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ABSTRACT: Strong plasmon—exciton coupling could occur in hybrid metal—dye/
semiconductor nanostructures, where the fast energy exchange between plasmons and
excitons leads to two new eigenmodes of the system, known as Rabi splitting. In
experiments, strongly coupled nanosystems are difficult to obtain because they require
some strict conditions, such as low plasmonic damping, small plasmon mode volume,
and good spectral overlap. This work demonstrates strongly coupled metal—
semiconductor nanostructures can be constructed using colloidal assembly.
Specifically, sandwiched Au—quantum dot—Au nanostructures were created through
the assembly of Au nanoparticles and colloidal quantum dots (QDs). The sizes of the
QDs and the assembly conditions were varied to control the mode volume of the
plasmonic cavity formed between the two Au nanoparticles. With a decreased gap size,
Rabi splitting was observed in both dark-field scattering and fluorescence spectra of
single Au—QD—Au nanostructures. Theoretical simulations revealed that the strong
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coupling occurred between the excitons and the octupolar plasmon modes.

lasmon—exciton interaction in hybrid metal—quantum
emitter nanostructures leads to various unique optical
properties. Weak plasmon—exciton interaction arises when
plasmonic nanostructures are placed near quantum emitters,
which in turn modulates the light absorption and emission
properties of the quantum emitters. A number of biosensors,
imaging probes, and photovoltaic devices have been developed
on the basis of the weak interaction effect.' > While weak
coupling occurs relatively easily, strong coupling requires more
stringent conditions.” To achieve strong coupling, the rate of
energy exchange between the plasmon and the exciton needs
to be maximized so it can exceed the decay rate of both the
plasmon and the exciton. Under this condition, the energy
coherently oscillates between the plasmon and exciton,
resulting in a plexcitonic state featuring two new eigenmodes.
These unique properties make the strongly coupled plasmon—
exciton systems promising candidates in many applications
such as thresholdless polariton lasing, solar cells, single-photon
nonlinear optics, and quantum information processing.”~ ">
The coupling strength (g) between the plasmon and exciton
is affected by the plasmon and exciton decay rates, their
resonance frequency and oscillator strength, the number of
excitons, and the plasmon mode volume (V). So far, strong
coupling in complexed systems has been successfully realized
by incorporating either multiple excitonic molecules or
nanoparticles into plasmonic nanostructures or/and reducing
the plasmon mode volume via creating gaps or extra sharp
plasmonic features. Strong plasmon—exciton coupling showing
splitting in both dark-field scattering and fluorescence spectra
was first realized experimentally in a system composed of Ag
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nanoparticles (NPs) and molecular J-aggregates.'® In a few
exciting recent studies, strong coupling has also been observed
by incorporating single colloidal quantum dots (QDs) between
a Au NP and a Ag substrate, where a plasmonic gap was
formed at the junction between the Au NP and the Ag
substrate.'” Colloidal QDs are particularly attractive for
developing a strongly coupled system due to their large
absorption cross section and long exciton lifetime compared to
those of many molecular dyes. Moreover, the strength of the
coupling between QDs and metal NPs could easily be tuned by
their size, composition, and spatial geometric arrangement. So
far, the few strongly coupled QD—metal systems relied on
creating a gap plasmon between a metal NP/tip and a metal
substrate.'#'>''® A substrate-free system that could be
solution-processed will make them for suitable building blocks
for optoelectronic devices and thus is beneficial for future
applications.

Assembly of metal NPs and QDs in a colloidal solution
offers the possibility of generating a strongly coupled metal
NP—-QD system with nanometer precision and well-defined
structures.'”~>' However, due to the difference in the chemical
nature of QDs and metal NPs (MNPs), there is not yet a
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Figure 1. (a) Schematic illustration of strong plasmon—exciton coupling in a Au—QD—Au sandwiched structure. (b) Extinction and fluorescence
spectra of Au nanoparticles, 8 nm CdSe/CdS QDs, and S nm CdSe/CdS QDs. (c) Schematic illustration of colloidal assembly of Au nanoparticles
and QDs. (d) Representative TEM image of the assembled Au—QD—Au nanostructure. The scale bar is 100 nm.

