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Abstract

Colloidal quantum dot (CQD) assemblies exhibit interesting opto-electronic properties when cou-

pled to optical resonators ranging from Purcell enhanced emission to the emergence of hybrid

electronic and photonic polariton states in the weak and strong coupling limits, respectively. Here,

experiments exploring the weak-to-strong coupling transition in CQD-plasmonic lattice hybrid

devices at room temperature are presented for varying CQD concentrations. To interpret these re-

sults, generalized retarded Fano-Anderson and effective medium models are developed. Individual

CQDs are found to interact locally with the lattice yielding Purcell-enhanced emission. At high
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CQD densities, polariton states emerge as two-peak structures in the photoluminescence, with a

third polariton peak, due to collective CQD emission, appearing at still higher CQD concentrations.

Our results demonstrate that CQD-lattice plasmon devices represent a highly-flexible platform for

the manipulation of collective spontaneous emission using lattice plasmons, which could find ap-

plications in opto-electronics, ultrafast optical switches, and quantum information science.
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Controlling the electromagnetic interactions between quantum emitters and localized surface

plasmons (LSPs), the collective excitations of conduction band electrons in metal nanoparticles

(NPs), in the weak, intermediate, and strong coupling regimes has been the focus of an intense

research effort in recent years.1–4 Interest in this topic is motivated by the ability of LSPs to con-

fine light to sub-diffraction-limited mode volumes, which can drive coherence effects in collective

quantum emitter systems, leading to applications in coherent light generation, photochemistry,

quantum information processing, and quantum photonic fluids.5–10 The weak and intermediate

coupling regimes are associated with enhancement of the emission and absorption rates of nearby

resonant emitters, while the strong coupling regime allows for coherent energy transfer between

emitters and LSPs. The resulting hybridized polariton states are separated by the Rabi splitting en-

ergy ~ΩR.11,12 One drawback to using LSPs to mediate emitter-emitter interactions is their intrinsic

Ohmic and radiative losses, which must be mitigated to reach the strong coupling regime.1,13,14

Periodic arrays of NPs, on the other hand, support hybrid photonic-LSP modes known as plas-

monic surface lattice resonances (SLRs) that exhibit lifetimes several orders of magnitude higher

than single particle LSPs without sacrificing the field enhancement properties that make LSPs at-

tractive.15–17 The periodicity of the NP lattice gives rise to SLR dispersion energies E(k||) that

are periodic in k-space.18 Bragg scattering at high-symmetry points of the Brillouin zone leads to

the formation of band-edge states characterized by a large photonic density of states that may be
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exploited to mediate SLR-QE interactions.

In the weak coupling regime, the optical properties of plasmonic SLRs have been leveraged

to enhance single photon emission from quantum emitters (QEs) via the Purcell effect, and room-

temperature lasing from solutions of organic dye molecules coupled to Γ point (|k|||= 0) SLRs.19–24

More recently, lasing from dye molecules coupled to the Γ and K point SLRs supported by non-

Bravais plasmonic honeycomb lattices was also demonstrated.25,26 Room-temperature plasmon-

exciton polariton lasing and Bose-Einstein condensation of SLRs into a single quantum state

has also been observed in strongly coupled SLR-organic dye systems.27–29 Colloidal quantum

dots (CQDs) are an especially attractive class of QEs owing to high quantum efficiencies and

broadband spectral tunability,30–32 which has made them critical components in a variety of pho-

tonic devices,33 including nanolasers,34,35 photovoltaics,36,37 and photodetectors.38 Despite the

achievement of strong coupling between SLRs and organic molecules,39–41 carbon nanotubes,42

and TMDCs,43 and of weak coupling between SLRs and CQDs,44 strong coupling between SLRs

and CQD assemblies has not yet been reported. The barrier to progress, in this case, is related to

the experimental challenges involved in fabricating CQD layers of a high enough concentration

while also maintaining a sufficiently narrow CQD size distribution.

