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HIGHLIGHTS

A giant Rabi energy in inorganic

exciton-plasmon coupling has

been achieved

The microscopic origin of the

strong interaction is examined

Inorganic colloidal quantum wells

have great potential for

polaritonic devices
Wannier Mott excitons are preferred for the development of plasmon-polariton

devices compared with Frenkel excitons. However, the weak interaction between

inorganic materials and plasmons restricts the potential capability of active

plasmonic operation. Here, utilizing high aspect ratio colloidal quantum wells, an

unprecedented giant Rabi splitting energy with high cooperativity has been

demonstrated.
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Progress and Potential

Exciton-plasmon strong coupling

utilizing inorganic emitters has

sparked great research

enthusiasm, because compared

with organic molecules (Frenkel

excitons), Wannier Mott excitons

offer high levels of optical

stability, suppressed emission

broadening, and endurance of

high photon density. However,

achieving similar coupling

strength to that observed in

organic materials using Wannier

Mott excitons is still a daunting

challenge.

Here, by using an open plasmonic
SUMMARY

The strong interaction between excitons and plasmons, manifested
as Rabi splitting of the eigen energies, is of fundamental interest for
manipulating photons in nanoscale devices. Thanks to their
enhanced photostability and minimal inhomogeneous broadening
compared with organic molecules, inorganic emitters are preferred
for practical applications. However, a relatively small Rabi splitting
with inorganic materials severely hinders the active plasmonic oper-
ation, considering its weak optical nonlinearity and slow energy in-
terexchange. Here, we circumvent this problem in a hybrid system
consisting of high aspect ratio colloidal quantum wells (HARCQWs)
and an individual plasmonic silver nanocube. By taking advantages
of a highly in-plane oriented exciton, enhanced exciton binding en-
ergy, and non-stacking properties in HARCQWs, we demonstrate an
unprecedented giant Rabi splitting energy up to 400 meV under
ambient conditions, which is observed not only in scattering but
also in photoluminescent spectra. These findings are a key step to-
ward achieving inorganic plasmonic devices.
nanocavity, a giant Rabi splitting

(>400 meV) with high

cooperativity (>11) in the Wannier

Mott exciton-plasmon interaction

has been demonstrated thanks to

an enhanced exciton binding

energy, non-stacking properties,

and the face-down geometry of

high aspect ratio colloidal

quantum wells.

Combining fast coherent energy

transfer cycle with fully solution-

processed, optical-stable

inorganic emitters, our result may

have a major impact on plasmonic

devices.
INTRODUCTION

Interaction between excitons and localized surface plasmons (LSPs) sustained in

metallic nanostructures is at the heart of future nanodevice research in view of

deep subwavelength confinement of the electromagnetic fields,1–4 which allows

size scalability and open cavity configuration5–10, ensuring easy access to probe/

manipulate light-matter coupling. If the coherent energy exchange rate between ex-

citons and LSPs is faster than any other dissipative dynamics, the most intriguing

regime, the so-called strong interaction, is achieved.11–13 In this regime, there is a

change from irreversible spontaneous emission (Purcell effect)14 to a reversible en-

ergy exchange (Rabi splitting) between excitons and LSPs.5,9,11–13 This regime can

be categorized into individual and collective Rabi splitting. Individual Rabi splitting

pushes the interaction toward the quantum optics limit to enable light control at the

single-photon level, which is appreciated by quantum networks and quantum infor-

mation processing.1,3 Collective Rabi splitting brings quantum effects to a macro-

scopic scale and is highly desirable for ultrafast optical switches1,3 and thresholdless

polariton lasers.2,14 From the plasmonic application perspective, Rabi splitting en-

ergy is a key figure of merit.9,15–17 Systems with large Rabi splitting have several

promising properties, including strong coupling strength, enhanced optical nonlin-

earity, and ultrafast coherent energy exchange.1,12,18
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To overcome the fast dissipation of plasmonic mode in metallic nanostructures,

organic molecules that exhibit giant oscillator strength and large absorption

cross-section are commonly reported emitters to attain a strong coupling

regime.19–29 Recent studies have demonstrated strong exciton-plasmon interaction

involving both multiple molecules and a single molecule. To date, Shegai et al.25

observed a Rabi splitting of �400 meV using multiple J-aggregate molecules and

a silver nanoprism. Wang et al.29 achieved strong interaction between a single

J-aggregate molecule and a gold nanorod with a Rabi splitting of �42 meV. How-

ever, organic molecules have limited photostability, large inhomogeneous broad-

ening, and are prone to emission bleaching.30 These issues have severely hindered

the practical applications of organic-plasmonic systems.

