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Hybrid dielectric—-metal nanogaps offer unique properties such as enhanced local density of optical states
(LDOS) and simultaneously high quantum yield and coupling efficiency, with applications in bright single-
photon sources, efficient nanoLEDs and imaging spectroscopy. In this work we report on silicon—gold
hybrid nanogaps, considering both silicon nanorods on a gold film and gold nanorods on a silicon
surface and compare them to their purely metallic and dielectric equivalent. To obtain the necessary
nanometer-scale control, a combination of colloidal lithography, metal assisted chemical etching
(MACE), and layer-by-layer polyelectrolyte approach were used to construct the nanogaps. Quantum
emitters were incorporated in the nanogap in the form of a CdTe quantum dot monolayer. The efficient
coupling between the quantum dot monolayer and the nanogap modes results in hybrid nanogaps
outperforming their homogeneous counterpart, with the gold nanorod-silicon hybrid nanogap offering
the largest emission rate enhancement factor of 51. Specifically, Purcell enhancements were increased
by a factor of ~2 for silicon nanorod—gold film and ~1.5 for gold nanorod-silicon surface nanogaps
compared to purely dielectric and metallic geometries respectively. These results, supported by FDTD
simulations, highlight hybrid nanogaps as cornerstones for probing light—matter-interactions under
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Introduction

Spontaneous emission of quantum emitters, such as quantum
dots' or fluorophores,® is a fundamental optical process that
plays a pivotal part in a wide range of applications® including
lasers,** optical interconnection,®® fast-LEDs for short range on
chip or chip-to-chip data communications,”” single photon
sources for quantum cryptography'®* and imaging spectros-
copy.”'> However, to fulfil these applications, it is crucial to both
enhance the spontaneous emission rate of quantum emitters
over a large bandwidth while retaining a high quantum yield,”
and to achieve control over emission directionality in order to
ensure high collection efficiency and optimum use of the
emitted light.”* Consequently, this requires the development of

“Department of Physics, University of Hull, Cottingham Road, HU6 7RX, UK. E-mail: a.
adawi@hull.ac.uk; j.bouillard@hull.ac.uk

*Department of Physics, College of Science, University of Diyala, Baquba City 32001,
Diyala Governorate, Iraq

‘Department of Chemistry and Physics of Materials, University of Salzburg, A-5020
Salzburg, Austria

“Friedrich-Alexander-Universitdt Erlangen-Niirnberg (FAU), Institute of Interfaces and
Particle Technology, 91058 Erlangen, Germany

“Department of Physics, School of Science, The University of Jordan, Amman 11942,
Jordan

© 2025 The Author(s). Published by the Royal Society of Chemistry

optical resonators with increased local density of optical states
(LDOS), low optical loss, and optical mode confinement well
below the diffraction limit."*** Three types of optical resonators
can be used to control the spontaneous emission: (i) Photonic
crystal nanocavities,'>"” which are characterised by low optical
losses, but very narrow bandwidth and poor light coupling
efficiency.™ (ii) All-metal plasmonic nanogaps**?° which provide
highly increased LDOS,"**>'*** high collection efficiency,** but
suffer from high optical losses.**?? (iii) All dielectric nanogaps,
based on high refractive index materials,***° which offer low to
no optical loss but result in modest increase in LDOS combined
with good coupling efficiency.*****” By coupling a high refractive
index dielectric nanostructure to a plasmonic nanostructure*'-**
it is possible to enhance the LDOS while maintaining low
optical losses.?***** A range of hybrid dielectric-plasmonic
nanogaps has already been investigated, including the coupling
between a dielectric nanosphere and a plasmonic nano-
particle,*® a dielectric nanosphere coupled to a continuous gold
film*>*” and dielectric nanowires coupled to a metallic
film.?**3>3%4 Gjlicon nanosphere coupled to a gold film have
been reported to offer photoluminescence enhancements up to
786 (ref. 37) and Purcell factors up to 42.>> On the other hand,
Silicon nanowires coupled to a gold film have provided up to 10
times photoluminescence intensity enhancements,* while
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nanogaps based on a ZnO nanowire coupled to a silver metallic
film have demonstrated Purcell factors of 60 combined with 5
folds photoluminescence intensity enhancements.*