successful method of assembling MNP—QD structures to
exhibit a strong coupling effect. Theoretical simulations
showed Au or Ag NP dimer structures with CdSe-based
QDs sandwiched between the metal NPs have the potential to
allow strong coupling between the plasmon and excitons to
occur.”” Silver NPs have demonstrated a stronger coupling
effect when conjugated to dye/QDs because their damping is
much weaker than that of Au NPs.**** However, colloidally
assembled strong coupling Ag/QD structures have not been
realized due to the gradual leach of Ag® ions from the Ag NPs
in solution.”> The Ag® ions can easily etch QDs and lead to
chemical quenching of the excitons.”® Due to this limitation,
Au NPs naturally become the proper candidate to build
colloidally assembled hybrid metal/QD structures. To over-
come the strong plasmon damping of Au NPs, the hybrid
structure is designed to have gap plasmon—exciton coupling. A
gap plasmon is known to form between two metal NPs in the
proximity of each other or a metal NP near a metal surface. A
gap plasmon often has a large electromagnetic-field enhance-
ment and small mode volume, which are desirable for
achieving strong plasmon—exciton coupling. In a structure in
which QDs are placed in the gap of the Au NP dimer, the
localized surface plasmon resonance (LSPR) generated in the
Au NPs by the incident light could excite the QDs to create
excitons in them. The recombination of the exciton then has a
chance to transfer the energy back to the plasmon. To maintain
the coherent oscillation of energy between the exciton and
plasmon, the Rabi frequency, which also determines the
coupling strength, needs to greatly exceed any other damping
rate in this system. In this work, our strategy for meeting such
conditions and for controlling the plasmon—exciton coupling
strength is to build sandwiched Au—QD—Au structures and to
tune the size of the gap between the Au NPs (scheme in Figure
1a). Moreover, to establish a structure-oriented performance
relationship, a correlated optical-transmission/scanning elec-
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tron microscopy technique was employed to determine the
morphology of the nanostructure studied. Under proper
conditions, Rabi splitting was observed in both the dark-field
scattering and fluorescence spectra of the Au—QD—Au
structures, confirming that a strongly coupled system was
created via colloidal assembly. Theoretical simulations revealed
that the strong coupling in our system occurred between the
high-order octupolar plasmon mode of the Au NP dimers and
the exciton of the QDs.

Gold NPs and CdSe/CdS core/shell QDs of the desired
sizes were synthesized according to previous literature and
applied as the building blocks to produce the Au—QD—Au
sandwich structures.”””® To observe the coupling between the
plasmon of the Au NPs and the exciton of QDs, 100 nm Au
NPs and 8 nm CdSe/CdS core/shell QDs were first tested,
and their extinction and fluorescence spectra are shown in
Figure 1b. Because the QDs were dispersed in hexane whereas
the Au NPs were dispersed in water, the QDs were modified
with poly(ethylene glycol) methyl ether thiol (PEG-SH) and
transferred into water prior to the assembly. For the QDs to
attach to the Au NPs, the Au NPs were coated with a thin (3-
aminopropyl)triethoxysilane (APTES)-doped silica layer using
a previously published method to provide binding sites for the
QDs (scheme shown in Figure 1c).”” The QDs were then
mixed with the Au@silica core@shell NPs and stirred
overnight. The PEG chains on the QD surface interact with
the silica layer on the Au NP through hydrogen bonding and
allow the QDs to attach to the Au NPs. Meanwhile, the amine
groups from APTES on the silica surface of one Au NP could
interact with the negatively charged Si—O~ on the surface of
another Au NP and induce the Au—silica—QD structures to
aggregate and form dimers. The sample was stirred for 24 h,
and the silica shell partially dissolved during stirring and
became thinner (see Figure S1). Figure 1d shows a
representative TEM image of Au dimers with QDs. The
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large dark spherelike particles are Au NPs, and the small gray
spheres on the Au NP surface are QDs. The gray layer around
the Au NPs is partially dissolved silica. A sparse layer of QDs
could be observed on the Au NPs, proving that the Au—QD—
Au structures indeed formed. Some of the QDs were not in the
gap between the two Au NPs but on the outside surface
instead. The fluorescence from these QDs is likely quenched
by the Au NPs, according to a number of previous studies.”””!
A control experiment was performed with QDs attached to
isolated Au NPs, and no fluorescence from this sample was
observed (Figure S2). Therefore, we do not expect them to
contribute much to the plasmon—exciton coupling.

The optical properties of individual Au—QD—Au structures
were examined under a dark-field microscope, and the
correlated structural information was collected by a trans-
mission electron microscope (TEM). Briefly, the Au—QD—Au
structures were drop-casted on a labeled TEM grid, and the
corresponding dark-field scattering image and TEM image
were compared and correlated (Figure S3). Figure 2 shows the
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Figure 2. (a) TEM image of a Au—QD—Au structure and (b) its
single-particle dark-field scattering spectra under polarized light with
varying polarization.

