disc remained on a single
nano-disc array in this case (Fig. S1). Note that due to the fab-
rication process, the upper gold disc is slightly smaller than
the lower gold disc in all our nanoantenna structures. We
assess the plasmonic properties of these double disc nanoan-
tenna arrays by measuring absorbance (defined as —log(T),
where T is the transmittance) spectra under linearly polarized
light for normal incidence (Fig. 2B). When the dielectric SiO,
layer is etched, the low energy peak undergoes a noticeable
blue shift, which is attributed to a reduction in the effective
refractive index as the dielectric layer is removed.

To estimate the diameter of the remaining SiO, layer sep-
arating the two gold nano-discs, and the corresponding size
of the exposed region (difference in the radius of the SiO,
spacer before and after etching) in the double disc nanoan-
tenna structures after the etching process, we perform
numerical calculations of the extinction spectra at normal
incidence where we fix the diameters of the gold discs from
SEM images (see Fig. 2C), and considered infinite hexagonal
array of double disc nanoantenna over a glass substrate. We
estimate the size of the SiO, diameter by fitting the theore-
tical and experimental spectra. The optimization of this dia-

This journal is © The Royal Society of Chemistry 2025

meter ensures that the peak positions in the simulated absor-
bance spectra closely match those observed in the experi-
mental absorbance measurements (see Fig. 2B; dashed lines).
Through this process, we found that the best fit for all three
cases was achieved when the metal-insulator-metal thick-
nesses were set to 20 nm (gold)-35 nm (SiO,)-20 nm (gold).
From the shift of peak positions, we estimate a ~7% etching
of the SiO, disc for the 0.4 M NaOH treatment, and a ~13%
etching for the 2 M NaOH treatment. These etch rates corres-
pond to a reduction in SiO, disc radius hence a cavity gap
opening of ~20 nm (0.4 M) and ~40 nm (2 M). To get further
insights into the effect of the etching of the gap, as well as
into the optical interaction of the double disc surfaces in the
nanoantenna array, we measured the absorbance of etched
and non-etched structures at incident angles from 0° to 60°
using a UV-Vis-NIR spectrometer with a quasi-collimated 2 x
2 mm beam. The sample was mounted on a rotating stage for
angle variation. For these angle-dependent measurements,
we define TM polarization as the case where the magnetic
field is transverse to the plane of incidence. In Fig. 2D and E
we show measured and simulated absorbance spectra where
one can observe that the absorption peaks of the etched
structures at long wavelength are systematically blue-shifted
with respect to the non-etched ones. The agreement between
experimental and simulated spectra suggests that the experi-
mental etching steps produces well-defined structures with
predictable plasmonic properties.

With increasing angle of incidence (AOI), a progressively
complex structure of peaks is revealed at shorter wavelengths,
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Fig. 2 Plasmonic properties of double disc nanoantenna with different degree of cavity opening: (A) illustration of both non-etched and consecu-
tively etched double disc structures with different NaOH concentrations. (B) Experimental (continuous lines) and simulated (dashed lines) absor-
bance spectra at 0° angle of incidence for three different etching conditions. (C) Side view SEM images highlight the structural transformation and
clearly show the opening of a gap in the dielectric SiO; layer. Scale bar is 400 nm. (D) Experimental and (E) simulated absorbance spectra for the no-
etch (solid lines) and 2 M etch (dashed lines) double disc nanoantenna array under TM excitation with varying angles of incidence.

with emergence of peak splitting, and disappearance of other
peaks. This behavior is connected with the type of plasmonic
modes excited at different incident angles, which calls for
further analysis of such underlying modes.

To understand the plasmonic properties of the etched
double disc nanoantenna arrays under off-normal illumination
it is necessary to perform the numerical analysis of the spectra
directly from absorption, (1 — R — T, where R is the reflectance
and T the transmittance), rather than from the peaks in the

Nanoscale

absorbance spectra (Fig. 2B, D and E), given by —log(T'), which
do not allow for unambiguous identification of plasmonic
modes with generality, due to the mixing of modes building
up some absorbance peaks, as well as to distortions induced
by the logarithmic representation of this magnitude. This is
indeed a situation often found in absorption spectroscopy,
and at times neglected, that we emphasize in the following.