However, despite the enormous potential of hybrid dielec-
tric-plasmonic nanogaps, the coupling of low aspect ratio
dielectric rods, AR = 10, with a metallic film has not been
investigated, with most studies focussing on nanowires with
aspect ratio in the range of 40 to 115. While high aspect ratio
nanorods behave as waveguides making them more suited for
applications requiring in-plane coupling,®® low aspect ratio
nanorods offer high out-of-plane coupling efficiency. Further-
more, the coupling between plasmonic nanorods and a high
refractive index substrate such as silicon or between silicon
nanorods and a silicon surface have, to date, been rarely
studied.*

In this work, we address this gap in knowledge by exploring
hybrid plasmonic-dielectric nanogaps in a previously
unstudied region of the parameter space. We systematically
investigate and compare the emission rate enhancements and
photoluminescence intensity enhancements in four different
nanogap geometries formed between either silicon nanorods or
gold nanorods and either a gold film or a silicon surface (see
Fig. 1). It is well-known that the nanogap properties are strongly
dependent on the gap dimensions. To directly compare the four
distinct geometries, the reproducibility of the nanogap thick-
ness is essential. Here, polyelectrolyte layer-by-layer deposi-
tion** combined with a QD monolayer was used to provide
nanometre control over the gap sizes, therefore enabling direct
comparison between the various geometries. Additionally,
whereas gold nanorods (AuNRs) are readily obtainable
commercially, high refractive index nanoparticles can be chal-
lenging to synthesise. In this work, highly crystalline silicon
nanorods (SiNRs) were fabricated using a combination of
colloidal lithography*” and metal-assisted chemical etching*®
(MACE), before being removed from the substrate and sus-
pended in a solution. Both experimental results and full wave
FDTD simulations show that all four nanogap geometries

CdTe QDs « @«
PAH/PSS —{

4

()

Fig. 1 (a—d) Schematic representations of the nanogaps investigated
in this study. (e) and (f) SEM images of the SiNRs recorded at two
different magnifications.
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provide high emission rate enhancements combined with high
coupling efficiency over the visible and near infrared spectral
region. However, the hybrid plasmonic-dielectric nanogaps
displayed overall superior performances compared to all-metal
or all-dielectric nanogap geometries.

Experimental section
FDTD calculations

Ansys Lumerical FDTD was used to calculate emission rate
enhancements. In all simulations, the emitter was modelled as
a classical dipole polarized along the z-direction (perpendicular
to the gold film/silicon surface, see Fig. 1) and located in
a 14 nm gap at the centre of the QD monolayer (see Fig. 1a). The
enhancements in the emission decay rates were calculated
using Ir _ b and Trad _ Frad
FO PO TO PO
rate in free space, I'r is the total decay rate, I'r,q is the radiative
decay rate, P, is the dipole radiated power in free space, P, is the
total power dissipated by the dipole in the presence of the
nanogap, and Pg,q is the radiated power by the dipole. The
nanogap region was modelled as a homogeneous non-
dispersive region of refractive index 1.5 corresponding to the
average refractive index of the QD layer and the polyelectrolyte
multilayer. Experimental data from Johnson and Christy** and
Palik® were used to describe the dielectric function of gold and
silicon respectively. In our calculations we employed a 1 nm
grid spacing and perfect matching layer boundary conditions.
Calculations were terminated when the fields reached 10~ of
their initial value.

