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ABSTRACT: For large-scale fabrication of optical circuits, tailored
subwavelength structures are required to modulate the refractive index.
Here, we introduce a colloid-to-film-coupled nanocavity whose
refractive index can be tailored by various materials, shapes, and
cavity volumes. With this colloidal nanocavity setup, the refractive
index can be adjusted over a wide visible wavelength range. For many
nanophotonic applications, specific values for the extinction coeflicient
are crucial to achieve optical loss and gain. We employed bottom-up
self-assembly techniques to sandwich optically active ternary metal-
chalcogenides between a metallic mirror and plasmonic colloids. The
spectral overlap between the cavity resonance and the broadband
emitter makes it possible to study the tunable radiative properties
statistically. For flat cavity geometries of silver nanocubes with sub-10
nm metallic gap, we found a fluorescence enhancement factor beyond 1000 for 100 cavities and a 112 meV Rabi splitting. In
addition, we used gold spheres to extend the refractive index range. By this easily scalable colloidal nanocavity setup, gain and
loss building blocks are now available, thereby leading to new generation of optical devices.
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B INTRODUCTION application in transformation optics,'* such as cloaking,"® field

14 s . .
Plasmonic cavity-coupled emitters are highly appealing systems concentration, ~ and perfect absorbers.” To achieve this,

to study light—matter interactions due to their strong and plasmonic nanostructures can be used instead of dielectric

confined nearfield enhancement upon excitation.' Such systems materials. The material refractive index contrast can be increased
have proven to be promising candidates for tailoring photonic significantly if a noble metal (1 < 1 due to free electrons) is used
properties at exceptionally small mode volumes.”” Recently, instead of a dielectric material (n ~ 1.4). When noble metals are
colloidal approaches have been introduced to continue this used, greater absorptive losses are generally encountered, but
development by incorporating the emitting material (molecular these losses are not overly problematic because the plasmonic
excitons or quantum dots (QDs)) using host—guest chemistry," structures feature much higher coupling interactions than
simple immersion techniques,” or polyelectrolyte multilayers.” dielectric structures.'® In other words, the imaginary index can

The fast energy transfer between excitonic quantum emitters
and the cavity system leads to hybridized light—matter states
provided that the plasmon—exciton coupling is sufficient.”* To
exploit these sub-wavelength-scale phenomena for applications
like optical circuits and calculations, the refractive index (RI)
(i = n + ik) of the structure itself must be modulated.” Most
computational metastructures are based on alternating the real
part of the refractive index through implementation of different
dielectric materials. In these periodic arrangements, the

be also used as a material contrast property. This is shown in the
recent developments in the field of passive parity-time
metamaterials, where contrasts in both n and k are utilized to
provide a unidirectional light propagation.'” If optically active
materials like molecular excitons or quantum dots are now
coupled to such structures, k can be further modulated to
become negative (single-mode lasing).'® These active parity-
time metamaterials might be an important step toward next-

materials are chosen such that the index contrast in the real generation optical applications on a subwavelength scale."
part n is maximized, whereas the imaginary part k is minimized
to reduce losses.'* These conditions are often met using ordered Received: December 31, 2018
polymer structures.'' However, a high refractive index contrast Revised:  February 15, 2019
with a spatial variation below the diffraction limit is desirable for Published: February 19, 2019
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Here, we study the radiative properties for a set of colloid-to-
film-coupled cavities as determined by their composition. We
combine a well-defined self-assembled monolayer (SAM) of
thiolates with a polymeric film formed using layer-by-layer
deposition methods to achieve a homogeneous and emitting
spacer layer of various thicknesses. Gold spheres and silver cubes
are used as plasmonic colloids, and ternary metal-chalcogenide
quantum dots with a long photoluminescence (PL) lifetime
(100 ns) and broad emission range (full width at half-maximum
(FWHM) = 304 meV) are chosen as the optically active
material. By using a combination of surface and optical
characterization methods, we can establish the presence of
light—matter interactions and study the optical properties
statistically. An improvement in electromagnetic simulation
methods allows us to calculate the effective refractive index for
each system. This quantification combined with self-assembly
makes the colloid-to-film-coupled cavities potentially useful for
the next generation of optical circuits.