Inorganic colloidal nanomaterials, which not only retain the strength of organic mol-

ecules (e.g., solution processability and scalability) but also possess a number of

advantages over organic molecules (e.g., optical stability, suppressed emission

broadening, and endurance of high photon density),31–33 have emerged as another

promising class of materials for strong exciton-plasmon interaction. Quasi-two-

dimensional (2D) CdSe colloidal quantum wells (CQWs),34 as colloidal counterparts

of epitaxial quantum wells, offer superior properties that can benefit the exciton-

plasmon interaction. Compared with other 0D (quantum dots) and 1D (nanowires,

nanorods) colloidal nanomaterials, CQWs exhibit extremely narrow emission line-

width (<40 meV) due to vertical thickness control at the mono-atomic level34,35

and significantly enhanced absorption coefficients (�3 3 107 cm�1 in CQWs versus

�2 3 104 cm�1 in quantum dots) resulting from increased exciton center-of-mass

extension.34,36 Just 10 months ago, for the first time, Norris et al.15 demonstrated

a strong exciton-plasmon interaction using CdSe CQWs and a metallic photonic

crystal. However, due to the relatively low exciton binding energy, imperfectly

matched exciton dipole orientation with respect to electric field distribution, and

fast non-radiative dissipative dynamics (i.e., Förster resonance energy transfer

[FRET]) in a dense film, the Rabi splitting energy observed in a CQW-metal system

is only 110 meV, even smaller than the value reported in colloidal quantum dots

(up to 160 meV).17,37

Generally, Rabi splitting energy ðZUÞ is in accordance with ZU = 2gf
ffiffiffiffiffiffiffiffiffiffiffiffi
fN=V

p
,12,13

where g is the coupling strength, f is the oscillation strength of the exciton, V is

the optical mode volume, and N is the saturated concentration of excitons involved

in strong coupling. Here, to achieve ultra-strong exciton-plasmon interaction, we

utilize the high aspect ratio colloidal quantum wells (HARCQWs) with one lateral

size tailored down to �6 nm (the exciton Bohr radius in CdSe, � 5.7 nm)38 as the

exciton source. The greatly enhanced exciton binding energy resulting from an addi-

tional quantum confinement dimension and inefficient FRET due to non-stacking

properties39–41 in the HARCQW assembly are beneficial to improve the oscillator

strength. Furthermore, we achieved a face-down HARCQW assembly due to weak

van der Waals interactions39–41 between HARCQWs to ensure the maximum overlap

(effectiveN) between the exciton dipole orientation and the electric field in LSPs. For

the plasmon part, instead of using top-down metallic nanostructures fabricated by

lithography, we adopted solution-processable colloidal silver nanocubes of

different sizes to tune the resonance energy.42 The anti-crossing behavior of two po-

laritonic states in dark-field scatteringmeasurements shows a giant Rabi splitting en-

ergy exceeding 400 meV (corresponds to 0.1 fs�1 energy transfer rate). To the best

of our knowledge, this is the largest Rabi splitting observed in any Wannier Mott

exciton and plasmon system. Moreover, the photoluminescence spectra of the

hybrid system arising from the low polariton branch further demonstrate ultrafast
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Figure 1. The Hybrid Exciton-Plasmon System

(A) A schematic showing the hybrid system consisting of an individual silver nanocube coupled to the densely packed HARCQW film. The excitons and

LSPs are excited by the TM-polarized white light. TM polarization is defined by the electric field along the X direction.

(B) Normalized photoluminescence (blue) and absorbance (red) spectra of HARCQWs dispersed in hexane. Inset: TEM image of CQWs indicating the

high aspect ratio. Scale bar, 25 nm.

(C) Scattering spectra measured for silver nanocubes of varying size. As the size of the nanocube increases, the LSP peak (black circles) shifts to lower

energies as highlighted by the dashed line. Top inset: SEM image of an individual 75-nm silver nanocube. Scale bar, 50 nm. Bottom inset: dark-field

scattering image of silver nanocubes over the SiO2/Si substrate illuminated by TM-polarized light. Scale bar, 1 mm.