, where I’y is the dipole decay

Silicon nanorods fabrication

Silicon nanorod (SiNR) solutions were prepared via a combina-
tion of colloidal lithography, metal assisted chemical etching
(MACE), and subsequent removal from the substrate, as previ-
ously described.>*” The combination of colloidal lithography
and MACE is a versatile approach to synthesise SiNRs of
diameters from 100 nm up to several microns with length from
400 nm to few microns on a wafer scale. A colloidal solution of
SiO,@PNiPAm core-shell nanoparticles (NPs) was prepared
following a modified Stober process, and a subsequent poly-
merization of PNIPAm (poly(N-isopropylacrylamide)). The soft
PNIPAm shell acts as a spacer to separate the silica cores,*®
ensuring well-separated nanorods after the MACE process. The
colloidal particles were self-assembled as a monolayer on the
air-water interface using a Langmuir-Blodgett trough and
transferred to a pre-cleaned Si wafer.>”* The polymer-shell of
the assembled core-shell NPs was removed by oxygen plasma
(Quorum Emitech K1050X) for 12 min at 50 W with an oxygen
flow rate of 20 mL min~". Subsequently, a layer of aluminum-
doped zinc oxide (AZO) was sputtered (Clustex 100 M sputter-
ing system by Leybold Optics, 75 W, 1 s), followed by an Au
sputtering step for 200 s at 40 mA (Cressington Sputter Coater
108 auto). The SiO, spheres were removed using adhesive tape
(Scotch magic tape) followed by a short oxygen plasma cleaning
step for 5 min at 50 W with a flow rate of 20 mL min " to remove

© 2025 The Author(s). Published by the Royal Society of Chemistry
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traces of the deposited adhesive. Next, the sample was
immersed in an aqueous solution of H,0, and HF (10 mL H,0,
0.75 mL H,0,, 10 mL HF) for 2 min, a process known as metal-
assisted chemical etching®® (MACE). In this step, vertically
aligned silicon rods form due to preferential oxidation and
dissolution of Si in proximity of the Au film, which sinks into
the Si substrate during this process. The synthesis of the SiNR
array (see Fig. S1b) was finished with an after-treatment in an
aqueous solution of HF (20 mL H,0, 4 mL HF) for 5 min to
remove any residual porous SiO, that formed during MACE. The
templated Au film at the bottom of the SiNR array was dissolved
in aqueous KI/I, solution (10 g KI and 5 g I, dissolved in 85 g
H,0) for 80 min, followed by two rinsing steps in deionized
water and one rinsing step in ethanol.***

In order to transfer the SiNRs into solution, they were
scratched from the surface with a tweezer and transferred to 250
pL of absolute ethanol. Additionally, the entire Si piece was
sonicated for 15 min in absolute ethanol to break the remaining
SiNRs off the Si substrate.®® The final SiNRs have a diameter
~140 nm and length of 1000 nm (see Fig. 1e, f and S1).

Nanogap fabrication

The nanogaps in this study are based on the coupling of
a silicon nanorod (SiNR) or a gold nanorod (AuNRs) with either
a 100 nm thick gold film or a Si surface. The AuNRs measured
100 nm in diameter, 1000 nm in length and were purchased
from Nanopartz, whereas the SiNRs were synthesized as
described above. In all the investigated structures, the nanogap
width was fixed at 13.6 nm, using a spacer composed of poly-
electrolyte layers combined with a monolayer of colloidal
quantum dots. Si substrates were coated with a 100 nm-thick
gold layer thermally evaporated (Auto 500, HHV) through
a shadow mask, allowing for the fabrication of nanorod-gold
and nanorod-Si nanogaps simultaneously (see Fig. 1a to d).

The thermal evaporation was followed by 2.5 pairs of PAH-
PSS polyelectrolyte spacer layers.'® The PAH-PSS poly-
electrolyte spacer layers were formed using layer-by-layer dip-
coating technique. Firstly, the substrate was O, plasma
treated at 100 W and 0.27 mbar for 5 seconds, then dipped in an
aqueous mixture of 5.28 uM of poly(allylamine) hydrochloride
(PAH Sigma-Aldrich) with 0.248 M of NacCl (Sigma-Aldrich) for
5 min. Then the substrate was washed in deionized water and
dried using nitrogen gas to obtain 1 nm layer of PAH. Next, the
substrate was immersed in an aqueous solution of 44.4 uM of
polystyrene sulfonate (PSS, Sigma-Aldrich) and 0.248 M NacCl for
5 minutes, then washed in deionized water and dried using
nitrogen gas to form 1 nm PSS layer. This process results in
a highly reproducible and controllable spacer layer with a total
thickness of 5 nm.