B EXPERIMENTAL METHODS

Substrate Preparation. A gold film with a thickness of 50
nm was evaporated onto a clean glass slide (Menzel) using
physical vapor deposition (HEX-L by Korvus Technology Ltd,
Newington, U.K.). The gold layer thickness was validated using
spectroscopic ellipsometry (J.A. Woollam, RC2 Ellipsometer) to
be 50 nm. The substrate was then incubated in a 1 mM solution
of (11-mercaptoundecyl)-N,N,N-trimethylam-97 monium bro-
mide (MUTAB) (Sigma Aldrich) to form a positively charged
self-assembled monolayer. The thickness was determined to be
1.5 nm using spectroscopic ellipsometry. A monolayer of
thioglycolic acid (TGA) functionalized silver—indium—sulfide
(AgInS) quantum dots was assembled by placing the sample
into an aqueous QD dispersion for 30 min at room temperature.
The formation of a homogeneous layer of AgInS QDs was
verified using fluorescence lifetime imaging (FLIM) and atomic
force microscopy (AFM). An additional polymeric spacer was
applied by (repeatedly) dip-coating the sample into (alternat-
ing) solutions of poly(allylamine hydrochloride) (PAH) (0.1
mg/mL; 0.5 mM NaCl) and poly(styrene sulfonate) (PSS) (0.1
mg/mL; 0.5 mM NaCl) each for 60 s. Between each layer-by-
layer assembly step, the sample was rinsed with ultrapure water
(Merck Millipore) for 30 s. Each PAH/PSS monolayer is
estimated to be 1—2 nm in thickness, as measured by
ellipsometry. The metallic nanoparticles were applied by drop-
casting onto the substrate for 30 s, followed by rinsing with
purified water and nitrogen drying.

Dark-Field Measurements. Single-particle scattering spec-
troscopy was done with a Nikon Ti-U inverted microscope in
transmission mode. The data were recorded using an IsoPlane-
160 spectrometer and a PIXIS: 256 charge-coupled device
camera (Princeton Instruments). Measurements were per-
formed with a dark-field condenser (air, NA 0.8—0.95) and a
60X air objective (CFI S Plan Fluor ELWD, NA 0.7, Nikon,
Japan) under illumination by an Energetiq EQ-99 laser-driven
light source. The measured spectra were corrected by
subtracting the dark current at the detector and normalizing
against the white light scattering spectrum of a polystyrene
particle solution.

Time-Resolved Fluorescence Measurements. Fluores-
cence lifetime images and time-correlated single-photon
counting (TCSPC) data were measured with an inverted
confocal scanning microscope (MT200, PicoQuant) incorpo-
rating a 100X air objective (UPLFLN, NA 0.9, Olympus, Japan).
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Diode lasers with 405 and 506 nm central wavelengths (LDH-
40S; LDH-510) and 1—S MHz repetition rates were used for
excitation. The signal was guided through a long pass filter with a
cutoff below 519 nm (FF01-519/LP, Semrock) and detected
with a SPCM-AQRH single-photon counting module (Ex-
celitas).

Photoluminescence (PL) Measurements. The spectrum
of the AgInS QD monolayer was detected with an Andor SR 163
Spectrograph during continuous exposure with a 405 nm diode
laser (LDH-405). The background correction was done by dark
current measurement.

Synthesis of Plasmonic Nanoparticles. Hexadecyltrime-
thylammonium chloride (CTAC) capped gold nanopheres were
synthesized by a seed-mediated growth process, as described by
Steiner et al."”

Briefly, the particles were synthesized in three steps. First,
tetrachloroauric acid (HAuCl,) was reduced by sodium
borohydride (NaBH,) in the presence of hexadecyltrimethy-
lammonium bromide. The obtained 2 nm single-crystalline
seeds were successively grown up within the next two steps to
receive spherical particles of about 70 nm. For the growing
process, HAuCl,, CTAC, and ascorbic acid serve as Au
precursor, stabilizing agent, and reductant, respectively. To
ensure kinetic control, a syringe pump was used in the last step.