To carry out a proper analysis of the plasmonic modes in
our structures, we perform numerical calculations of the

This journal is © The Royal Society of Chemistry 2025
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absorption spectra of the same structures as in Fig. 2, using
the FDTD method implemented in LUMERICAL. Fig. 3A illus-
trates the geometry and dimensions of the double disc
nanoantennas used in the simulations. The absorption spectra
in Fig. 3B compare the optical response of the nanoantenna
array for different AOIs ranging from 0° to 60°, considering
two different loss conditions in the plasmonic material: realis-
tic metallic losses (solid lines) and reduced metallic losses
(dashed lines). The latter is implemented because under
regular losses (taken the permittivity from Johnson and
Christy”"), the plasmonic resonances appear broadened and
difficult to resolve, particularly at higher frequencies, due to
intrinsic dampening in gold. This broadening results in over-
lapping modes, making individual plasmonic resonances
harder to identify. To address this problem, we performed
simulations with the imaginary part of gold’s permittivity
reduced by a factor of 10, effectively lowering absorption losses

(A)
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and sharpening the spectral features. Indeed, the low loss
simulations in Fig. 3B reveals distinct resonance peaks, allow-
ing for clearer mode identification. The resonance positions
with increasing AOI remain nearly fixed, indicating strong
localization at each double-disc unit and a weak effect of the
grating. This behavior is characteristic of localized plasmons,
where the individual nanoantenna units dominate the optical
response, with the periodic array (grating) having minimal
influence on the resonance positions. Although a grating
mode is not clearly observable in the spectra, calculations for
the hexagonal array confirm the presence of a grating mode
(-1, 0) in the 650-750 nm region. This suggests that while the
grating effect is weak, it is not entirely absent. Instead of shift-
ing resonance positions, we observe a redistribution of spectral
intensities: some modes at higher frequencies decrease in
intensity, suggesting a reduced excitation efficiency, while
some intermediate modes become more pronounced due to

Simulation Normal loss

====- Reduced loss

Normalized Absorption (1-R-T)

1
800 1000 1200
Wavelength / nm

1400

Fig. 3 Simulated near electric field and absorption spectra of etched double disc nanoantenna array: (A) schematic illustration of the geometry of
the simulated 2 M NaOH etched double disc nanoantenna array. (B) Simulated absorption spectra of the etched nanoantenna array at different AOls
for regular losses (solid lines) and reduced losses (dashed lines). (C) Electric field enhancement (|E(r)/E,|) distributions in the etched double disc
nanoantenna on a glass substrate for reduced-loss simulations. Side profiles and top-view perspectives are displayed for six wavelengths that corres-
pond to distinct peaks in the spectra and that we associate with the modes denoted as Si1, Sz1, So1, S*31. S*12 and S*; (also labeled in B), all observed
at an AOI of 60°. The low-loss spectrum shows a small peak around 1040 nm that indicates the presence of an additional mode, but this peak is not
observable in the simulation with realistic losses and should thus not affect the experimental results.
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the modified coupling with the illumination. This behavior
results from the interplay between the incident wavevector and
the symmetries inherent to each mode, which produces a
complex balance of activation and deactivation of modes all
over the spectrum. Increasing AOI produces more effective
coupling of certain symmetries and reduced coupling in
others.