As the active layer, colloidal quantum dots were chosen for
their high stability and use in display technology.®* A monolayer
of CdTe QDS (8.6 nm in diameter from Plasma Chem) was
subsequently deposited using dip-coating, by immersing the
sample in a 1 g per L CdTe QDs aqueous solution for 5 min,
followed by drying using nitrogen gas. Zeta potential measure-
ments (Fig. S2) showed that the CdTe QDs are negatively

© 2025 The Author(s). Published by the Royal Society of Chemistry
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charged. This approach provides a uniform monolayer of CdTe
QDs (see Fig. S1a).

To complete the nanogaps, the SiNRs or AuNRs were spin-
coated at a speed of 2000 rpm for 60 seconds onto the CdTe
QD monolayer surface.

Scattering measurements

Dark field scattering®® measurements were performed by illu-
minating the nanogap with collimated white light at an angle of
60° relative to the sample normal using a 10x long working
distance Mitutoyo objective lens of numerical aperture 0.28.
The scattered light was collected at normal incidence using
a 50x long working distance Mitutoyo objective lens of
numerical aperture 0.55. The scattered light was then directed
toward an iHR320 Horiba spectrometer equipped with a 150
lines per mm grating and a liquid nitrogen cooled Symphony
CCD. Fig. S3 shows typical dark-field images of the fabricated
nanogaps.

CW and time-resolved photoluminescence measurements

The CW and time-resolved photoluminescence measurements
were carried out using a 405 nm pulsed diode laser with 40 ps
width and 20 MHz repetition rate. The nanogap was excited
using the 405 nm laser diode via a 100x Olympus objective lens
of numerical aperture 0.9, providing an excitation area of ~1
micron in diameter. The same objective was used to collect the
photoluminescence signal, which was spectrally resolved using
a MicroHR Horiba spectrometer with a 150 lines per mm
grating and then directed towards either a ProEM Princeton
Instruments CCD for CW photoluminescence measurements or
a Becker and Hickl HPM-100 detector for photoluminescence
time-resolved measurements. The nanogap photoluminescence
decay rate was extracted via fitting a double-exponential
model,* I(t) = a; e + a,e” ', after deconvolution of the
instrument response function (IRF). The fast decay rate
component, I';, is attributed to the coupling between the
quantum dot dipoles and the confined electromagnetic field of
the nanogap.*"*>°°

Results and discussion

Four different nanogap geometries were considered (Fig. 1) and
directly compared: a purely dielectric structure consisting of
silicon nanorod coupled to a silicon surface (SiNR-Si), a purely
plasmonic structure composed of a gold nanorod coupled to
a gold film (AuNR-Au), and two hybrid structures formed of
a silicon nanorod on a gold film (SiNR-Au) or a gold nanorod on
a silicon surface (AuNR-Si).

Modelling emission rate enhancements

In a first instance, the potential of each geometry to modify
emission processes was numerically investigated. In the simu-
lations, the ideal case was considered, where the QDs emitting
monolayer is represented by a single dipole polarised along the
z-axis and located at the centre of the QD monolayer (Fig. 2).

RSC Adv, 2025, 15, 29053-29062 | 29055
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The hybrid SiNR-Au nanogap (Fig. 2a and b) displays
moderate emission decay rate enhancements, with a maximum
enhancement of ~200 times, over a wide spectral range
covering both the visible and near infrared. This enhancement
is associated with a high quantum yield (0.5-0.90). On the other
hand, the all dielectric SINR-Si nanogap (Fig. 2c and d) exhibits
lower emission enhancements than the hybrid gaps, with
a maximum enhancement of ~45 times. These results are in
line with the electric field distribution inside the nanogap,
where the emission rate is proportional to the imaginary part of
the electric field at the dipole location,” I' o« Im(E(r,)) (see
Fig. S4). However, this structure provides a consistently high
quantum yield, above 0.75, across the whole 600-1800 nm
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Fig. 2 (a) Calculated emission rate enhancements from a SiNR-Au
nanogap. (b) Calculated quantum efficiency of SINR—-Au nanogap. (c)
Calculated emission rate enhancements from a SiNR—Si nanogap. (d)
Calculated quantum efficiency of SINR-Si nanogap. The inset shows
the emission profile of SINR-Au and SiNR-Si nanogaps at A = 750 nm.
(e) Calculated emission rate enhancements from an AuNR—Au nano-
gap. (f) Calculated quantum efficiency of AuNR—-Au nanogap. (g)
Calculated emission rate enhancements from a AUNR-Si nanogap. (h)
Calculated quantum efficiency of AUNR—-Si nanogap. The inset shows
the emission profile of SINR-Au and SiNR—-Si nanogaps at A = 750 nm.
The shaded region in parts (a), (c), (e) and (g) represents the spectral
bandwidth of the used QDs in this work.
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wavelength range. Both nanogaps offer a relatively directional
emission profile confined around 6 = 40° with angular width of
10° relative to the normal (see inset of Fig. 2d and S5).