TEM image of a representative Au—QD—Au structure and the
corresponding dark-field scattering spectra with varying
incident light polarization. The single-particle dark-field
scattering spectra showed two distinct peaks whose relative
intensity changed when the polarization of the incident light
changed. This behavior matches well with the previously
observed plasmonic coupling between two metal NPs,
suggesting that the peaks originated from the plasmonic
coupling effect. Therefore, intermediate or strong plasmon—
exciton coupling did not occur in the current structures, likely
due to the relatively large gap size (4.2 nm measured from the
TEM image in Figure 2a) of these structures. We notice that
the gap size measured from the TEM image is smaller than the
diameter of the QDs. This discrepancy likely arises for two
reasons. (1) The gap size is calculated on the basis of the two
nearest points between the Au NPs in the TEM image, which
is a two-dimensional projection of the three-dimensional
assembled structure. It does not necessarily represent the
three-dimensional structure. (2) The position of the QDs may
be offset from the center of the gap, which will decrease the
shortest distance between the two Au NP surfaces. In addition,
Au NP dimers without QDs were synthesized as a control, and
their scattering spectra and corresponding scanning electron
microscope (SEM) images are included in Figure S4. The
spectra showed patterns and peak positions similar to those of
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the spectra of the Au—QD—Au assemblies, which confirms
that the scattering spectra of weakly coupled Au—QD—Au
structures are dominated by the scattering of Au NP dimers.

The plasmonic mode volume has a major impact on the
plasmon—exciton coupling strength, where the coupling
strength (g) increases with a decrease in the mode volume V

(g x+/1/V). In our design, the mode volume can be reduced
by shortening the distance between the Au NPs and decreasing
the diameter of the QDs. In the following experiments, 5 nm
CdSe/CdS QDs functionalized with PEG-SH were mixed with
Au@silica NPs and assembled onto them via stirring. The silica
shell thickness and the amount of QDs were further reduced to
shorten the distance between the two Au NPs. After incubation
for 12 h, the silica layer completely disappeared in the TEM
image of the Au—QD—Au structure and the size of the gap
between the Au NPs becomes too small to measure (Figure
SSa). However, the QDs are hardly visible in this structure, due
to the much smaller size of the QDs, the lower electron
diffraction efficiency of CdSe/CdS compared to that of Au,
and the low QD:Au ratio. To confirm the QDs were indeed
conjugated to the structure, a fluorescence image of individual
Au—QD—Au structures dispersed on a thin glass slide was
collected and compared with its dark-field scattering image
(panels b and c, respectively, of Figure SS). Only the spots that
appeared in both images were further examined.

Figure 3 shows the dark-field scattering and photo-
luminescence (PL) spectra of a representative Au—QD—Au
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Figure 3. (a) Unpolarized dark-field scattering and PL spectra of a
Au—QD—Au structure, (b) its SEM image (scale bar of 100 nm), and
(c) polarized scattering spectra of the structure.

structure and its morphology imaged using SEM. Another
example is listed in Figure S6. SEM correlation was used
instead of TEM correlation because the carbon support film on
the TEM grid introduced background fluorescence and made it
difficult to observe the signal from the QDs. Three peaks were
observed in the dark-field scattering spectra under unpolarized
white light excitation. In addition, the PL spectrum collected
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Figure 4. (a) Scattering spectrum of a Au dimer that consisted of two 100 nm Au spheres with a 2 nm gap between them. (b) Dipole distribution
of the Au dimer excited at 570 nm. (c) Electric-field distribution of the Au dimer excited at 570 nm. (d) Simulated fluorescence and scattering

spectra of the Au—QD—Au structure.