In this paper, we explore the tunable coupling between exciton-supporting CQDs and SLRs in

Ag NP arrays through QE density variation and SLR-CQD resonance detuning. Through photo-

luminescence (PL) measurements and theory development for the hybridized SLR-CQD system,

we demonstrate that as the CQD density is increased, the system transitions between the weak,

intermediate, and strong coupling regimes. Further, we show that when CQD densities are near

saturation levels, a third hybridized mode appears in the PL spectrum that electromagnetic calcu-

lations indicate arises from a polariton state accessible at high emitter densities. Our results extend

the study of strong coupling between plasmonic SLRs and QEs to a separate class of CQD emitters

and highlights the density-dependent transition from localized to delocalized coupling.
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Results and Discussion
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Figure 1: Experimental setup and plasmonic lattice characterization (a) Schematic of CDQ-
plasmonic lattice system. (b) SEM image of fabricated NP array with a = 400 nm periodicity.
The scale bar is 400 nm. The diameter and height of the Ag NPs were 80 nm and 40 nm, re-
spectively. The green square represents the Brillouin zone with the irreducible portion connecting
the Γ, X, and M points outlined in blue. (c) Dispersion diagram of plasmonic SLR modes of the
a = 400 nm array along the boundary of the irreducible Brillouin zone calculated using the coupled
dipole method. (d) Same as (c), but for the a = 450 nm array. (e) Comparison of measured (black)
and FDTD (blue and red) Γ point transmission spectra for a = 400 nm and a = 450 nm arrays.

Figure 1(a) shows a schematic of the measured SLR-CQD system. Synthesized CdSe/ZnS

CQDs (Methods section) were excited either directly on glass substrates or within NP arrays (also

supported on glass) with 2.4 eV light through an objective lens in an inverted fluorescence micro-

scope. PL from the CQD band-edge state was emitted near 2.0 eV and collected through the same

objective lens. Two square lattices of Ag NPs with 80 nm diameter and 40 nm height were fabri-

cated with lattice constants a = 400 nm, and a = 450 nm (SEM images in Figure 1(b)), placing the

Γ point SLR modes at approximately 2 eV and 1.8 eV, respectively, for a background index of re-

fraction n = 1.47. Extinction efficiency spectra (Methods section) were calculated for k|| along the

boundary of the irreducible Brillouin zone of each lattice using the coupled dipole method (Figure

1(c-d)). The extinction is maximized near the Γ and X points due to the large density of photonic

states available at the band-edge states created at high-symmetry points of the Brillouin zone. The
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measured Γ point transmission spectra of the two NP arrays were in close agreement with trans-

mission spectra calculated using the finite-difference time-domain (FDTD) method (Figure 1(e)).

A comparison of the extinction cross section spectra computed using the FDTD and coupled dipole

methods is included in the Supporting Information showing close agreement (Figure S1).
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Figure 2: Weak coupling in the low-density CQD limit. (a) Blinking data from low-density CQD
samples on glass (black) and inside the a = 400 nm (blue) and a = 450 nm (red) lattices. (b)
Lifetime measurements of QDs on glass and within the NP arrays. (c) Comparison between the xx

component of the complex-valued self-propagator
↔
Gself for a QD displaced 10 nm radially from the

center of an individual cylindrical NP (dashed lines) and from the central NP in an infinite lattice
with 450 nm periodicity (dots). The black arrow indicates the energy of the Γ point SLR mode
from Figure 1d. (d) Purcell factors calculated using the FDTD method for a single dipole emitter
displaced 10 nm from an isolated Ag NP surface (black) and from the central NP in a finite array
of 21x21 NPs with a = 400 nm (blue) and a = 450 nm (red). Deviations from the single NP Purcell
spectra for the finite lattice systems coincide with features in the self-propagator spectra shown in
panel (c).

Coupling between the SLRs and the synthesized CQDs (emission centered at 2.0 eV) was first

investigated in the low-density limit. PL measurements were carried out on CQDs deposited on

glass (no lattice), which exhibited blinking behavior indicative of a single CQD within the de-

tection region (Figure 2(a) and Figures S2 and S3). Next, time-resolved PL measurements were
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performed on CQDs placed inside the NP lattices (Methods section). The time traces in Figure 2(a)

show blinking data collected from CQDs inside the a = 400 nm and a = 450 nm lattices (transmis-

sion spectra of the lattices used are presented in Figure S4) indicating the presence of one and two