In comparison, the nanogaps based on a gold nanorod offer
greatly enhanced emission rates. The purely plasmonic nano-
gap (Fig. 2e and f) is associated with the highest emission rate
enhancements, up to 2000 times. However, this high enhance-
ment is associated with correspondingly high non-radiative
losses, leading to a quantum yield consistently below 0.36
(Fig. 2f). The hybrid geometry, AuNR-Si, provides moderate
decay rate enhancements, peaking at ~400 times, albeit with an
overall higher quantum yield in the range 0.45-0.82. Interest-
ingly, both AuNR-Au and AuNR-Si result in the similar direc-
tional emission profile around 6 = 45° £ 10°(see Fig. 2h and S6)
as the silicon nanorod based structures. However, the struc-
tures based on the gold nanorod emission exhibit an additional
emission directionality around 6 = 15° £ 10°.

The nanogap modes can be further controlled via the gold or
silicon film thickness.®*”* Decreasing the gold film thickness
down to 10 nm leads to a broadening and red-shift of the
nanogap modes®® coupled to a reduction of their quantum
efficiency (Fig. S7). Similarly, reducing the silicon film thickness
to 10 nm leads to a lower quantum efficiency (Fig. S8). Conse-
quently, both the silicon and gold film thickness can be used to
control the spectral position and Q-factor of the gap modes
(Fig. S7 and S8) for increased tunability. The spectral response
of the nanogap can be further tuned by changing the gap size
and nanorod geometrical parameters.

The FDTD calculations clearly indicate the potential of
hybrid dielectric-metallic nanogaps to shape the spontaneous
emission process of a layer of quantum dots deposited within
these gaps.

Experimental verification of emission rate enhancement

Samples containing the four nanogap geometries were fabri-
cated following the procedure described in the experimental
section, ensuring the highly reproducible nanogap dimensions
and high SiNR crystallinity necessary for a reliable comparison
between all four geometries. The typical scattering spectra of all
fabricated nanogaps spectrally overlap with the emission spec-
trum of the CdTe QD monolayer (Fig. 3), suggesting that the
nanogaps can modify the QD emission process.

As can be seen from Fig. 4, S6 and Table S1, the emission
decay curve of the QD monolayer on a glass substrate and on
a silicon substrate manifests itself as a single exponential decay
with an average lifetime of 19.8 ns and 16.1 ns respectively. The
emission dynamics of the QD monolayer, on the other hand, are
strongly affected by the nanogap modes. This coupling mani-
fests itself in the form of enhancements in both emission decay
rate (Fig. 4) and photoluminescence intensity (Fig. 5). Coupling
the QD monolayer to the nanogap changes the nature of the
emission decay dynamics and it is best fit with two decay
channels (I(t) = a; e " + a, e ). The fast decay component
I, = rl is attributed to the coupling between the QDs dipoles

1
and the strongly confined electromagnetic field within the

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 (a) Photoluminescence decay curves of SiINR-Au and SiNR-Si
nanogaps. For comparison the photoluminescence decay curves of
CdTe quantum dots on glass, Si substrate and gold film are shown. (b)
Comparison between calculated and measured emission rate
enhancements of SINR-Au and SiNR-Si nanogaps at A = 750 nm. (c)
Photoluminescence decay curves of AuNR—Au and AuNR-Si nano-
gaps. For comparison the photoluminescence decay curves of CdTe
quantum dots on glass, Si substrate and gold film are shown. (d)
Comparison between calculated and measured emission rate
enhancements of AUNR—-Au and AuNR-Si nanogaps at 2 = 750 nm.
The inset shows a comparison between the photoluminescence decay
curves of AUNR-Au, AuNR-Si nanogaps and the instrument response
function (IRF) of the setup.