from the same nanostructure excited at 405 nm exhibited a
split in the peak, which is a signature of Rabi splitting due to
the strong interaction between the plasmon and exciton. The
same Rabi effect could also cause a splitting in the dark-field
scattering spectrum. However, the origin of the spectral feature
in the scattering spectrum of the structure needs to be
considered more carefully. For normal Au NP dimers, two
peaks are expected in their scattering spectra, which arise from
the transverse and longitudinal modes due to the dipole—
dipole interaction between the two NPs. The longitudinal
mode is usually at a wavelength much longer than that of the
LSPR of individual Au NPs, whereas the transverse mode
remains at a similar wavelength. Moreover, when the
polarization of light is parallel (or perpendicular) to the axis
defined by the centers of the two Au NPs, only one
longitudinal (or transverse) peak is expected to appear.
Thus, polarized light was used to excite the structure to
examine how the transverse/longitudinal plasmon mode
interacts with the excitons of the QD. When the polarization
is perpendicular to the axis, one intense peak at ~580 nm was
observed (yellow spectrum in Figure 3c), which is attributed to
the transverse mode. When the polarization aligns with the
axis, three peaks were observed instead of one (green spectrum
in Figure 3c). The peak at 720 nm is assigned to the
longitudinal mode. However, the origin of the other two peaks
at 530 and 640 nm is different and likely due to plasmon—
exciton coupling, which is further explained below.

Because the exciton of the S nm QDs is in resonance with
the transverse mode, the possibily of coupling the exciton to
the transverse mode is first considered. However, the coupling
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is ruled out for the following reasons. First, the discrete dipole
approximation (DDA) method®” was applied to simulate the
electric-field distribution around a Au dimer that consisted of
two 100 nm Au NPs. The simulation reveals that the electric-
field enhancement of the transverse mode is weak, which is
undesired for plasmon—exciton coupling. Second, the largest
enhancement occurred above and below the individual Au NPs
instead of in the gap from our calculations (see Figure S7) and
previous literature.” Thus, the plasmon mode volume is large,
which decreases the plasmon—exciton coupling strength.
Moreover, the transverse mode is independent of the gap
between the Au NPs. If this mode could couple strongly to the
excitons, strong coupling should have been observed in the
structure shown in Figure 2b, which contradicts the
experimental results. Therefore, we searched for other plasmon
modes, which depends on the gap size. Notice the Au NPs in
our system are fairly large (~100 nm in diameter); they could
exhibit a higher-order plasmon mode that matches the exciton
energy and couples to it.”* To examine this hypothesis,
electrodynamics simulations using the DDA method were
carried out. Figure 4a shows the simulated scattering spectrum
of a Au NP dimer that consisted of two 100 nm Au
nanospheres with a gap of 2 nm. Two peaks at $70 and 765 nm
appeared in the scattering spectrum when the dimer was
excited by light that was polarized along the longitudinal
direction of the dimer. The electric-field vector plots of the two
peaks (in Figure 4b and Figure S8) showed that the mode at
570 nm arises from an octupolar mode, while the peak at 765
nm is the longitudinal dipole mode. The 570 nm peak
dissappears when the gap size is >4 nm, acoording to the DDA
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simulations (Figure S9). Figure 4c shows the electric-field
distribution of the octupolar mode. The highest electric field is
observed at the gap between the Au nanospheres. Because the
resonance wavelength of the octupolar mode matches well with
the fluorescence peak wavelength of the QDs (~594 nm), it is
likely to couple to the excitons. The coupling between the
octupolar plasmon mode and the exciton is further simulated
with a semianalytical solution using equations in ref 17 (see
details in Experimental Methods). Figure 4d shows that when
coupling strength g was adjusted to 185 meV, peak splitting
was observed in both the scattering and the fluoresence
spectra. The position and line shape of the splitted peaks
match qualitatively with the experimentally observed spectra in
Figure 3a, proving that strong coupling did occur between the
exciton and the octupolar plasmon in the Au—QD—Au system.
The results revealed that the critical factor that determines the
plasmon—exciton coupling strength in the Au—QD-—Au
structures is the mode volume, or the gap size.

In conclusion, strongly coupled metal—semiconductor
hybrid nanostructures were synthesized by the colloidal
assembly of Au NPs and CdSe/CdS QDs with proper surface
functionalization. To achieve strong plasmon—exciton cou-
pling, a Au NP dimer structure in which QDs were sandwiched
between two Au NPs was employed. A gap plasmon emerged
between the Au NPs, and its mode volume was affected by the
gap size. In the structures with a larger gap size, no peak
splitting was observed because the energy exchange between
the plasmon and exciton was not fast enough to overcome the
plasmon damping and exciton decay. With a much smaller gap
size of ~2 nm, both the dark-field scattering and the
fluorescence of the Au—QD—Au structure showed a Rabi
splitting effect, because of the strong coupling between the
octupolar plasmon mode and the excitons. This work
demonstrates the ability of colloidal assembly methods to
control the nanoscale spatial arrangement of colloidal NPs and
therefore to modulate the plasmon—exciton coupling strength.
In the future, the methods will be further optimized to improve
the yield of the assembled structures and apply them in
optoelectronic devices. Efforts will also be devoted to study the
plasmon—exciton interaction mechanism in assembled QD—
Au NP oligomers.