CTAC-capped silver nanocubes were synthesized by a living
silver overgrowth of gold nanospheres, as recently published by
Mayer et al.*°

Synthesis of Quantum Dots. AIS/ZnS core/shell QDs
were prepared in aqueous alkaline solutions as described in
detail in recent literature.”"** Briefly, core AIS QDs were formed
via the interaction between sodium sulfide and a mixture of
Ag(I) and In(III) complexes with thioglycolic acid (TGA). The
reaction was performed in deionized (DI) water at 96—98 °C in
the presence of ammonia and was complete in 60 min. A ZnS
shell was subsequently formed over the AIS cores by the
addition of a Zn(II)-TGA complex. In this step, the colloidal
solution remained at 96—98 °C for additional 10 min. The AIS/
ZnS QDs were then precipitated by introducing an excessive
amount of 2-propanol separating the precipitate from the
supernatant by centrifugation and redispersing in pure DI water.
The procedure yields stable colloidal AIS/ZnS solutions with a
molar Ag(I) concentration of up to 0.1 M. The atomic ratio of
metals in the final AIS/ZnS QDs was kept at Ag/In/Zn = 1:4:8.

Finite-Difference Time-Domain (FDTD) Simulations. A
commercial-grade simulator based on the finite-difference time-
domain (FDTD) method was used to perform the calculations
(Lumerical FDTD, version 8.16).>* To simulate the optical
response, a total-field scattered-field source was used, and the
frequency points were set to be half the wavelength span. We
used perfectly matched the layer boundary conditions (BC) in
all principal directions with a linearly polarized plane wave
source (4 = 300—800 nm). Monitor boxes were used to obtain
the optical responses of the system. For the dielectric properties
of gold and silver, data from Johnson and Christy”* and CRC*
were fitted using six coefficients for gold and five for silver. Both
fits had an root-mean-square (RMS) error of 0.2. For simulating
the coupling interactions, we added a Lorentz Oscillator to
resemble the optically active layer inside the cavity. All
simulations reached an auto-shut-off of at least 107> before
reaching 300 fs simulation time. For the best simulation stability,
the mesh area was chosen to be at least 100 nm larger than the
existing structure in all three principal directions. For the
simulation of the coupling interactions, we employed a Lorentz
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Figure 1. Setup of the macroscopic colloid-to-film-coupled nanosystem: (a) schematic description of the colloid-to-film nanocavity for a gold
nanosphere (left) and a silver nanocube (right) coupled to a gold film with ternary metal-chalcogenide quantum dots sandwiched between colloid and
film. (b) Fabrication steps required to form the uniform emitting spacer layer. (c) A photograph of an as-prepared substrate containing self-assembled
cavities. (d) Dark-field microscopy image of the sample in (c) with two engraved orientation lines. (e) Dark-field microscopy image of the area marked

in (d) showing colloid-to-film-coupled nanocavities.

model layer inside the cavity spacing. For effective refractive
index calculations, the FDTD S-parameter extraction analysis
was used.”® To retrieve the optical constants for the
inhomogeneous asymmetric structure, we calculated the optical
response in the forward (S12/S22) and reverse (S11/S21)
directions. For these simulations, the automatic shut-off level
was adjusted to 1077. For all simulations with and without
dipoles (to simulate a dipole-free situation, the dipole amplitude
was set to 1/10), we ensured that the electromagnetic fields
propagated as a plane wave (uniform fields) by introducing an
electric field monitor at a sufficient distance from the structure
(1 um). We used periodic BCs in plane, a perfectly matched
layer BC in the beam direction and a linearly polarized plane
wave source (4 = 300—800 nm). The simulation setup was
placed in the center of the FDTD simulation surrounded by air
(n = 1). Metamaterial span as well as metamaterial center was set
to the colloid-to-film-coupled setup accordingly.