CQDs within the collection region, respectively. Time-resolved PL measurements were then per-

formed on the fabricated glass and lattice samples to understand how the photonic environments

of the lattices influence CQD spontaneous emission rates (Figure 2(b)). As expected for the weak

coupling regime, the measured decay rates show significant reduction in the exciton lifetime due

to Purcell enhancement for the CQDs placed within the NP lattices, and a transition from mono- to

bi-exponential decay profiles was also observed. The measured decay profiles were fit to a multi-

exponential decay function to estimate Purcell factors for CQDs within each array (Supporting

Information) yielding values ranging from 17± 2 to 60± 6 and 25± 3 to 80± 7 for the a = 400

nm and a = 450 nm arrays, respectively. The uncertainties in the lifetime measurements inside the

lattice are similar to the variation in the decay rates of pristine CQDs on glass (SI, figure S3), how-

ever the average Purcell factor varies for each CQD due to variation in the location of CQDs inside

lattice relative to the NPs (Supporting Information). The magnitude of these enhancement values

is nearly an order of magnitude larger than those reported in a related work studying emission en-

hancement of quantum emitters coupled to similar Ag NP arrays.19 The emitters in that work were

defect states in hexagonal boron nitride, which could not be reliably positioned in close proximity

to NPs within the arrays. This limitation likely contributed to the lower Purcell factors reported

in that work. In contrast, CQDs in this work were spin-coated onto the arrays and fluorescence

mapping was used to identify regions with large PL enhancement. Given the spectral overlap of

the SLR and single-NP LSPs, the plasmonic modes enabling the large Purcell factors demonstrated

in Figure 2(b) could not be unambiguously identified from the transmission spectra.

A generalized Fano-Anderson model based on the coupled dipole method was developed to

explicitly model the interaction between a single CQD and the SLR modes supported by the lattice.

The CQD was approximated as a dipole moment d with polarizability tensor
↔
β electromagnetically

coupled to the LSP dipole moments pmn at each site of the lattice sites via their induced electric
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fields, yielding the following system of equations

pmn(ω) =
↔
α(ω) ·

′∑
m′n′

↔
G(rmn,rm′n′;k) ·pm′n′(ω)

+
↔
α(ω) ·

↔
G(rmn,rd;k) ·d(ω)

d(ω) =
↔
β (ω) ·

∑
mn

↔
G(rd,rmn;k) ·pmn(ω).

(1)

Here,
↔
G(r1,r2;k) = k2

ε0εr

↔
G(r1,r2;k) with

↔
G the usual free-space Green function Dyadic weighted

by the permittivity of free space ε0, the background dielectric constant εr, and photon wavenumber

k = ω
√
εb/c. The primed sum signifies the omission of the self-interaction term. Solving Eq’s (1)

for the lattice-dressed eigenvalues of d(ω) yields the following condition

[↔
β (ω)−1−

1
ABZ

"
BZ

dk2
↔
T∗k ·

↔
G

SLR
k ·

↔
Tk

]
·d(ω) = 0. (2)

The inverse of the term in the brackets is essentially the renormalized Green function of the CQD

in the presence of the NP lattice. It depends on the lattice Green function
↔
GSLR

k =

[
↔
α(ω)−1−

↔
Sk

]−1
,

which determines the SLR band structure shown in Figures 1c,d. The lattice sum
↔
Sk accounts for

the interaction energy between the electromagnetically coupled LSPs, the interaction sum
↔
Tk ac-

counts for the interaction energy between the CQD and the SLR modes of the lattice with wavevec-

tor k, andABZ is the area of the Brillouin zone.

The Purcell factor characterizing the emission rate enhancement of an emitter in an inhomo-

geneous environment is PF = 1 +
6πε0εb

k3 Im
(
n̂d ·

↔
Gself · n̂d

)
, where the self-propagator

↔
Gself represents

the retarded field emitted by the dipole d that arrives back at its own position rd after scattering off

of the NPs in the lattice. For the case of a CQD placed 10 nm along x̂ from the NP surface, and

oriented along the same direction, the real and imaginary parts of

↔
Gself

SLR =
1
ABZ

"
BZ

dk2
↔
T∗k ·

↔
G

SLR
k ·

↔
Tk (3)
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calculated using this approach for the a = 450 nm lattice are quite similar to those obtained if only

the nearest NP to the CQD is present (Figure 2c), with only a small feature near 1.85 eV due to the