To provide further insights into the properties and sym-
metries of these plasmonic resonances, we first discuss the
modes supported by a cylindrical cavity of radius R, focusing
on the spatial field distribution in the middle plane of the gap
(Fig. 3C). To a first approximation, this cavity supports S,,,
modes corresponding to z-component of the electric fields in
this plane E,, ,(7,¢) ~ Jm(@mnr/R)cos(mg), which are solutions of
Helmholtz equation in cylindrical coordinates.”>”® In this
expression J,, is the Bessel function of m-th order describing
the radial oscillation of the field, and cos(mg) governs its azi-
muthal distribution. The a,,, values correspond to the n-th
roots of the derivative of the Bessel function of m-th order, i.e.,
Jm(amn) = 0, so that the fields are stronger at the patch edges
(taken in our system as the edge of the upper metallic disc),
which is consistent with the relatively strong fields in this
region in the simulations discussed below. Within this termi-
nology, n is the number of radial nodes along the radial direc-
tion (from r = 0 to R) and m denotes the number of azimuthal
nodes along a semicircle (from azimuthal angle ¢ = 0 to =).
The top panels in Fig. 3C display the simulated electric field
enhancement (|E(r)/E,|, where E(r) is the total electric field at
position r and E, is the incident electric field) distributions at
the wavelength of the spectral peaks that we associate with the
excitation of the S;4, S,; and Sp; modes. For the analysis of
this figure, the simulations are always performed at AOI = 60°
in a situation of reduced absorption losses. The side view of the
electric field distributions, shown in a vertical cross section
through the center of the double disc nanoantennas, highlights
the strong field enhancement in the gap between the two gold
discs. This enhancement arises from the interaction of charges
excited at the inner surfaces of the gold discs, which are separ-
ated by the dielectric spacer. Meanwhile, the top view of the
electric field distributions, shown in the plane parallel to the
gold discs at the center of the SiO, gap, reveals the confinement
of the fields within the dielectric spacer.

The dipolar mode, S;4, is characterized by one radial node
and one circular node, with a simple charge distribution fea-
turing two opposing lobes (Fig. 3C, see SI Fig. S2). As expected
for a dipolar mode, the intensity of this mode decreases with
increasing AOI, consistent with a cos*(9) dependence. This
trend arises from the reduced coupling between the incident
electric field and the dipole moment at larger angles.
Meanwhile, the resonance wavelength of the mode remains
nearly constant across all AOIs, indicating that the spectral
position of the mode is robust against angular variations. This
behavior highlights the strong localization of the mode within
the double disc structure, which minimizes the influence of
the incident angle on the resonance condition. The quadrupo-
lar mode, S,,, exhibits one radial node, and two circular nodes
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(from ¢ = 0 to =), resulting in four charge lobes, and its inten-
sity gradually increases in the spectra at higher AOIs due to
stronger coupling efficiency with the incoming light. The Sy,
mode, a breathing mode, is characterized by one radial node
and no circular node, resulting in a rotationally symmetric
charge distribution. However, its angular dependence is
difficult to observe due to overlap with other modes and the
grating mode discussed earlier.

At higher energies, the modes present more complex field
distributions, as shown in the bottom panels of Fig. 3C for the
spectral peaks attributed to the S*3;, S*;,, and S*,, modes.
These modes exhibit weaker field enhancement, which,
together with the presence of many other modes, makes it
difficult to assign clear nodal patterns and distinguish them
from those of neighboring modes. This complexity justifies
the use of the asterisk (*) to indicate that these modes are only
tentatively identified, because they are not as well-defined as
their lower-energy counterparts. The mode labeled S*y, is par-
ticularly difficult to identify, and the field distribution associ-
ated with mode S*;; presents a strong contribution from the
spectrally-near Sy; mode, which explains why the underlying
field distribution E,,, is not directly apparent in the plotted
fields without further analysis (SI Fig. S3). Importantly, several
modes such as S;1, Sp;, and S*;; show pronounced field
enhancements in the outer region of the gap between the
metal discs, a region that has become accessible by the
etching step. This emphasizes the potential of such etched
double-disc nanoantennas for applications in surface-
enhanced spectroscopy and photoluminescence enhancement.