(D) Near-field electric-field intensity distribution of an individual silver nanocube over the densely packed HARCQW film. The contours are normalized

by the incident electric field and correspond to the LSP peak (2.41 eV) of a 75-nm silver nanocube. Upper: electric field distribution in the silver

nanocube, top view (XY plane), Middle: electric field distribution in the HARCQW film, top view (XY plane), Lower: electric field distribution in the

HARCQW film, side view (XZ plane). White dashed lines outline the silver nanocube. Scale bar, 50 nm.
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coherent energy exchange between excitons and plasmons. These results provide a

way to explore practical applications of bottom-up and small footprint exciton-plas-

mon polariton nanodevices.
RESULTS

The Strong Plasmon-Exciton Interaction

Hybrid plasmon-exciton systems are produced experimentally as illustrated in Fig-

ure 1A. Transverse magnetic (TM) polarized light excites both LSPs in the silver nano-

cube andWannier Mott excitons in HARCQWs. Here, we only consider in-plane (i.e.,

in the XY plane) LSP mode because the near-field electric field enhancement of out-

of-plane LSP mode is one to two orders of magnitude weaker.6,42,43 When the LSP

resonance crosses the excitonic transition (spectral overlap), and the exciton dipoles

align with the enhanced near-field in-plane plasmonic mode (spatial overlap), a

strong plasmon-exciton interaction (mode splitting) can be most likely achieved.2,13
1552 Matter 2, 1550–1563, June 3, 2020
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The exciton components of the hybrid system are shown in Figure 1B. Four mono-

layer (4 ML) CdSe CQWs were synthesized with the previous recipes,34,35 which we

optimized to obtain a desirable aspect ratio here (see details in Experimental Proced-

ures). Transmission electron microscopy (TEM) characterization of the CQWs (the

inset in Figure 1B) reveals that they are approximately rectangular shape with an

aspect ratio as large as ten to one (lateral size, �50 nm by 5–8 nm; see the lateral

size deviation of CQWs in Figure S1). Also, the quantum yield (QY) is around 55%,

suggesting negligible cracking or strain in these HARCQWs. The absorption peaks

(heavy-hole transition, 2.417 eV; light-hole transition, 2.578 eV), emission peak

(2.413 eV), and linewidths (�40meV) of the HARCQWs are consistent with the values

reported previously for those low aspect ratio CdSe CQWs.34,36,39–41 Considering

additional confinement along the lateral direction in HARCQWs, the independent

relationship between the excitonic transitions and aspect ratios means that a larger

exciton binding energy can be expected in HARCQWs, which is discussed further

in Figure 3. Typically, there is a square-root dependence of the Rabi energy on the

number of dipoles coupled to the LSPmode ðZUf
ffiffiffiffi
N

p Þ.15,29 For this reason, densely
packedHARCQWfilm is preferred to achieve largemode splitting. However, the Rabi

energy cannot be endlessly enhanced by increasing the film thickness due to the

exponentially decaying intensity of the LSP mode (in the Z direction, the penetration

length of the electric field of the LSPmode is�100nm in thegreen spectral range).3,15

Thus, beyond the saturation condition (i.e., thickness >100 nm), increasing the film

thickness should not further enhance the Rabi energy because the excitons no longer

experience the LSP mode.15 Here, we drop-casted HARCQWs dissolved in hexane

onto Si substrate with a 100 nm thermally grown SiO2 film. The thickness of the

HARCQW film was controlled by varying the concentration in hexane while fixing

the drop-cast area. The thickness of the HARCQW film experimentally investigated

extended to 400 nm, which is already beyond the penetration depth of LSP mode.

Another component of the hybrid system is the metallic nanocavity. In this study, we

chose a silver nanocube, considering that gold is limited to operating with photon

energies below the heavy-hole exciton transition (�2.4 eV).44 These silver nano-

cubes composed of a polyvinylpyrrolidone layer (2–3 nm) to avoid oxidation were

purchased from Nanocomposix.45 To ensure only one nanocube was characterized

and mapped, very diluted nanocubes dispersed in ethanol (1,000 times of the com-

mercial concentration) were sparsely deposited onto the SiO2/Si substrate or the

densely packed HARCQW film via spin-casting. Multiple individual silver nanocubes

in a square area of 100 mm 3 100 mm were characterized by dark-field scattering

spectroscopy (see the details in Experimental Procedures) and their locations were

optically imaged/labeled according to the large surface features over the SiO2/Si

substrate (see Figure S2). Then, each specific nanocube was imaged using scanning

electron microscopy (SEM) to extract size information and exclude clusters or dis-

torted nanocubes. The scattering spectra of an individual nanocube over SiO2/Si

substrate (in the absence of HARCQWs) of varied sizes are presented in Figure 1C,

confirming the spectral overlap of each nanocube with the HARCQW heavy-hole

exciton peak (2.42 eV). In particular, the scattering spectrum shifts from 2.49 to

2.24 eV as the size of the nanocubes increases from 65 to 95 nm due to the retarda-

tion effect,42 accompanied by a broader spectral profile (see the SEM images of

nanocubes with varied size and linewidths, and changes in the scattering spectra

in Figure S3). A scattering image of an example area is shown in the bottom inset

of Figure 1C; nanocubes are isolated and appear cyanish under TM illumination.