B RESULTS AND DISCUSSION

The fabrication of our colloidal nanocavities starts with a self-
assembled monolayer of (11-mercaptoundecyl)-N,N,N-trime-
thylammonium bromide that is adsorbed on a gold film as a 1.5
nm layer (see Figure 1). This method proved to be suitable for
the bottom-up self-assembly, since thiolate-based self-assembled
monolayers SAMs on gold are easy to generate and offer ordered
monolayers on a macroscopic scale.””~%° Therefore, the surface
charge is uniformly distributed and allows the negatively charged
silver—indium—sulfide (AgInS) particles (3 nm) to be adsorbed
in a homogeneous monolayer. We get a homogeneously
distributed monolayer of emitters with an estimated quantum
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dot density of 6.5 X 10'* emitters per cm? (Figure S1). To tune
the distance between the metallic surfaces and ensure a
homogeneous surface, additional polymer spacing was applied
using the well-known layer-by-layer assembly method involving
PAH and PSS.*®*!' Thus, the distance between the metal
surfaces was adjusted by including different amounts of
polyelectrolyte bilayers. Uniform coverage and low surface
roughness of the spacing-emitter layer was verified via atomic
force microscopy (AFM, Figure S2), scanning electron
microscopy (SEM, Figure S3), and FLIM measurements
(Figure S4). By AFM, an RMS surface roughness of 2.045 nm
was measured on a 15 X 15 ym? area, and a uniform fluorescence
emission signal was detected. The plasmonic colloids were then
applied using drop-casting. For the CTAC surfactant layer
surrounding the nanoparticles, we estimated a thickness of 2 nm
from simulations. The final cavity spacing d is therefore made up
of the thiolate SAM (1.5 nm), AgInS QDs (3 nm), a variable
PAH/PSS multilayer, and a surfactant around the particles (2
nm). To ensure that the cavities were built from single particles,
further SEM measurements and dark-field microscopy were
employed to study the prepared substrates (Figures SS and S6).
This combination of self-assembled monolayers and colloidal
building blocks makes it possible to manufacture a variety of
stable cavity systems featuring different spacings and geometries
with low fabrication efforts. A complementary and statistical
study on their radiative properties is now possible.

Figure 2 shows a general evaluation of the different cavity
designs chosen to cover a broad range of cavity resonances and
light—matter interactions. For quantitative information about
the single cavities and their exciton-coupling, single-particle
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Figure 2. Spectroscopic properties of various colloid-to-film-coupled
setups: time-correlated single-photon counting, scattering spectrosco-
py, and dark-field imaging of (a) gold spheres and (b) silver cubes
coupled to a gold film with 9 nm (red), 12 nm (green), and 16 nm
(purple) cavity spacing. The dashed line in (a) marks the gold film

scattering.

scattering spectroscopy and TCSPC were used to directly access
the optical properties of the colloid-to-film-coupled cavities. The
TCSPC decay rate measurements of gold spheres and silver
cubes were highly sensitive to the particle-to-film distance d. For
gold spheres with 12 and 16 nm spacings, similar TCSPC curves

were obtained, whereas the 9 nm cavity led to a significantly
enhanced decay rate. Silver cubes offer a greater degree of decay
rate changes as a clear trend toward shorter lifetimes was
detected for decreasing particle-to-film distances. This effect
becomes more comprehensive when the single cavity scattering
spectra are taken into account. Both particle systems show
coupling interactions with the gold mirror as expressed through

a spectral redshift. The silver cubes show a large sensitivity% of

23.7, whereas the gold spheres were less sensitive at 7.1. The
higher sensitivity of the cube setup is dominated by the edge
geometry rather than the material properties of silver (Figure
S7). This relationship is also observable through dark-field
microscopy as shown in Figure 2. Whereas only minor changes
of the color of the cavity scattering cross section are visible for
the sphere-to-film geometry, a more pronounced color variation
takes place for the cube-to-film systems. The pronounced peak
at 520 nm in the sphere-to-gold film system is caused by
scattering of the gold film and not visible in the cube-to-gold film
geometry due to the much higher scattering intensity of the
silver cubes compared to gold spheres. The most significant
observation is the Rabi splitting of the cavity resonance for the
sub-10 nm cube-to-gold film gap. This mode hybridization is a
signature that light—matter interactions between the plasmonic
and the excitonic systems are becoming strong enough to
overcome the energetic losses of the resonator. Since light—
matter interactions are necessary for optical gain, we further
investigated the optical properties of this particular 9 nm silver
cube cavity setup.