From our analysis of the optical properties of the double
disc nanoantenna array, we now identify suitable resonances
to exploit QD emission enhancement. To achieve this, we
focus on the simulated electromagnetic near field distri-
butions and resonance peaks of the sample with the largest
gap opening (2 M etch) described in Fig. 3. The high energy
absorption peak at ~680 nm for 60° AOI (Fig. 3B) originates
from the spectral overlap of several high-order modes, with
main contributions from the Sy, and S*;; modes. Other modes
(e.g, S*12, S*g2, Which are more pronounced only under low-
loss conditions) can also contribute to the absorption at the
633 nm illumination wavelength. However, their contribution
to the electric field enhancement in the gap at this wavelength
is found to be weak (Fig. 4A). This peak at ~680 nm is spec-
trally close to a 633 nm laser, which we can use experimentally
to excite the QDs, thereby leveraging excitation enhancement
via these modes. In the same sample, the S,; mode is excited
at 852 nm as shown in Fig. 3B. We therefore select PbS QDs
with an emission peak at 900 nm and a FWHM of ~130 nm (SI
Fig. S4), as these commercially-sourced QDs exhibit the closest
spectral proximity to this mode, potentially enabling emission
enhancement via the quantum yield enhancement (discussed
below). Note that an emission enhancement via the S;; mode
at 1145 nm could be highly beneficial for increasing the exci-
tation enhancement factor due to the large near-field intensity
at the accessible position within the opened gap (Fig. 3C).
However, in our experiments we failed to identify QDs with a

This journal is © The Royal Society of Chemistry 2025
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Fig. 4 Simulated emission enhancement of a dipole emitter with the etched double disc nanoantenna structure (40 nm gap opening): (A) electric
field enhancement (|E/E,|) spectra at the QE position within the gap region of the etched double disc nanoantenna for varying AOls. (B) Simulated
Purcell factor (I't/I'p), radiative (I'v/I'o) and non-radiative (I'yvr/I'o) decay rates enhancement of a dipole source placed in the gap region, illustrating
how the nanoantenna modifies the emitter’s spontaneous emission properties. (C) Excitation enhancement factor (IKI? = |E/Eo|?) calculated at Aeyc =
633 nm for different AOls, providing insight into how efficiently the structure enhances the illumination of the emitter. (D) Effective quantum yield (»)
spectrum of the dipole source within the gap region, highlighting the quantum yield at ey, = 900 nm.

suitable absorption profile and emission stability at this
wavelength.

Having established the plasmonic mode characterization
for the double disc nanoantennas with an accessible cavity (2
M NaOH etch, 40 nm gap opening) and identified the required
QD excitation and emission wavelengths to suitably take
advantage of their plasmonic properties, we next simulate the
emission properties of a QD in the double disc nanoantenna
structure (Fig. 4A), by considering a point dipole emitter
excited at the laser wavelength, located at the center of the
edge of the dielectric disc filling the gap, where the E-field
peaks in the S* high frequency mode region. The position of

This journal is © The Royal Society of Chemistry 2025

the dipole in the vertical direction is chosen to be at equal dis-
tance from both the top and the bottom gold surface. We set
the intrinsic quantum yield (QY), denoted as #,, to 0.45 as
specified by the supplier of the chosen QDs (SI Fig. S4). To
assess the impact of the etched double disc nanoantenna on
the photoluminescence properties of a dipole emitter, we
analyze its field enhancement, decay rates, excitation
efficiency, and quantum yield under different illumination
conditions. Fig. 4A presents the simulated electric field
enhancement (|E(rqp)/E,|) spectra within the gap region at the
emitter’s position (rqp), showing how the local field intensity
varies with AOI from 0° to 60°. The strongest enhancement
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Table 1 Simulated excitation enhancement, quantum yield and emis-
sion enhancement for 2 M NaOH etched nanoantennas at various AOls

Excitation Quantum yield Emission
enhancement (|K|*)  enhancement (4/7,)  enhancement

AOI (°)  at deye = 633 N at dem = 900 NmM (|K|* x n/no)