Γ point lattice mode (indicated by the black arrow). This behavior is supported by fully numerical

evaluation of the Purcell factors for identical system geometries calculated using the FDTD method

for finite lattice systems with 441 NPs (Figure 2d). The Purcell factor spectra for each lattice

largely follow those of the single-NP response, showing small deviations corresponding to strong

features in the SLR band structures (Figure 1 c,d). The magnitude of the calculated PFs obtained

for a 10 nm displacement from the NP surface are similar to those extracted from the time-resolved

PL measurements in Figure 2b. Small deviations are expected due to the uncertainty in the NP

location relative to the NP surface in the experiments. Our model demonstrates that individual

emitters couple to the LSP modes supported by the nearest NP rather than to the delocalized SLR

modes, which is consistent with other recent works investigating weak coupling between plasmonic

lattices and individual emitters.19,45,46

Turning now to a consideration of the influence of higher QD concentrations, we first note that

the value of the coupling energy ~Ωg between a cavity and a system of N quantum emitters, which

determines whether the combined system is in the weak, intermediate, or strong coupling regime,

is given by47 ~Ωg =
∫
µeff(r) ·ESLR(r)d3r. In this expression µeff(r) is a position-dependent effective

dipole moment density (i.e. polarization) of the QE system and ESLR represents the local vacuum

fluctuations of the SLR field.48 Based on past work, we expect this coupling to be proportional to
√

N.2,49 The eigenstate energies of the upper (U) and lower (L) polariton branches of the coupled

light-matter system are thus given by47

~ωU/L =
~

2

(
ωCQD +ωSLR− i(γCQD +γSLR)

±

√(
∆+i(γCQD−γSLR)

)2
+ 4Ω2

g

)
,

(4)

where ∆ = ωSLR −ωCQD is the detuning between the uncoupled CQD and SLR frequencies. In the

case of zero detuning, the strong coupling regime is realized when the square root term in eq. (4) is
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real-valued, i.e. when Ωg >
|γQD−γSLR|

2 . The weak electromagnetic coupling between the SLR modes

and low-density CQD ensembles can therefore be understood as arising from the spatial mismatch

between the localized emission of the individual CQDs and the delocalized SLR modes supported

by the NP array, which reduces the value of ~Ωg. The coupling between these two systems can be

increased using high-density CQD ensembles such that many CQDs are excited within each unit

cell inside the excitation region.

This strategy was first pursued for the a = 400 nm array. Three high-density CQD assemblies

were synthesized comprising CQDs of different sizes in order to achieve positive, negative and

near-zero detuning ∆ between the CQD emission (PL maximum) and the Γ point SLR of the

a = 400 nm lattice (Figure 3(a)). The measured PL spectra of the hybrid CQD-SLR samples are

presented in Figure 3(b) for CQD concentrations of 142 mM. The emission from the CQD1 sample

was significantly red-detuned from the Γ point SLR and remained a single-peak once placed inside

the NP array. The small blue-shift was likely caused by preferential Purcell enhancement of the PL

on the blue side of the emission due to the Γ point SLR detuning. The PL spectrum of the CQD2-

SLR sample (∆ ≈ 0), however, exhibited a clear split-peak structure – the characteristic signature

of the strong coupling regime. Although the emission from the CQD3 sample was slightly blue-

detuned from the Γ point SLR, there was still significant spectral overlap and a similar two-peak

spectral profile was observed for the CQD3-SLR system.

While the change in the CQD PL in Figure 3 from a one- to two-peak structure following

introduction into the lattice is indicative of the formation of upper and lower polariton states in the

strong coupling regime, further insight can be gained from the dependence of the PL lineshapes

on the CQD density (Supporting Information). Provided ∆ = 0 and the SLR and CQD resonance

frequencies are large compared to the respective damping rates, Eq. (4) predicts that the energy

splitting between the upper and lower polariton branches is proportional to
√

N/V , where N is the

number of emitters within the SLR mode volume V . The proper definition of the mode volume in

lossy plasmonic systems has, however, been the subject of recent debate and it is often difficult or

impossible to accurately determine N experimentally. We approximate N/V as the concentration
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Figure 3: CQD ensemble coupling to Γ point SLR of 400 nm lattice. a) Normalized PL spectra of
fabricated CQDi samples (i = 1,2,3) on glass. The Γ point transmission spectrum of the a = 400
nm lattice from Figure S4 is shown in black. b) Normalized PL spectra of the CQDi samples in
panel (a) following introduction into the plasmonic lattice. c) Evolution of the PL lineshape for
increasing concentration of CQD2. Each trace has been offset by one unit for clarity. d) Extracted
peak energy splitting from panel (c) plotted against the square root of the CQD concentration.
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of emitters in the experiment, which has recently been shown to be a good approximation for open

plasmonic systems where the emitters are distributed over an extended region surrounding the