To evaluate the suitability of the cube-to-gold-film-coupled
cavities for tasks that demand strong plasmon—exciton
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Figure 3. Statistical evaluation of silver cube nanocavities at 9 nm spacing: (a) dark-field scattering spectra of three representative nanocavities. The
solid black line shows the measured scattering response. The blue and red dashed lines show the individual Lorentzian fits and the purple solid lines
show the combined fits. (b) Peak position of the hybridized modes with respect to the estimated cavity resonance 4,. (c—f) Histogram plots and
Gaussian fits (black lines) of (c) Q-factor, (d) peak splitting, (e) cavity resonance, and (f) loss rate. Seventy-seven nanocavities were studied

statistically.
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Figure 4. Dark-field spectroscopy and time-correlated single-photon counting in cube-to-film-coupled cavities: (a) dark-field scattering image of silver
cube nanocavities at 9 nm spacing. (b) Fluorescence events (gray scale) and fluorescence lifetime (color scale) image of the corresponding cavities in
(). (c) Lifetime pattern images of quantum dot monolayers without (top) and with (bottom) silver cubes. (d) Normalized photoluminescence (PL)
measurements of the ensemble of quantum dots on glass (black) and a single cavity (red). The instrument response function is shown in gray.

interactions, we need to quantify the occurring losses y as well as
the coupling strength g. Another point of interest is the quality
factor Q, which is a measure of the energetic losses with respect
to the resonance wavelength of an optical resonator. Our
colloidal approach enables statistical measurements of the
optical properties of single cavities by dark-field scattering
spectroscopy. The required parameters can directly be extracted
from the resulting spectra, since y is the spectral FWHM,
whereas g is given by the distance between the hybridized
plasmon peaks.” This can be understood by applying a coupled-
oscillator model

52

4

@

1
= E(a)c + 0)0) =+ g2 +

av

(1)

where @, is the frequency of the hybrid modes, @, is the cavity
frequency, w, is the emitter frequency, g is the coupling strength,
and ¢ is the detuning between cavity and emitter resonance. As
Figure 3 shows, we evaluated 77 cube-to-film-coupled cavities
and extracted the desired parameters using Lorentzian functions
(Figure 3a). To visualize the optical range in which our cavities
are operational, we also obtained the estimated cavity wave-
length A, for each spectrum (Figure 3b) by using an additional
Lorentzian fit. We found the mean quality factor of the 9 nm
cube system to be 16.9 + 0.2, whereas typical plasmonic cavities
have Q-factors between 5 and 10, although similarly hi§h Q-
factors were reported for different cavity geometries.'®*” Th.

statistical analysis of coupling strength gives a normal
distribution with a mean value of 111.5 + 5.2 meV, which is
of the same order of magnitude as published in literature
recently.” The variations of the coupling strengths are affected
by several parameters. On the one hand, the absolute position of
the emitters is crucial. Cube-to-metallic-film-coupled cavities
induce large field enhancements near the edges of the cubes and
lower field strengths in the center. Varying positions of the
AgInS particles in each cavity will therefore lead to different
levels of interaction. On the other hand, the number of emitters
N also affects the cavity coupling.”’* For the cube-to-film
geometry, we have an estimated N of 360 emitters per cavity
(Figure S1). The estimated average central wavelength of the
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coupling cavities is found to be 720 nm (1.72 + 0.01 eV), which
matches the emission from the AgInS QD monolayer (Figure
S8). The mean losses of the cavities are found to be 177.5 + 6.5
meV. Although the loss surpasses the coupling strength in
general, we can still observe plasmonic mode hybridization,
which is usually associated with strong plasmon—exciton
coupling. Latter is defined by 2g > y, which is only the case for
several of the detected cavities (Figure S9). The statistical
evaluation shows that the cavities feature stable conditions
concerning their light—matter interactions. Together with the
scalable manufacturing process, they can be employed in
macroscopic applications in the future.

One of the most promising ways to employ plasmonic cavities
is their impact on the emitters’ decay channels. Due to the QDs’
close proximity to the metal surfaces, the excitable states of the
quantum dots are altered, leading to both faster radiative and
nonradiative decays.”” Since the increase in radiative decay rates
generally exceeds that of the nonradiative channels, the overall
quantum efficiency of the QD emission improves significantly.
This gives rise to photoluminescence enhancement, which
results in a strong increase in emission. Figure 4a shows a dark-
field microscopy image of the cube-to-gold-film-coupled cavities
sandwiching the AgInS QD monolayer, verifying the presence of
a cube-to-gold-film-coupled nanocavities. Figure 4b shows the
same area as a FLIM, in which the contrast resembles the
photoluminescence intensity and the color indicates the lifetime.
A strong increase in the emission intensity can be detected at
each cavity. To quantitatively analyze the photoluminescence
enhancement, we determined the enhancement factor (EF),
which is defined as