To fully understand the plasmon-exciton interaction in such a hybrid system, we

computed the near-field electric field intensity distribution using finite-difference
Matter 2, 1550–1563, June 3, 2020 1553
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time-domain modeling (see Note S1). The separation between the nanocubes and

HARCQWs is estimated to be �4–6 nm according to the organic ligand length of

the HARCQWs (2–3 nm)34,46 and the thickness of the polyvinylpyrrolidone protective

layer covering the nanocubes. The computed electric field map corresponding to

photon energy of 2.41 eV is shown in Figure 1D. As can be seen, the electric field

sustained by the silver nanocube is highly confined around the sharp edges, signif-

icantly reducing the optical mode volume of the nanocubes. We also observe that

the electric field intensities effectively localize in the HARCQW layer (spatial overlap)

in both the top and the side views. Thus, the hybrid system with a small optical mode

volume together with the large overlap between the plasmonic fields and the exci-

tons should be an excellent breeding ground for a strong exciton-plasmon

interaction.

Here, we demonstrate experimentally that the silver nanocube-HARCQW hybrid

system enters a strong coupling regime by measuring its dark-field scattering

spectra. As previously discussed in Figure 1C, silver nanocubes ranging in size

from 65 to 95 nm allow us to detune the plasmon resonance energy between +63

and�183 meV, crossing the heavy-hole exciton transition at 2.42 eV. Four represen-

tative scattering spectra for hybrid systems with different detuning energies (d =

Eplasmon� Eex) are presented in Figure 2A, in which the transparency dip (highlighted

by the dashed green line) covering the heavy-hole exciton transition clearly indicates

two prominent hybrid modes (upper polariton branch [UPB] and lower polariton

branch [LPB]). Specifically, as the detuning energy changes from positive to nega-

tive, the LPB overwhelms the UPB and the scattering spectra shifts to the red region.

This trend can also be observed in the dark-field scattering microscopy images; as

plasmon energy decreases, the color of the silver nanocube changes from bluish

to reddish. In particular, as the detuning energy is close to zero, the intensities of

the UPB and the LPB are comparable with each other, and the dark-field scattering

image looks whitish.

The anti-crossing behavior can be seen more clearly on the contour map of the

normalized scattering spectra (Figure 2B). First, the dispersionless dip is exactly

located at energy of �2.41 eV (white dashed line), which corresponds to the elec-

tron-heavy-hole transition in HARCQWs. In addition, two peaks associated with

the LPB and the UPB are dispersive as expected following the detuning change.

Furthermore, these experimental data can be corroborated with numerical simula-

tions to verify the exciton-plasmon interaction in the hybrid system. As shown in Fig-

ure 2C, we utilized coupled harmonic oscillator mode16,18,47,48 (see Note S2) to

reproduce the dispersions of the peak energies of the hybrid states and thus, extract

the coupling strength and the Rabi energy. From both the experimental contour

map of the scattering spectra (Figure 2B) and the phenomenological model (Fig-

ure 2C), we can unambiguously conclude that as the plasmon resonance energy

varies across the heavy-hole exciton transition, the scattering spectrum splits into

two polariton bands, exhibiting a distinct anti-crossing behavior with a giant Rabi

splitting of �402 meV. This Rabi energy is the highest value ever reported for Wan-

nier Mott exciton-plasmon interaction systems, which indicates an ultrafast energy

transfer cycle47,49 with a corresponding rate of �0.1 fs�1 and implies a giant interac-

tion strength48 with Rabi energy exceeding 15% of the excitonic energy.

More insight into the nature of light-matter interaction of our hybrid system can be

obtained by investigating the coupling strength (g). Here, we adopt the strictest cri-

terion, (2g)2 > gLSP
2 + ghl-ex

2, to indicate that the strong coupling regime has been

reached, in comparison with 2g > (gLSP + ghl-ex)/2 or 2g > gLSP used in previous
1554 Matter 2, 1550–1563, June 3, 2020



Figure 2. Strong Coupling in the Silver Nanocube-HARCQW Hybrid System

(A) Normalized dark-field scattering spectra for �183, �74, 4, and 63 meV detuning. The dashed green line is located at the energy of the heavy-hole

exciton transitions in the HARCQW. Insets are the corresponding dark-field microscopy images, which display different colors based on the intensity

ratio between UPB and LPB.

(B) Normalized 2D scattering spectra map with different levels of detuning between the heavy-hole exciton energy and the plasmon resonance. The

dashed white line indicates the heavy-hole exciton transition energy.

(C) Dispersions of the exciton-plasmon polariton states as a function of the detuning. The blue squares (peak energy of the upper polariton branch

[UPB]) and the red circles (peak energy of the lower polariton branch [LPB]) are experimental data. The blue (UPB) and red (LPB) solid lines are the

computational results using the coupled harmonic oscillator model. The dashed black line indicates the heavy-hole exciton transition energy, and the

dashed green line indicates the uncoupled LSP energy.