0 4.7 5.9

10 8.3 10.3

20 13.6 16.9

30 21.6 1.24 26.9

40 21.4 26.63

50 18.3 22.8

60 14.6 18.2

occurs at specific resonant wavelengths, revealing very effective
excitation conditions for embedded emitters. Fig. 4B illustrates
the total decay rate and the corresponding radiative and non-
radiative decay rates enhancement of a dipole placed in the
nanoantenna gap, demonstrating how the confined plasmonic
environment modifies the emitter’s emission rate. The radia-
tive decay rate increases significantly for certain resonances,
indicating enhanced light extraction efficiency. The excitation
enhancement factor, defined as |K|> = |E/Eo|*, shown in
Fig. 4C, is calculated at the excitation wavelength Ae. =
633 nm, and exhibits strong AOI dependence with maximum
enhancement of up to a factor of 22 at an AOI of 30° (see
Table 1). Finally, Fig. 4D presents the quantum yield (n) spec-
trum of the emitter in the presence of the nanoantenna, where
the emission at A, = 900 nm is highlighted with a quantum
yield of 0.56, showing how the nanoantenna increases the
intrinsic radiative yield with a quantum yield enhancement of
nlne = 1.24, by balancing radiative enhancement and non-
radiative losses. Note that these values arise from the simpli-
fied model that uses a point dipole instead of a QD with finite
dimensions that can sit closer to the metal surface compared
to the point dipole emitter. Table 1 shows the emission
enhancement determined from the multiplication of the exci-
tation enhancement and quantum yield enhancement,
obtained under these conditions (lexe = 633 nm and Ae, =
900 nm). A maximum enhancement by a factor of 27 is
obtained at AOI = 30°.

To further underline the importance of the accessible gap
in the etched double disc nanoantennas, we also simulated
two different scenarios: the dipole emitter placed on top of a
continuous gold film with a distance of 10 nm, and the dipole
emitter placed in the gap of a less etched sample (20 nm gap
opening, 0.4 M NaOH treatment, see Fig. 2C). As shown in SI
Fig. S5, in both cases, the quantum yield at 900 nm and emis-
sion enhancement were lower compared to the double disc
with an accessible gap.

Having explored the potential for emission enhancement
through electromagnetic simulations, we now experimentally
incorporate QDs into the double disc nanoantenna array with
a controlled gap opening. Specifically, we first pre-assemble a
colloidal monolayer of PbS QDs with the absorption and emis-
sion properties discussed above (633 nm, 900 nm)—at the air/
diethylene glycol interface, as illustrated in Fig. 5A.”* We then
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deposit this monolayer onto substrates containing the fabri-
cated nanostructure arrays, as schematically shown in Fig. 5B.
This monolayer-based deposition strategy ensures that QDs are
distributed uniformly across the entire nanostructure—includ-
ing both the top surfaces and the gap regions—allowing a
direct comparison of the emission properties between different
samples: As the total QD coverage remains comparable between
all samples (Fig. S6), differences in light emission properties
must arise from the structure of the plasmonic nanoantennae,
in particular the open gaps in the etched samples.

We compare four distinct samples as shown in Fig. 5B: a
30 nm thick continuous gold film as reference, a double disc
array without etching step to open the dielectric gap, and two
etched double disc arrays, one 0.4 M NaOH etch with small
gap opening, and another one 2 M etch with larger cavity
opening.