IcavA fit
IbkgAcav
I

cav is the emission intensity of the cavity, I, is the intensity of
the AgInS QD monolayer outside the cavity, Ag, is the area of the
enhanced region, and A, is the estimated area of the cavity. The
data were extracted from each cavity by applying a two-
dimensional Gaussian fit, in which I, describes the amplitude,
I, the baseline, and Ag, the FWHM of the fit. A, was assumed

cav

EF =
)
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to be 75 X 75 nm?. A statistical evaluation of 100 cavities gives an
EF of 1002 =+ 48 for the cube-to-gold-film-coupled nanocavities.

For application in devices like optical circuits, it is necessary to
modulate the decay rates of the emitters in a controlled fashion.
Since the lifetime is inversely proportional to the decay rate, a
decrease is to be expected for plasmonically enhanced
fluorescence. TCSPC was employed to further quantify the
radiative decay properties of the cavities. Whereas uncoupled
AglIn§ emitters show an estimated average lifetime of 100 ns, the
metal-enhanced photoluminescent system shows a drastically
decreased lifetime of about 330 ps (Figure 4d), which is nearly
indistinguishable from the instrument response function for
most of the measured photons. Both the improved emission and
the enhanced exciton decay indicate a strong interaction
between plasmonic and excitonic components of the system.
To study the macroscopic changes in emission behavior for
cube-to-gold-film-coupled cavities, we employed a lifetime
pattern analysis of FLIM measurements that provides
information about the general lifetime distributions of a
measured surface. Figure 4c shows the lifetime pattern of an
AgInS QD monolayer on gold without (top) and with (bottom)
plasmonic colloids. Although only about 2.5% of the surface is
affected by the plasmonic cavities, we observed strong
confinement of the lifetime distribution at high decay rates.
This shows that our colloidal approach is suitable for the large-
scale modulation of the radiative properties in enhancement and
lifetime.

Since complementary experimental findings have pointed
toward the presence of significant plasmon—exciton coupling in
our cavity systems, their actual suitability as optical loss and gain
materials was studied using FDTD simulations. The corre-
spondence between refractive index and spatial location is
crucial for applications such as transformation optics or
nonreciprocal light propagations. We used the S-parameter
method to determine the refractive index of our colloid-to-film-
coupled cavity, which was calculated for an area of 300 X 300
nm? (see Figure 5). For this, the colloidal cavity was excited in
both forward and backward directions, from which a transfer
matrix with four elements was determined (S-matrix). Together
with the size and position of the cavity, the effective refractive
index was calculated. The first step in FDTD S-parameter
calculations is the comparison of the results with values from
literature (see also Figure S10). The comg)arison of the bulk
refractive index values for g01d24 and silver™ also indicates the
total range in which the index of the gold/silver colloidal cavity
can be modulated. Starting with a gold sphere as colloid, the
imaginary refractive index/extinction coefficient (k) could be
changed significantly (60%) with respect to the literature values
for gold, whereas the real refractive index (n) changes only
slightly (10%). These complex index values correspond to
earlier published data that were used to quantify a colloidal
magnetic metasurface.”®”” Loops are observed in the index
modulation diagrams for silver cubes, and these loops vary as the
cavity spacing is adjusted. This effect is attributed to the flat
cavity geometry, which causes a clear and strong cavity
resonance between 600 and 750 nm. The loops in the index
diagram of Figure 6 are to be interpreted as resonances (Lorentz
oscillation). These resonances result in a peak in the real part of
the refractive index, whereas the imaginary part is similar to a
derivative of the peak. Figure S9 shows the real and imaginary
parts of the refractive index with respect to wavelength. Given
the resonance form, the same real refractive index can occur at
different wavelengths. The same applies to the imaginary part. It
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Figure 5. Index modulation diagram of a set of colloid-to-film-coupled
nanocavities: literature values for the bulk gold and silver material are
plotted between 300 and 800 nm in gold and gray, respectively. The S-
parameter method is used to simulate the refractive indices from 400 to
800 nm for spherical gold (dashed line) and cubic silver (solid line)
cavities at various dielectric spacings (9, 12, and 16 nm, color scheme
inset). A dipole source was chosen to emulate the emitting material at
550 nm for the spherical cavity and at 680 nm for the cubic cavity.
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Figure 6. Cyclical change in the refractive index environment: (a)
measured (left) and simulated (right) scattering responses of a
nanocavity in different dielectric media, including air (red), water
(blue), and ethylene glycol (green). (b) Reversible switching of
plasmon mode hybridization by alternating the environment. (c) S-
matrix calculations of the effective refractive index of the cavity
structure for different ambient conditions.