(D) Coupling strength (red circles), g, extracted from the experimental results for various nanocube sizes (different detuning). The dash-dot black line is

a model fitting (L, nanocube size; n = 1.23 G 0.28), which is in good agreement with the theoretical expectation. Blue squares depict the strictest

criterion of strong coupling.

(E) Comparison of the Rabi energy and cooperativity in different exciton-plasmon hybrid systems. The open stars represent organic materials, and the

solid stars denote inorganic materials.
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reports,5–8,10,11,29 where gLSP and ghl-ex are the linewidths of the plasmon resonance

and heavy-hole exciton transition, respectively. Therefore, fulfillment of our criterion

guarantees the strong coupling condition between exciton and plasmon in our

hybrid system. In Figure 2D, g is plotted as a function of the nanocube size (i.e.,

different detuning values); g is always larger than the corresponding critical value.

This finding suggests that spectral splitting in our system is caused by Rabi energy

exchange rather than Fano resonance or absorbance dip enhancement. We also

notice that g varies with the nanocube size (smaller nanocubes exhibit larger g).

This trend can be fitted by a scaling of gf1=Ln (n = 1.23 G 0.28), which is roughly

consistent with the expected scaling, gf1=
ffiffiffiffi
V

p
f1=L.27,29 However, the correlation

is not very strong, which is possibly due to the roughness of the HARCQW film,

the variance in the number of excitons per nanocube, and the diversity of the dis-

tance between the nanocubes and the HARCQW film.
Matter 2, 1550–1563, June 3, 2020 1555
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For active operation of plasmonic devices, besides the Rabi energy, another bench-

marking parameter is cooperativity (C), defined as ðZUÞ2=gLSPghl�ex, which quantifies

the probability that an optical emitter radiates into a distinct light mode.15,49,50 Fig-

ure 2E compares the Rabi energy and the corresponding cooperativity in different

plasmon-exciton systems. Only collective Rabi energy splitting values in references

are compared here. Typically, inorganic materials (e.g., Transition metal dichalcoge-

nide and CdSe quantum dots) only exhibit small Rabi energy (<200 meV) and C

values (<4) due to the weak oscillator strength of Wannier Mott excitons.5–11,15–17

On the other hand, C values in organic materials can be as large as 9, benefiting

from the intrinsic properties of Frenkel excitons.19–29 Recently, Norris et al.15

achieved a C value up to 10.5 in a CdSe CQWs-plasmon system by taking advantage

of the sharp LSP resonance (linewidth, 32 meV) in electron-beam lithographically

fabricated metallic photonic crystals, although the Rabi energy in their system was

only 110 meV. Here, in our simple and solution-processable system, we achieved co-

operativity exceeding 11 despite the broad plasmon profile (linewidth, � 340 meV).

Microscopic Origin of the Strong Interaction

Let us revisit the relationship whereby the Rabi energy or coupling strength is propor-

tional to
ffiffiffiffiffiffiffiffiffiffiffi
fN=V

p
to figureout thepossiblemechanisms that are responsible for thegiant

Rabi splitting observed in our silver nanocube-HARCQW system (we also analyze the

coupling using low aspect ratio CQWs, which present a Rabi energy of �160 meV,

matching the values in previous reports,15,17,37 see Figure S4 for details). The first

term to consider is the exciton binding energy (Ebx) because larger exciton binding en-

ergy resulting from enhanced wavefunction overlap not only greatly suppresses the

thermal ionization but also increases the oscillator strength, thus allowing for stable

and strong energy exchange between excitons and plasmons.3,5 In low aspect ratio

CQWs (LARCQWs), such as square-shapedCQWs,quantumconfinement is only strong

along the vertical direction because the lateral sizes are much larger than the exciton

Bohr radius (�5.7 nm).38 In contrast to LARCQWs, excitons in HARCQWs are addition-

ally confined along one lateral direction because the lateral size is significantly tailored

down (see Figure 3A). As shown in the inset of Figure 3B, additional dimension in quan-

tum confinement is expected to increase the band gap. However, the shift of excitonic

transition is negligible (see the comparison of absorbance in Figure S5) with respect to

the aspect ratio of CQWs. This implies a significant increase in the exciton binding en-

ergy in these HARCQWs (inset of Figure 3B). To further confirm our interpretation, we

computed the exciton binding energy in 4 ML CdSe CQWs with varying lateral sizes

(the energy of free electron-hole pairs were calculated by means of the 8-band k, p

model; then, using themeasured first excitonic absorption features, the excitonbinding

energy can be extracted; see details in Note S3).51 Figure 3B shows that the exciton