Importantly, when a thin liquid film dries on a structured
surface, capillary forces drag the meniscus into small struc-
tural features, because of the decreased vapor pressure in
these regions.”® This effect, commonly used in everyday life to
stabilize sand grains in sand castles, serves as an efficient tool
to drag the QDs into the small gap opening with enhanced
electromagnetic near fields. We uniformly excite all structures
using a 633 nm laser, focused by an objective lens (numerical
aperture ~0.9) with a collection angle of ~60°, consistent with
the simulation parameters. The spot size was thus maintained
at ~1 um. Fig. 5C shows the photoluminescence (PL) intensity
as a function of emission wavelength for all the samples.
Several features can be identified. First, the broad mode
around 700 nm in the PL spectra can be attributed to the
nanoantenna structure itself. This effect is more pronounced
when using a high-NA objective and is not visible in Fig. 2D,
where a loosely focused beam was used (2 mm x 2 mm spot,
divergence =~ 0.57°). Because the Rayleigh anomaly for our
390 nm hexagonal lattice lies below 510 nm, we do not expect
any influence of lattice or diffraction-related resonances in the
region around 700 nm. To explicitly verify that this feature is
not due to QDs, we performed control measurements on bare
double-disc nanoantennas. The reflection spectra (SI Fig. S7)
clearly show a mode at 700 nm, confirming that the enhanced
inelastic scattering arises from the nanoantenna itself. These
results directly address the origin of the PL feature and clarify
that it is intrinsic to the plasmonic system. Second, at an emis-
sion wavelength of 900 nm, which is the maxima for bare QDs
(SI Fig. S8), an increase in PL for all QD-coated double disc
nanoantennas compared to the continuous gold film reference
is observed. The PL intensity is highest for the sample with the
large gap opening (2 M etch), which shows an increase of ~9
times compared to the QDs deposited on the gold film.

For the sample with QDs on the continuous gold film, the
QD emission is partially quenched compared to a similar film
on a glass substrate (SI Fig. S8). In the case of the double disc
nanoantennas with completely closed gap, the capacities for
excitation enhancement of the QDs are limited because the
region of near field enhancement within the gap is not accessi-
ble. Hence, any further increase in emission compared to the

This journal is © The Royal Society of Chemistry 2025
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gold film can only be provided by a quantum yield enhance-
ment. For the 0.4 M NaOH etch case, the PL intensity increases
to a factor of ~2 compared to the plain gold film (Fig. 5C).
Here, the calculated quantum yield enhancement at the gap
remains at 1, meaning no enhancement or reduction of the
quantum yield is expected (Fig. S5B). The observed emission
enhancement is therefore solely attributed to excitation
enhancement due to the gap opening, with a calculated exci-
tation enhancement factor of |K|* = 10.2 for AOI = 60° at the
excitation wavelength of 633 nm. The sample with the largest
gap opening (2 M NaOH etch) exhibits the highest QD PL
intensity (Fig. 3C). This higher excitation enhancement is
attributed to the increased accessibility of QDs to the high
near-field regions within the gap, where the electromagnetic
field is most strongly concentrated with a calculated excitation
enhancement factor of |K|* = 16.91 weighted average at an AOI

This journal is © The Royal Society of Chemistry 2025

range of 0° to 60° and an excitation wavelength of 633 nm.
Additionally, the simulated quantum yield enhancement at
900 nm increases to 1.24, compared to ~1 in the 0.4 M NaOH
etch case (Fig. S5B). The experimental results align reasonably
well with simulations, supporting the conclusion that increas-
ing the gap opening allows QDs to access regions of high near-
field enhancement, leading to enhanced emission.
Additionally, the PL enhancement in our system could, in prin-
ciple, be influenced by possible energy transfer between adja-
cent QDs through the Forster Resonance Energy Transfer
(FRET) mechanism. However, for identical or nearly identical
QDs, such homo-FRET typically leads to photoluminescence
quenching rather than enhancement,’® as energy is funneled
to non-emissive or lower-energy QDs (concentration quench-
ing). Therefore, the observed PL enhancement in our case is
likely not due to FRET effects.
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We further statistically evaluate the emission properties by
measuring PL intensities at 900 nm across 30 different spots
on the surface for all samples (Fig. 5D). Fig. 5D shows the data
of the interquartile range with a black rectangle, encompass-
ing the 25% to 75% range of the PL intensity dataset. The
orange line represents the median value. Note that the spread
in the data can arise from the small area probed in the micro-
scopic measurements, where each spot size only contains a
limited number of individual double discs. For the reference
gold film, the median PL intensity is approximately 1567
counts per mW per s, while for the double disc nanoantennas
with larger gap opening, it reaches ~16228 counts per mW
per s, resulting in a ~10 times PL enhancement.