1
nanogaps. The slow decay rate component I', = — stems from
T2

both QDs weakly coupled to the nanogap field and QDs outside
the nanogap region located in the laser excitation region. Here
it is worth noting that I'; is strongly dependent on the nature of
the nanogap, while I',, associated with QDs weakly coupled to
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Fig. 5 (a) Photoluminescence spectra of SiINR-Au and SiNR-Si
nanogaps. For comparison the photoluminescence spectrum of CdTe
quantum dots on glass, Si substrate and gold film are also plotted. The
inset shows the polarisation dependence of photoluminescence
spectra of SiNR—Au. (b) Measured photoluminescence intensity
enhancements of SiNR-Au and SiNR-Si nanogaps. (c) Photo-
luminescence spectra of AuNR—Au and AuNR-Si nanogaps. For
comparison the photoluminescence spectrum of CdTe quantum dots
on glass, Si substrate and gold film are shown. (d) Measured photo-
luminescence intensity enhancements of AuNR-Au and AuNR-Si
nanogaps. (e) The measured emission profile of SINR—Au and SiNR-Si
nanogaps at wavelength of A = 750 nm. (f) Measured angular emission
distribution of AuNR—Au and AuNR-Si nanogaps at wavelength of A =
750 nm.

the nanogap field, does not correlate with the nature of the
nanogap (see Fig. S9 and Table S1).

The emission rate enhancements from the experimentally
fabricated nanogaps (Fig. 4) show a qualitative agreement with
the FDTD simulations (Fig. 2). However, the calculated values
are consistently higher than the experimentally measured
values, with the difference varying from system to system: 4 to 7
times larger for both SiNR based nanogap geometries (SINR-Si
and SiNR-Au), 3 times larger for AuNR-Au, and 1.7 times larger
for AuNR-Si nanogaps.

The measured emission rate enhancements are 8 times and
15 times for the purely dielectric SINR-Si nanogaps and the
hybrid SiNR-Au nanogaps and 35 times and 51 times for the
purely AuNR-Au nanogaps and the hybrid AuNR-Si nanogaps
respectively. These results highlight that hybrid nanogaps
outperform their homogeneous equivalent.

Additionally, the experimental emission rate enhancements
are larger for AuNR-Si nanogaps than AuNR-Au nanogaps, in
contradiction with the FDTD calculations (Fig. 2e and f). This
disagreement can be attributed to several factors: (i) whereas
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Fig. 6 Calculated emission profile of SINR—Au nanogap at A =750 nm
with (a) a vertical dipole, (b) a horizontal dipole polarised along the long
axis of the SiNR, (c) a horizontal dipole polarised along the short axis of
the SiNR and (d) for a randomly distribution of dipoles.

the FDTD results in Fig. 2 represent the outcome of the ideal
case, where the active monolayer was modelled as a single
vertical dipole located at the centre of the emission monolayer
and the nanogap, the experimental measurements contain
a distribution of randomly oriented dipoles located across the
emission monolayer. (ii) Experimental imperfections in the
gold film (e.g. surface roughness, see Fig. S10) and nanorods
(defects in the nanorods facets and edges, see Fig. S1) can
adversely affect the nanogap properties.>”>7¢ (iii) for both those
systems, the coupling to the nanogap results in a fast compo-
nent comparable with the system IRF, resulting in the measured
enhancements (Fig. 4d) to be limited by the temporal resolution
or our set-up, therefore being more representative of a lower-
bound rather than absolute emission rate enhancements.