binding energy holds a negative correlation with the lateral size of the CQWs, in agree-

ment with our previous explanation. Notably, when the lateral size is close to or beyond

the Bohr radius (vertical dashed line in Figure 3B), Ebx is enhanced by more than 50%

compared with the value in square-shaped CQWs.38,51

Fast exciton consumption is another challenge in hybrid systems because energy ex-

change needs to be faster than any dissipative processes in excitons to achieve a

strong interaction.1 Self-assembling (or stacking) in CQW solid film has been prob-

lematic for exciton reservation.39–41,46 Our group has reported that, owing to the

large absorption cross-section of CQWs and their close-packed collinear orientation

in a stacked CQW film, homo-FRET among the same material is extremely fast

(<100 ps) and ultra-efficient (efficiency can reach >60% at room temperature), which

can even dominate the multiexciton Auger recombination.39 Thus, exciton transfer

and trapping are rapidly boosted. The main reason for stacking46 is that the van
1556 Matter 2, 1550–1563, June 3, 2020



Figure 3. Material Properties Responsible for a Giant Rabi Energy

(A) Morphology of the HARCQWs. Top panel: schematic of the HARCQWs. Bottom panel: self-assembly of HARCQWs. The TEM image shows the

random-oriented, non-stacking, and face-down assembly. The inset in the bottom panel: TEM image of an individual HARCQW; the lateral size is

about �50 nm by 5–8 nm.

(B) The exciton binding energy as a function of the lateral size in 4 ML CdSe CQWs. The solid line is a guide to the eye. The dashed black line indicates

the exciton Bohr radius (�5.7 nm) in bulk CdSe. Inset: impact of the aspect ratio on the exciton binding energy. A high aspect ratio is expected to

enhance the exciton binding energy, indicated by the horizontal dashed line. The vertical dashed line shows the negligible shift of the absorbance

feature with respect to the aspect ratio.

(C) Time-resolved PL decay curves (squares: in hexane; circles: in film) of the HARCQWs and LARCQWs. Black dashed lines are the multiexponential fits.

(D) Experimental and simulated k-space image of the HARCQW film. Left: calculated results for pure in-plane dipole orientation. Right: experimental

data for our HARCQW film.

(E) Comparison between the experimental (red circles) and simulated (black line) results cutting along the line in which kx = 0 (p polarization) to extract

the fraction of the in-plane dipole in our HARCQW film.
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der Waals attraction tends to align the lateral faces of CQWs parallel to each other in

long needle-like chains40,41 (see the TEM image of stacked LARCQWs in Figure S6).

If we approximate the CQW as an ideal flat plate, we can express the attraction en-

ergy for stacking46 as follows: Eattraction = HAeff =12pD
2, where H is the Hamaker con-

stant, D is the distance between the CQWs, and Aeff is the effective interaction area.

If the attraction energy is larger than kT (the thermal energy), the CQWfilmwill prefer

to be stacked. Thus, the unstacking criterion can be given by D>
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
HAeff=12pkT

p
,

which implies that the distance should be larger than a certain value to avoid stack-

ing. By using the Hamaker constant from a previous report,46 the minimum distance

for LARCQWs with a square shape (18 3 18 nm) is �7.1 nm by assuming the whole

surface area is effective. This distance is larger than the length of two oleic acid li-

gands (4–6 nm)34,46 and explains why LARCQWs are easy to stack. However, for

HARCQWs, Aeff can be quite small considering any small tilting or offset significantly

changes the effective interaction area. If the minimum distance is reduced to be

smaller than the length of two oleic acid ligands, the CQW film will not be stacked

anymore. There is no doubt that HARCQWs satisfy this criterion; as shown in Fig-

ure 3A, random-oriented CQWs are lying flat on the TEM grid and there is no
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indication of stacking. To further support our argument, we have checked the time-

resolved photoluminescence (PL) of CQWs in a solution dispersion and a solid film

(see Figure 3C). Both low and high aspect ratio CQWs in solution display a similar

decay behavior with an average lifetime of�3.2 ns (see Table S1 for the tri-exponen-

tial lifetime fitting). On the other hand, in solid film, for LARCQWs, the average life-

time accelerates to �1.4 ns, indicating a strong exciton trapping via the homo-FRET

process caused by stacking.39 However, the homo-FRET process is greatly sup-

pressed in a HARCQW film with a prolonged average lifetime of�2.5 ns, suggesting

the induced non-radiative channel is weakened.