NPs.50 Figure 3(c) shows the evolution of the CQD2 PL from a one- to two-peak structure as the

CQD density inside the lattice was increased from 57 mM to 142 mM. By fitting the measured PL

spectra to a sum of two Gaussians to extract the energies of the new modes, the measured energy

splitting between the observed peaks as a function of the square root of the CQD concentration

yielded a straight line (Figure 3(d)). This observed dependence further supports the interpretation

of the the PL evolution in terms of a strong coupling picture.

The number of CQDs is too large in the high-density limit to explicitly track every degree of

freedom as was done above for the case of a single CQD. Instead, the CQD assembly is treated as

a homogeneous effective medium with a dielectric function given by

ε(ω)
ε0

= εb +
fω2

CQD

ω2
CQD−ω

2− iωγCQD

. (5)

Here, the oscillator strength f determines how strongly the background dielectric εb is modified by

the frequency-dependent Lorentzian response of the CQD layer, and encapsulates the density of

CQDs used in the experiments. Since the dipolar lattice Green function depends on the lattice sum

and the single-NP polarizability,17 Eq. (5) must be included in both
↔
Sk(ω) and

↔
α(ω). Modelling

the NPs as Ag nanospheres of 50 nm radius allows Eq. (5) to be simply integrated into the analytic

form of the nanosphere polarizability.51 As the oscillator strength f is increased, the imaginary

part of the Mie polarizability splits into a double-peak structure, with a minimum at ωCQD (Figure

4a), signaling the onset of strong coupling between the single-NP LSP and the surrounding CQD

medium.

In order to understand the CQD-NP array PL in the high-density limit, we introduce the wave

vector-resolved lattice density of states

ρ(ω,k||) ∝ Tr
[
Im

(↔
GSLR(ω,k||)

)]
, (6)
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which can be used to recover the local density of states by integrating ρ(ω,k||) over the Brillouin

zone. While previous works have employed similar coupled dipole treatments to understand strong

coupling in high-density QE-SLR systems,40 only the modification of NP polarizability by the QE

medium was considered. The presence of the QDs is also accounted for, here, in the evaluation

of the lattice sum (Figure 4b). Features appear in the lattice spectra at energies close to where

Re
(↔
α
−1)

= Re
(↔
Sk

)
, since this occurs nearby the poles of the lattice Green function

↔
GSLR. Due to

the symmetry of the lattice, ρxx(ω,k||) = ρyy(ω,k||) at the Γ point, while the zz component describes

z-oriented dipoles that do not radiate into the far-field normal to the lattice plane. The spectrum

of ρxx(ω,k||) at the Γ point is presented in Figure 4c for different values of the oscillator strength

f in eq. (5). As expected, the evolution of the peak structure matches that of the intersections

illustrated in Figure 4b as the CQD oscillator strength is increased from f = 0 (blue) to f = 0.015.

The similar evolution between ρxx(ω,k|| = 0) shown in 4c with the measured density-dependent

splitting behavior in Figure 3 supports a strong coupling interpretation. We also note that since

the oscillator strength is proportional to concentration, the
√

N dependence can also be recovered

in this analysis. The analysis presented above has important consequences for understanding the

underlying dynamics of these systems as it shows that strong coupling between the CQD medium

and single NP occurs in concert with strong coupling between the CQD medium and the collective

SLR modes of the lattice.