In conclusion, we prepared double disc nanoantennas by
colloidal lithography as a cost-effective and parallel fabrication
tool. We controllably open the dielectric gap separating the
two gold discs by a selective wet-chemical etching step of the
silica spacer. This enables us to access electromagnetic hot-
spots in the gap between the discs. We first establish the
optical properties of the double disc nanoantenna as a func-
tion of the gap opening. We then numerically investigate how
the emission profile of a dipole emitter placed within the
hotspot regions of the opened gap is influenced by the plas-
monic modes of the double disc nanoantenna. These simu-
lations identify suitable modes that provide near-field
enhancements within the accessible dielectric gap and thus
produce an enhancement of emitted light intensity. We take
advantage of capillary forces to deposit colloidal QDs within
the opened gap of the double disc nanoantenna, and confirm
experimentally our theoretical predictions. We demonstrate
that the accessibility of the gap provides an experimental ~10-
fold enhancement of the QD photoluminescence compared to
the gold film and a ~3.5-fold enhancement compared to con-
ventional double disc nanoantenna without gap opening pre-
pared under identical conditions and comparable number of
QDs deposited onto the antenna structure. Further improve-
ments could be achieved by selectively directing quantum dots
toward the hotspot regions through controlled particle-surface
interactions or tailored surface chemistries”” and could
enhance material efficiency and emission performance in
future implementations.

Experimental and methods
Sample fabrication

In order to produce double disc nanoantenna structure firstly
a 30 nm of gold (HMW Hauner, 99.99%, <3 mm granulate)
layer was evaporated followed by a reactive evaporation of
25 nm silicon monoxide (Sigma-Aldrich, powder 325 mesh)
and finally again a 30 nm gold thin film was deposited using a
custom build thermal evaporator (Torr International Inc, TH3-
KW) on a cleaned microscope glass slide (Menzel). Further
polystyrene beads were synthesized using a surfactant-free
emulsion polymerization and a colloidal monolayer of 330 nm
in diameter polystyrene nanoparticles were first assembled at

Nanoscale

View Article Online

Nanoscale

the air/water interface and subsequently transferred on to the
thin film deposited glass substrate.

PbS monolayer preparation

PbS quantum dot (QD) solutions (4,,s = 800 nm, DQD =
~2.9 nm) are purchased from Quantum Solutions with a con-
centration of 10 mg ml™" and intrinsic quantum yield of 0.45 in
solution. The QD solution is diluted by 20 times and spread
(100 pL) on a diethylene glycol (DEG) surface in a clean Petri
dish. The Petri dish is covered with a lid for 10 min to slow
down the evaporation of hexane that enables an assembly of
close-packed monolayer QDs on the surface. After that, the lid is
opened for 5 min to ensure the complete evaporation of hexane.
The monolayer QD film is transferred by gently touching the
film with a substrate and lifting up. The substrate is rinsed with
ethanol to remove the extra DEG and dried with nitrogen.

Photoluminescence measurements

Photoluminescence (PL) spectroscopy is performed using a
home-built automated confocal microscopy system. A dark-
field objective (Olympus x100, NA 0.9) focuses a 633 nm exci-
tation laser onto the sample while collecting the emission
signal over the same angular range (maximum collection
angle: ~64°). The PL signal is dispersed by a Triax spectro-
meter equipped with an Andor CCD detector, using a 150 g
mm~"' grating. To ensure statistically robust comparison of
signal enhancement, measurements are taken at 30 randomly
selected locations per sample.

Surface and optical characterization

SEM images were captured using a GeminiSEM 500 (Zeiss,
Germany) operating at an accelerating voltage of 2 kV. UV-Vis-
NIR spectra were taken using a conventional spectrometer
(Lambda 950, PerkinElmer) where sample rotation was per-
formed using a rotating stage mount.