B EXPERIMENTAL METHODS

Chemicals. Gold(IIl) chloride trihydrate (>99.9% trace metal
basis), hydroxylamine hydrochloride, 2-propanol (ACS
reagent, >99%), 3-mercaptopropionic acid (MPA) (>99%),
tetraethyl orthosilicate (TEOS) (>99.0%), l-octadecene
(ODE, 90%), 1-octanethiol (OCT, >98.5%), trioctylphosphine
oxide (TOPO, 99%), trioctylphosphine (TOP, 97%), oleic
acid (OLA, 90%), and oleylamine (OAm, 70%) were
purchased from Sigma-Aldrich. Poly(ethylene glycol) methyl
ether thiol (PEG-SH) (average M, = 5000 g/mol) was
purchased from Polymer Source. Sodium citrate dehydrate was
purchased from Fisher Scientific. Cadmium oxide (CdO,
99.998%), selenium powder (Se, 99.999%), and octadecyl-
phosphonic acid (ODPA) were purchased from PCI.
Ammonium hydroxide (28.0—30.0%) was purchased from J.
T. Baker. All chemicals were used as received.

Au Nanoparticle Synthesis. The 100 nm Au nanoparticle was
synthesized following a published procedure with slight
modification.” First, 40 nm Au nanoparticles were synthesized
as the seeds following Frens’ method.*® Then, 53 mL of
distilled water was added to a round-bottom flask under
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vigorous stirring followed by the addition of 6 mL of the
previously prepared 40 nm Au seeds. After 2 min, 900 uL of a
sodium citrate solution (0.0388 M) was added to the flask
dropwise. After an additional 2 min, 0.8 mL of HAuCl,
(0.0254 M) was added to the flask. Finally, after an additional
2 min, 1.3 mL of a hydroxylamine hydrochloride solution
(0.0101 M) was added dropwise and the round-bottom flask
was removed from the stir plate after 2 h.

QD Synthesis and Phase Transfer. The method reported by
Chen et al. was adopted to synthesize the CdSe/CdS QDs with
minor modifications.”” For synthesis of the CdSe core, briefly,
60 mg of CdO, 280 mg of ODPA, and 3.0 g of TOPO were
added to a 50 mL flask. The mixture was heated to 150 °C and
degassed under vacuum for 1 h. Under a nitrogen flow, the
reaction mixture was further heated to 320 °C to form a
colorless solution. After 2.0 mL of TOP had been added to the
solution, the temperature was quickly increased to 380 °C, at
which point a Se/TOP (60 mg of Se in 0.5 mL of TOP)
solution was injected quickly into the flask. When the CdSe
core QDs reached the desired size, the reaction was terminated
by removing the heat. After the mixture had cooled to room
temperature, the resulting CdSe QDs were precipitated by
adding acetone and redispersed in hexane for further uses.

For CdS shell growth, a hexane solution containing 400
nmol of CdSe core QDs was loaded in a mixture of 4.0 mL of
ODE and 4.0 mL of OAm. The reaction solution was degassed
under vacuum at room temperature for 1 h and 120 °C for an
additional 20 min to completely remove the hexane, water, and
oxygen inside the reaction solution. Then, the reaction solution
was heated to 240 °C, at which point a desired amount of
cadmium(II) oleate [2 monolayers (MLs) for S nm QD and 4
MLs for 8 nm QD, diluted in 4.0 mL of ODE] and 1.2 equiv of
OCT (diluted in 4.0 mL of ODE) were injected into the
growth solution at a rate of 2 ML/h using a syringe pump.
Meanwhile, the reaction temperature was further increased to
310 °C and maintained for the rest of the reaction. During the
growth, 1.0 mL of OLA was injected every hour. After the
precursor infusion had reached completion, an additional 1.0
mL of OLA was quickly injected and the solution was further
annealed at 310 °C for 10 min. The resulting CdSe—CdS
core—shell QDs were precipitated by adding acetone and then
redispersed in chloroform as a stock solution.