When the oscillator strength is increased above f ∼ 0.015, the real parts of the inverse polar-

izability and the lattice sum intersect at three points (Figure 4b), which indicates the existence of

three modes that are manifest in the peak structure of ρxx(ω,k|| = 0) (Figure 4c). We see that this

behavior is confirmed experimentally in the PL spectrum when the CQD concentration was in-

creased to 310 mM (Figure 4d), as a third peak is found near the frequency of the uncoupled CQD

emission. A fit to three Lorentzians is included in Figure 4d and the fit parameters are tabulated in

the Supporting Information. This behavior is qualitatively reproduced in FDTD calculations of the

transmission spectra of light incident on a = 400 nm periodicity arrays of Ag NPs with the same

dimensions as used in Figure 1 embedded in a 60 nm thick effective medium slab as a function of f
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(Figure 5a). Additional details related to the FDTD calculations and effective medium parameters

are included in the Supporting Information.

Before discussing the physical nature of the third peak, it should be noted that while peak

splitting evident in ρxx(ω,k||) (itself proportional to extinction, Figure 4c), the experimental PL

spectrum (Figure 4d), and the simulated transmission spectra (Figure 5a) are suggestive of strong

coupling, work done on single NP-emitter hybrid systems suggests that in contrast to extinction

and scattering spectra (which the above are proportional to), the onset of splitting in the absorption

spectrum typically requires higher values of f . Thus, it has been suggested that interaction-induced

peak-splitting in the absorption spectrum constitutes a more robust criteria for determining if a

nanosystem has reached the strong coupling regime.52,53 To determine if this criterion is met in

our system, position-dependent absorption spectra were calculated at the four locations shown in

Figure 5b. In Figure 5c, the absorption spectra calculated at these points for the coupled system

(i.e. lattice + effective medium, colored traces) are compared against the absorption spectra of the

bulk effective medium materials in the absence of the NP array (proportional to Im
[
εm( f )

]
, grey).

As expected, at position N1 just outside of the NP and in the plasmonic hot spot, the absorption

spectrum exhibits f -dependent splitting about the uncoupled emitter frequency (first column of

Figure 5c).

Examining the position-dependent absorption can also elucidate the nature of the third peak

observed in Figures 4c, d, and 5a. In agreement with those results, Figure 5 shows that increasing

the oscillator strength in the FDTD simulation to f = 0.03 and above induces the emergence of

a third mode near the energy of the uncoupled emitters (∼2 eV Figure 5c). Similar phenomena

have been reported previously for both isolated NP-emitter systems and lattice systems consisting

of excitons in TMDC multi-layers coupled to 2D Ag NP arrays.52,54,55 In both systems, it was

reported that the it is the emitters located predominantly within the near-field of the NPs that

strongly couple with the LSPs to give the two Rabi-split peaks, while the emitters located beyond

the influence of the plasmonic near-field contribute to the formation of the third peak. The three

far-field positions selected for Figure 5c are positioned near an anti-node of the uncoupled cavity
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field (F1), a node of the uncoupled cavity field (F2), and a node of the interacting system (F3).

In contrast to the case of the single NP, as well as to the previous lattice study, the f -dependent

absorption spectra at the far positions in Figure 5 display a position-dependent splitting dictated by

the spatial profile of the electric field of the interacting system. The importance of the plasmonic

NPs is further evidenced by disappearance of the splitting in the absorption spectrum at position

N1 when the NP material is Ti rather than Ag (Supporting Information).

The three peak structure observed in this paper is thus a superposition of both the strong cou-

pling peak structure most evident in the near-field, and the SLR-mediated enhanced absorption near

the uncoupled resonance frequency of the effective medium. Notably, both in terms of strong cou-

pling and enhanced absorption, one of the key lattice-driven effects is to reduce the required density

of emitters by approximately a factor of 10.52 Further, unlike what has been reported in previous

work on lattices, and also at the single particle level, strong coupling is observed at positions far

outside the plasmonic near-field. Interestingly, while coupled oscillators are often invoked to phe-

nomenologically model the splitting of upper and lower polaritons in the strong coupling regime,

these models are incapable of capturing the emergence of this collective emitter mode,55 which

appears naturally in the coupled dipole model presented here for sufficiently large CQD oscillator

strengths.