Beyond the intrinsic properties of HARCQWs, one more point needed to be consid-

ered in our hybrid system: the effective dipole numbers, Neff. As discussed in Fig-

ure 1, in the solid film, the total number of dipoles (N) is enough to ensure that

they can cover the whole penetration depth of LSP. Indeed, the coupling strength

(g) depends on the orientation of transition dipoles with respect to the electric field

of the LSPmode. For a single dipole: gif
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
cos2ðqiÞ3f=V

p
, where qi denotes the angle

between the dipole momentum and the electric field.12,13,25 Thus, Rabi energy is

proportional to the square root of effective dipole numbers ðNeff =
PN

i = 1
cos2ðqiÞÞ

rather than the total dipole number (N). In our system, the electric field of plasmon

mode sustained in a silver nanocube is mainly confined in the XY plane (in-plane) and

oscillating along the nanocube edge7 as seen in Figure 1D. Therefore, in-plane di-

poles can maximize cos2ðqÞ and achieve a lager Rabi energy, and the vertically

stacked CQWs suppress Neff to the minimum. Dipole orientation in CdSe CQWs

has been systematically studied recently,41,52,53 demonstrating that the fraction of

in-plane dipole is close to unity (>95%) if the CQWs in the film are laid face down.

Instead of using non-polar solvent to change the interfacial energy and lay down

the LARCQWs as in their works, here, HARCQWs are naturally face down in the

film (see the bottom panel of Figure 3A), benefiting from the non-stacking proper-

ties. This is understandable because the formation of the edge-up assembly (as

opposed to face down) is because the stacking allows enough supporting area to

make the CQWs stand up (the edge thickness of CQWs is only 1.2 nm). To double

check the face-down assembly in our HARCQW film, we followed Gao and Scott’s

works to use back focal plane (BFP) images to determine the dipole orientation41,52

(see the details of the BFP image setup and simulation in Note S4). Figure 3D shows

the calculated intensity pattern for the pure in-plane dipole orientation and an

experimental BFP images for our HARCQW film, which shows the mirror relationship

between the simulation and the experiment, suggesting a high fraction of in-plane

dipoles in the HARCQW film. To extract the fraction of in-plane dipoles, we

compared the experimental and simulated curves along kx = 0 (p polarization).

The two dips (ky = Gk0) in the experimental data are found to approach 0, and we

can calculate that the fraction of in-plane dipoles is �95%. In contrast to heavy-

hole excitons, dipole orientations of light-hole excitons are randomly distributed.

Therefore, in our work, it is difficult to observe light-hole exciton-plasmon coupling

due to dipole orientation mismatch with the plasmonic modes.41
The Emissive Polaritons

In view of the strong interaction between exciton and plasmon in our hybrid system,

it is natural to expect to observe splitting in PL as in previous reports of exciton-

photon strong coupling systems.54,55 The PL signal from our hybrid system

at room temperature is shown in Figure 4 (see the optical measurement in Experi-

mental Procedures). The corresponding dark-field scattering spectrum (detuning,
1558 Matter 2, 1550–1563, June 3, 2020



Figure 4. PL Spectra of the Coupled Hybrid System at Room Temperature

In the top spectrum, the narrow emission located at the high energy side is attributed to the uncoupled

band-edge exciton emission. The broad emission peaking at the low energy side originates from the

lower polariton states. For comparison, the dark-field scattering spectrum (the middle spectrum) with a

detuning energy of 4meV and the uncoupled PL spectrumof HARCQWs (the bottom spectrum) are also

presented. The vertical green dashed line indicates the heavy-hole exciton transition at 2.42 eV. The

vertical red dashed line illustrates that the emissive polariton spectrum is blue-shifted compared to the

LPB in scattering measurement.
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�4 meV) and PL of uncoupled HARCQW film are also presented. To rule out the pos-

sibility that the collected emission is coming from the radiative recombination be-

tween the electron in the sp conduction band and the hole in the d valence band

of the Ag nanocube under lasing excitation, we checked the emission spectra of

bare silver nanocubes on top of SiO2/Si substrate. The result is shown in Figure S7.

Under laser excitation, our sparsely distributed silver nanocube did not exhibit any

noticeable emission and only background noise is collected.

Therefore, we can assign the clearly observed broad emission into the LPB emis-

sion, and the narrow emission is resulting from uncoupled band-edge excitons

(located at 2.42 eV). This uncoupled emission is expected because the silver nano-

cube distribution is sparse, and the laser focus spot is much larger than the nano-

cube size.15,54,56 Notably, the LPB emission spectrum (peaking at �2.27 eV) is

blue-shifted with respect to the corresponding LPB scattering spectrum (�2.21

eV). The reason for the higher energy LPB peak in the PL compared with the scat-

tering is not totally understood. Our speculation for this observation is related to a