The PL spectra of a QD monolayer complement the emission
rate enhancements measurements, showing a clear enhance-
ment in emission intensity when coupled to a nanogap geom-
etry compared to the QD monolayer on a glass substrate, a Si
substrate, or a gold film (Fig. 5). These PL intensity enhance-
ments (see Fig. 5b and d) follow the trend observed in the
emission decay rate enhancements in Fig. 4b and d, confirming
that the observed PL intensity enhancements are due to the
coupling between QDs dipoles and nanogap modes. Addition-
ally, it is important to note that the PL intensity enhancements
in Fig. 5b and d represent a lower-bound estimate of the
intensity enhancements as the number of QDs in the excitation
area (~0.79 um?) is 6 to 8 times larger than the QDs in each
nanogaps, determined by the cross sectional area of the corre-
sponding nanorod, ~0.14 pm” for SiNR and ~0.1 um? for AuNR.
Assuming QDs in the nanogaps are equally excited, this differ-
ence in the number of QDs contributing to the nanogap signal
and the reference results in a further geometrical excitation
enhancement factor of 6-8 times for the SiNR-based nanogaps
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and the AuNR-based nanogaps respectively when normalizing
to a QD monolayer. Accordingly, the actual photoluminescence
enhancement factor is 40 times and 54 times for the purely
dielectric SiNR-Si nanogaps and the hybrid SINR-Au nanogaps
and 85 times and 110 times for the purely gold AuNR-Au
nanogaps and for the hybrid AuNR-Si nanogaps respectively.
These results highlight that hybrid nanogaps outperform their
purely metal and dielectric counterpart.

Moreover, due to the nanorods geometrical factor, the
nanogaps are inherently anisotropic, which translates into
polarization dependent emission properties. This is clearly
demonstrated in the inset of Fig. 5a, where || and L represent
an emission polarisation parallel and perpendicular to the
nanorod long axis respectively. Similar behaviour was observed
across all nanogaps geometries.

Finally, it is interesting to compare the emission profile of
the experimental nanogaps (Fig. 5e and f) with the ideal case in
the simulations (Fig. 2d and f). Contrary to the simulations
results, which showed well defined directional emission (Fig. 2d
and f), the experimental emission profiles have lost their
directionality with an almost uniformly distributed emission
over the collection cone (§ = 63°). This discrepancy can be
attributed to a combination of the structural imperfections di-
scussed earlier, the random distribution and orientation of
emitters across the nanogap region. Due to the large number of
QDs inside the nanogap, each emitter has its own emission
profile, and the measured emission profile in Fig. 5e and f
represents the sum of all possible profiles for these dipoles.
This idea is presented in Fig. 6, where we plot the calculated far-
field profile of SINR-Au nanogap for a vertical dipole located at
the centre of the QD monolayer (Fig. 6a), a horizontal dipole
polarized along the long axis of the SiNR (Fig. 6b), a horizontal
dipole polarized along the short axis of the SiNR (Fig. 6¢) and
a randomly distributed dipoles (Fig. 6d). From this comparison
it is apparent that the presence of random distribution of
dipoles within the nanogap modifies the emission profile of the
nanogap drastically.

Conclusions

In summary, we have demonstrated the hybrid dielectric-metal
nanogaps potential for controlling the emission process of
quantum emitters, highlighting the superiority of hybrid
nanogap architectures over their purely metallic/high refractive
index dielectric equivalent for emission control. FDTD model-
ling revealed that hybrid dielectric-metallic nanogaps offer
spontaneous emission rate enhancements over a 100 times,
with quantum efficiencies higher than 50%, combined with
directional emission compatible with dry microscope objectives
(NA < 0.7). This was verified experimentally for both silicon
nanorods on gold film (SiNR-Au) and gold nanorods on silicon
surface (AuNR-Si), achieving 15 times emission rate enhance-
ment combined with 54 photoluminescence intensity
enhancement for SiNR-Au nanogaps, and 51 times emission
rate enhancement with 110 times intensity enhancement for
AuNR-Si nanogaps. The hybrid structures developed here pave
the way for novel applications in low-cost and low-power

© 2025 The Author(s). Published by the Royal Society of Chemistry
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consumption ultrafast nanoLEDs for short distance on-chip
and chip-to-chip communications.
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