Conclusion

We have presented experimental measurements investigating the coupling between low- and high-

density CQD ensembles and plasmonic NP arrays, which were interpreted with the help of ana-

lytical and numerical calculations. In the low-density limit, PL measurements and Purcell factor

calculations indicate CQDs are weakly coupled to individual NPs rather than to the delocalized

SLR modes of the NP array. In the high-density limit, coupling between CQD ensembles and

Γ point SLRs leads to density-dependent mode splitting characteristic of the formation of upper

and lower polariton states in the strong coupling regime. At still higher emitter concentrations, an
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additional mode is observed that is attributed to emission from a collective emitter state mediated

by the SLR field. Our work extends the study of strong coupling between plasmonic SLRs and

quantum emitters to a separate class of colloidal QD emitters and highlights the density-dependent

transition from localized to delocalized coupling.

Methods

Fabrication of Ag NP lattices: Ag NP lattices were fabricated with a soft nanofabrication process

called PEEL (photolithography, etching, electron-beam deposition and lift-off).56 A poly(dimethylsiloxane)

mask with square lattice spacing a = 400 nm was used in phase-shift photolithography to produce

photoresist posts with diameter d = 130 nm on Si (100) wafers. Then, 10 nm of chromium (Cr)

was deposited on the substrates by thermal evaporation, followed by the removal of the photoresist

posts to produce Cr hole arrays. Using the Cr hole array as a mask, Si holes were then created by

deep reactive-ion etching. An Au hole array with a smaller NP diameter d = 80 nm was obtained

by depositing 100 nm of Au on the Cr-Si hole array. After etching the Cr layer, the Au hole mask

was floated on the surface of distilled water and transferred to a glass substrate. Ag NPs were pro-

duced by thermal evaporation through the Au hole-array mask and the Au mask was then removed

using scotch tape. A 2 nm Cr layer was deposited in-between for better adhesion between the Ag

NPs and the glass substrate.

Synthesis of graded CdSe/ZnS CQDs: Graded CdSe/ZnS core/shell CQDs were prepared

using a chemical synthesis method. Cadmium oxide (CdO) (25.68 mg), zinc oxide (ZnO) (162mg),

ODE (10 ml) and olaic acid (3.52 ml) were loaded into a 25 ml three-neck flask and heated to 110o.

After degasing the flask for 20 min, the flask was filled with nitrogen gas and heated to 310o C until

the solution turned clear. Selenium (Se) and sulphur (S) precursor were prepared by dissolving Se

(20.5mg) and S (85mg) in 2 ml TOP. 1.5 ml of the Se-S-TOP precursor was added into the three

neck flask at 300o C for QD growth. The QD size was controlled using the reaction time, which

was stopped by placing the three neck flask in a water bath. The CQDs were precipitated using

17



acetone. The CQD solution was further cleaned by chloroform:methanol (1:3) ratio via centrifuge

at 12000 rpm. Photoluminescence and absorption spectra of cleaned QDs are included in Figure

S2 of the Supporting Information. Finally, CQDs were dispersed in toluene for spin coating. CQD

concentrations were determined by measuring the CQD weight after evaporation of the toluene

solvent.

Preparation of hybrid CQD-plasmonic lattice samples: In the low-density limit, CQDs

were deposited on the fabricated NP lattices by spin-coating 1 nM solutions of CQDs in PMMA

(1 mg/mL). The high-density CQD-plasmonic lattice samples were prepared by spin-coating solu-

tions of CQDs in toluene onto the NP lattices at 3000 rpm for one minute. The concentrations of

the CQD solutions were varied as described in the main text.

Blinking and time-resolved photoluminescence measurements in the low-density CQD

limit: Isolated CQDs were located by fluorescence mapping using a Pico-Quant inverted micro-

scope. CQDs were excited by focusing a 509 nm (2.435 eV) wavelength, 1 MHz repetition rate,

0.1 µW pulsed laser using an oil immersion 100X objective (NA = 1.06) in an inverted microscope.

The emission was collected using the same objective and detected with a single-photon avalanche

diode (SPAD). TRPL measurements were performed on sample locations where the observed flu-

orescence blinking was indicative of individual CQDs within the excitation/collection region.

Photoluminescence measurements in the high-density CQD limit: PL measurements of

high-density CQD assemblies inside the NP lattices were performed using the Witec system.57

CQD assemblies were excited by focusing 514 nm (2.41 eV) CW laser light using a 10X objective

(NA = 0.20), and the emission was collected through the same objective in far-field reflection

mode. The collected light was filtered using a low-pass filter (520 nm cutoff) to block the excitation

light from reaching the detector.