After synthesis, the QDs were functionalized with PEG-SH
and transferred into water. Briefly, 10 mg of PEG-SH was
dissolved in S mL of chloroform. Then, 2 mL of QDs dispersed
in chloroform (3 mg/mL) was added to the PEG-SH solution
dropwise. The solution was stirred overnight. After 12 h,
hexane was added to the solution to precipitate the QDs and
the mixture was centrifuged at 5000 rpm for 15 min. The
supernatant was discarded, and methanol was added to
dissolve the QDs. Finally, the methanol was dried under N,
gas blowing, and the dried QDs were dispersed in 8 mL of
water.

Au@Silica Synthesis. Au@silica core@shell structures were
synthesized according to the method developed by Chen et
al.*® Six milliliters of the 100 nm Au nanoparticles in water was
concentrated to 3 mL of a solution by centrifugation and then
transferred into 15 mL of 2-proponal; 120 uL of 3-
mercaptopropionic acid (5 mM in ethanol) were then added
to the solution. The mixture was allowed to stir for 30 min.
Four microliters of tetraethyl orthosilicate, 3 uL of (3-
aminopropyl)triethoxysilane, and 540 uL of ammonium
hydroxide were then added. The reaction mixture was kept
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at room temperature for 1 h, centrifuged thrice, and finally
dispersed in 3 mL of DI water.

Au—QD—Au Assembly. Fifty microliters of the QD—PEG-SH
solution was added to 3 mL of the Au@silica solution. The
mixture was allowed to stir for 12 h to ensure sufficient
dissolution of silica. As a result, Au—QD—Au structures
formed.

Preparation of Samples for Electron Microscopy. For TEM
correlation, the Au—QD—Au solution was diluted 10-fold with
DI water and 4 L of the diluted sample was drop-casted on a
TEM grid. The grid was left in open air to dry. This sample
was then used for single-particle optical measurement as well as
TEM imaging.

For SEM correlation, the Au—QD—Au solution was diluted
10-fold with ethanol and 4 uL of the diluted sample was drop-
casted on a glass slide. The glass slide was left in open air to
dry. A copper reference grid was glued to the glass slide to help
locate the particles under SEM imaging. This sample was then
used for single-particle optical measurement as well as SEM
imaging.

Single-Particle Optical Study and TEM/SEM Correlation. The
sample was examined under a Nikon Ti-u microscope with an
unpolarized/polarized halogen lamp. The dark-field condenser
(NA 0.85) was adjusted to focus the incident light at the
specimen plane. The scattered light was focused by a 100X NA
0.8 oil immersion objective (variable NA 0.8—1.3) and then
passed through a manually controlled slit to the spectrograph
(Isoplane SCT 320, Princeton Instruments) equipped with a

CCD camera (PIXIS 1024 BR, Princeton Instruments). Single-
particle scattering spectra were collected by narrowing the slit
and selecting the proper area of interest. The spectrum
correction was carried out by subtracting the background and
then dividing the lamp signal collected from the nearby area
with no particles. The TEM grid was then examined with an
FEI Tecnai G2 Spirit BioTWIN instrument to locate the
particles and acquire the TEM images.

To measure the single-structure fluorescence, the prepared
glass slide was placed under the microscope with a 405 nm
pulsed laser (Picoquant) sent through the objective to excite
the sample. The emitted photon was focused by the same
objective and sent to the spectrometer as described above. The
glass slide was thereafter examined with an FEI Nova
NanoSEM 450 instrument to acquire the SEM images.

Simulations. The scattering spectrum and electric-field
contour plot of Au nanoparticles were calculated using the
DDA method.”” The dielectric constants of Au were taken
from ref 37.

To simulate the spectral features due to plasmon—exciton
interaction, we applied a semianalytical model.'” Specifically,
the scattering and PL spectra of the Au—QD—Au structure are
calculated on the basis of eqs 1 and 2.

2 2
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T [ySP o i(wqp — wsp)

4 2 — i(w ~

In the equations, wgp is the plasmon resonance frequecy of
2.19 eV, which is the resonance frequency of the octupole
mode as determined by the DDA simulations in Figure 4. The
resonance frequency of the QD wqp, is 2.09 eV according to
experimental PL spectrum of the QDs in Figure 1b. The
damping constants y of Au and QDs (ysp = 5.8 X 10", and yqp,
= 2.3 X 10" Hz) were extracted from the line width of the
spectra in Figure 1b, using the method described in the
literature.”® The details of how the fitting paramaters are
obtained are available in the Supporting Information. g is the
couping strength that was set to 185 meV (4.5 X 10" Hz) to
match the experimental results. The simulated results in Figure
4 show that both the fluorescence and the plasmon octupolar
mode split into two peaks, consistent with what has been
observed experimentally.
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