FDTD simulation

The absorbance spectra of the double discs structures were
computed using the finite-difference time-domain (FDTD)
method.”® The electrodynamical model involved sandwiched
gold-silica-gold nano-disc (double disc nanoantenna struc-
tures) positioned within the lattice sites of a hexagonal array
unit cell. These sandwiched structures were supported on a
glass substrate, precisely placed within a cubic-space simu-
lation domain. The simulation domain was bounded in the x
and y directions by Bloch periodic boundaries to reproduce an
infinite array and in the z direction by perfect matched layers
(PML) consisting of 60 layers. To induce excitation, TM polar-
ized light was utilized within the wavelength range spanning
from 400 nm to 1500 nm. A two-dimensional transmission
monitor was situated beneath the array on the substrate,
measuring the electromagnetic power transmitted through the
array, and a similar monitor above the system to measure the
reflected power by the system. Calculation of absorbance was
executed via the well-established Beer-Lambert law, expressed
as A = —log(T), where A represent absorbance and T transmit-

This journal is © The Royal Society of Chemistry 2025
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tance, and the absorption was calculated by 1 — R — T where R
represents the reflectance. E-Field maps encompassing the xz
cross-section (side view), along with charge density distri-
bution within the double disc structures, were determined
using E-field monitors. The latter calculation employed the
relationship p = ¢, V-E, wherein p and ¢, represent the charge
density and the dielectric constant, respectively. For the
purpose of computing the quantum yield, n = I'aa/lo/(liod/To +
knt/T), of a quantum emitter situated within a double disc
nanoantenna structure, the emitter was modeled as an electric
dipole source oriented perpendicular to the metal discs
(Z-direction)”® emitting light at a wavelength within the
400 nm to 1200 nm range. Here, k,, represents the intrinsic
non-radiative decay rate of the quantum emitter which is
related to the intrinsic quantum yield through 5y = I'o/(lp +
knr). Subsequently, the emitted power from the dipole source
in isolation (P, 4ip), in conjunction with its corresponding
value within the double disc nanoantenna structure (Pg;p), and
the power radiated into the far field of the dipole-double disc
nanoantenna system (Poy), were determined. To accomplish
this, 3D transmission monitor was positioned around the
dipole source to capture Py qip in the absence of the nanoan-
tenna, while in another configuration a 3D transmission
monitor was positioned around the dipole source in the pres-
ence of the nanoantenna to capture Py, and another 3D trans-
mission monitor encompassed both the dipole source and the
nanoantenna to monitor P, As per the methodology outlined
in Kaminski et al.,®® the normalized total and radiative decay
rates were computed as I'toe/I o = Paip/Po,dip and I'aa/l'o = Pout/
Py qip, respectively. PML boundary conditions were used for the
simulation domain.

Throughout all simulations, the refractive index for gold
material was taken from Johnson and Christy,”* except for
those with reduced losses in which the imaginary part was
divided by 10, while that for SiO, was extracted from ref. 81. To
simplify the background medium, a vacuum condition (n,, = 1)
was adopted. Additionally, the Courant number was main-
tained below 0.9 by adjusting spatial and temporal resolutions
to ensure numerical convergence.

The diffraction modes of the hexagonal array were com-
puted based on the following equation from Brakstad et al.:**

2
3 1,M2 0,y
. 2k sin 6y x G""™ c0s(¢m, m,) - <G” )

nm? — sin® 6,

nm? — sin® 6,

In this equation, k represents the light wavevector in free
My, My

space, 0, signifies the AOI of the incoming light, and G,
and ¢m m, are defined for the hexagonal array as follows:

4z

Gf‘l’lhmz = \/§a \/m12 + mpmy + m227
1 m; —m,
=qtan| —=—.
P <\/§ my + mz)

Here, m; and m, denote the diffraction modes, and a rep-
resents the lattice parameter.
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