follows that the loop tip can be interpreted as a resonance peak
and the loop width is proportional to the FWHM of the
resonance. Figure S11 describes the physical meaning of the
resonances by plotting the refractive index as permittivity and
permeability. An electrical mode is defined as a peak in the
imaginary part of the permittivity and a magnetic mode is
defined as a peak in the imaginary part of the permeability.””
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From this it can be concluded that at spherical cavities only a
magnetic mode is present and at cubic cavities electrical as well
as magnetic properties occur. Depending on the excitation
wavelength or cavity spacing, the real index can be changed by a
factor of 2—3 and the imaginary index by 50—56% with respect
to the values for bulk gold. With this scalable colloidal approach,
the refractive index can be modulated in the range of
metallodielectric materials.'” Beyond this range, the imaginary
index can become negative, whereas the real index remains
unchanged by introducing an emitter within the colloidal cavity.
We simulated the presence of a quantum emitter by introducing
a single-wavelength dipole source whose electric field vector is
perpendicular to the metallic surfaces. With this approach, we
were able to determine the complex index for the sphere-to-gold
film cavity at 550 nm and for the cube-to-gold film cavity at 680
nm. Consequently, with these colloid-to-film-coupled nano-
cavities, one can create an alternating imaginary index profile
with periodic loss and gain regions.

Beyond optical computing, plasmonic systems are also highly
sensitive to changes in their environments. Therefore, their
optical response can be further altered by changing the
parameters like the ambient RI. To study how the light—matter
interactions respond when the cavity resonance is changed, we
varied the dielectric environment of the system from air (n = 1)
to water (n = 1.33) and to ethylene glycol (n = 1.43). Figure 6
shows the scattering signals for these different ambient
conditions, both in experiments and simulations. Whereas
pronounced splitting is observed in air, reduced splitting is
observed if the surrounding medium is changed to water or
ethylene glycol. If a sample is immersed in water and dried
afterward, the original peak splitting is recovered. As it is plotted
in Figure 6b, this RI modulation can be cycled. We also
calculated the effective refractive index using the FDTD S-
parameter method. With this method, we also observed that the
ambient refractive index changes the effective index to the same
extent. Thus, using various colloidal cavities (Figure 5) and
refractive index environments (Figure 6), we can change the real
and imaginary parts of the cavity response independently.

B CONCLUSIONS

We have demonstrated the ability to tailor refractive index on a
sub-wavelength scale for a set of nanocavities using spectro-
scopic and electromagnetic simulation methods. To ensure cost-
effective fabrication on a large scale, we employed a self-
assembled monolayer of thiolates and polyelectrolytes to tailor
the cavity properties. This method allows us to statistically
quantify the spectroscopic properties of the colloid-to-film-
coupled cavities with and without embedded emitters and could
be extended to create different emitter densities by using varying
thiolates in the future. The resonance position and shape could
be adjusted over a wide visible spectral range by introducing
different colloidal materials, shapes and cavity spacings. The
plasmon—exciton interaction, as a measure of the coupling
strength, was confirmed by scattering spectroscopy, fluorescence
lifetime measurements, and reversible refractive index sensing.
The coupling strength also correlated with the effective
refractive index shown by the FDTD S-parameter method.
Thus, by changing the colloidal cavity parameters, the real and
imaginary parts of the refractive index could be selectively and
independently changed. The accurate determination of optical
constants is an important step in the design of photonic
nanostructures. The low-cost and scalable fabrication of tailor-
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made nanocavities can therefore lead to new generation of
optical circuits and light modulators.
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