Coupled Dipole Method: Two dimensional lattices are defined by basis vectors a1 and a2

such that each lattice site can be expressed as rmn = m a1 + n a2, with m,n ∈ Z. Within the coupled

dipole approximation, the normalized extinction efficiency associated with a plane wave polarized
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along n̂ incident on a periodic array of NPs with polarizability
↔
α is

σext(ω,k||) =
k

πR2εrε0
Im

(
n̂ ·

[
↔
α(ω)−1−

↔
S (ω,k||)

]−1
· n̂

)
, (7)

where R is the cylindrical NP radius and k = 2π
√
εr/λ is the magnitude of the wave vector in

the surrounding medium characterized by the dielectric function εr. The so-called lattice sum is

defined by
↔
Sk =

↔
S (ω,k||) =

k2

εrε0

∑
m′n′,0

↔
G(0,rm′n′ ,ω)e−ik||·rm′n′ , (8)

where k|| is the in-plane momentum of a particular Bloch mode and
↔
G is the free space Green

dyadic given by
↔
G(ri,r j,ω) =

[(
1 +

i
kRi j
−

1
(kRi j)2

)↔
I

+

(
−1−

3i
kRi j

+
3

(kRi j)2

)
R̂i jR̂i j

] eikRi j

4πRi j
.

(9)

In this expression, Ri j = |ri− r j|, R̂i j = (ri− r j)/Ri j, and R̂i jR̂i j represents the dyadic product. The

interaction sum appearing in the definition of
↔
Gself

SLR is defined as

↔
Tk =

↔
T(r,ω,k||) =

k2

εrε0

∑
m′n′

↔
G(r,rm′n′ ,ω)eik||· (r−rm′n′ ). (10)

The lattice and interaction sums were efficiently and accurately evaluated using Ewald’s method.58,59

Accurate polarizability tensors were determined numerically in a separate step for cylindri-

cal NPs with the same geometric parameters as those used in the experiments. To do this, the

scattered field Es produced by an isolated cylinder excited by plane wave was first calculated us-

ing the boundary-element method.60 A multipole decomposition was performed using Es at each

frequency to evaluate the expansion coefficient values for a representation of the scattered field

in terms of vector spherical harmonics.61 The extracted a1 scattering coefficient is related to the
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polarizability tensor element along the direction of the incident polarization n̂ by51

αn̂n̂ = i
6πεrε0

k3 a1. (11)

The full polarizability tensor
↔
α is constructed by repeating the multipole decomposition procedure

for n̂ along the long and short cylinder axes.

Finite-Difference Time-Domain Simulations: Purcell factor calculations based on the ex-

tended coupled dipole Fano-Anderson model were verified via fully numerical solution of Maxwell’s

equations using the finite-difference time-domain method implemented by Lumerical. The inter-

action between a single CQD and the NP array was approximated by placing a single dipole source

10 nm from the edge of the central NP along the x̂ direction (and oriented along the same direction)

in a 21 x 21 finite array enclosed by PML absorbing boundary conditions on all sides of the simu-

lation region. The mesh accuracy setting was set to 6, and a mesh override region with 1x1x1 nm

resolution was used over the volume containing the central NP and the dipole emitter. Additional

simulations for varying numbers of NPs in the finite arrays confirmed that 21 x 21 NPs is large

enough to avoid spurious edge effects arising from the use of a finite, rather than infinite, lattice.

Position-dependent absorption spectra presented in Figure 5 were calculated as62

σabs =
1
N
ω Im

[
εm(ω)

]
|E|2, (12)

where N is a position-dependent normalization constant, and εm(ω) is given by Eq. (5).

Supporting Information

Comparison of lattice extinction spectra calculated using FDTD and coupled dipole methods, ab-

sorption and photoluminescence spectra of CQDs, additional details regarding fluorescence map-

ping and time-resolved photoluminescence measurements, transmission spectrum of plasmonic

lattice used for CQD measurements, determination of experimental Purcell factors, high-density
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CQD sample preparation, peak splitting as a function of CQD film absorbance, additional FDTD

simulation results with effective medium model for the CQD thin film. The Supporting Information

is available free of charge online.
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