‘‘polariton bottleneck’’ and the contribution of dark polariton states. The former

implies that the PL emission originates from not fully relaxed lower polariton

states. When the pump fluence is high, the strong scattering among polariton

states in LPB will accelerate the decoupling process (photons will be emitted

before polariton states can relax to the bottom of LPB), which is similar to the

‘‘polariton bottleneck’’ observed in exciton-photon polariton systems.55 The latter

associates with N excitons coupled to the plasmon to generate two bright hybrid

states (LPB and UPB) and (N � 1) dark polariton states. Although these dark polar-

iton states absorb weakly, they may contribute to the high energy part of the LPB

emission when exciton density is high.57,58
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DISCUSSION

In summary, we have demonstrated ultra-strong interactions between excitons in

CdSe HARCQWs and localized plasmon resonance in silver nanocubes. The

observed value of collective Rabi splitting is up to 402 meV, which is the highest

value ever achieved for Wannier excitons, and corresponds to the largest coopera-

tivity (>11) ever reported in an open cavity exciton-polariton system. Importantly,

the strong exciton-plasmon coupling is observed in both dark-field scattering and

photoluminescence measurements, unambiguously suggesting the strong intermix-

ing of excitons with plasmons to create polaritons. The main mechanisms respon-

sible for these observations are the enhanced oscillation strength and improved

in-plane exciton dipole orientation in HARCQWs. This exciton-plasmon hybrid sys-

tem, based on fully solution-processable quantum emitters and metal nanostruc-

tures, may provide a feasible recipe for active all-optical nanocircuits and devices.
EXPERIMENTAL PROCEDURES

Synthesis of High Aspect Ratio CdSe CQWs

CdSe CQWs were synthesized by following the recipe reported previously with a few

modifications.35,59 Briefly, we began with 340mg of cadmiummyristate, 24mg of se-

lenium, and 30 mL of 1-octadecene in a 100 mL flask. While degassing, the temper-

ature of the solution was slowly increased up to 95�C and then kept at this tempera-

ture for 30 min to evaporate extra solvents and dissolve myristate completely. We

then raised the temperature to 245�C and placed the solution under argon at

100�C. At approximately 195�C when the color of solution became bright yellow,

we introduced 120 mg of cadmium acetate with different amounts of hydrate in the

crude reaction solution. This variation in hydrate content resulted in a different aspect

ratio for the CQWs. The variation of the hydrate content in cadmium acetate was ob-

tained by using different ratios of cadmium acetate anhydrous/cadmium acetate di-

hydrate (Cd(OAc)2/Cd(OAc)2.2H2O).59 Thereafter, we kept the solution at 240�C for

8–10min. The reaction was completed by the addition of 1 mL of oleic acid to the so-

lution followed by cooling the crude reaction solution to room temperature using a

water bath. Using size-selective precipitation, the pure 4MLCdSe CQWpopulations

were separated from the crude reaction solution. The cleaning procedure was fol-

lowed exactly as reported previously.35 Finally, the precipitated sample was dis-

solved in hexane and used for different characterizations and applications.
Characterization of High Aspect Ratio CdSe CQWs

Absorption spectra of HARCQWs in hexane were measured using an ultraviolet-

visible spectrophotometer (Shimadzu, UV-1800). The PL spectra of HARCQWs in

hexane were recorded using a spectrofluorophotometer (Shimadzu, RF-5301PC).

The QY of HARCQWs in hexane (100 mg/mL) was measured with an integrating

sphere and calculated as the ratio of emitted photons and absorption photons.

The accuracy of the QY measurement was verified using Rhodamine 6G; the

measured QY of 94.3% in our setup is in good agreement with the standard value

of 95%.
Dark-Field Scattering Spectroscopy

Dark-field scattering experiments were conducted based on a 1003 objective lens

(NA = 0.95) and a xenon light source (Thorlabs). Scattered photons were collected

by the same objective lens and directed into a hyperspectral system (Cytoviva) for

spectral analysis. A background spectrum taken from a nearby area was subtracted

from each measured silver nanocube spectrum.
1560 Matter 2, 1550–1563, June 3, 2020



ll
Article
Time-Resolved PL Measurement

Time-resolved PL spectroscopy was performed with a Becker & Hickl DCS 120

confocal scanning FLIM system with the laser pulse at 375 nm and a repetition rate

of 20 MHz. The collection time was 180 s for all the time-resolved PL measurements.
PL Measurement of the Hybrid System

All measurements were conducted using a frequency tripling of Nd:YAG laser

(355 nm) with a pulse width of 0.5 ns at a repetition rate of 100 Hz. The sample

was mounted on a three-dimensional moving stage. The laser beam was focused

onto the hybrid system using a long working distance objective lens (ZEISS; NA,

0.65, 633). The emission signal was collected using the same objective lens with a

long pass filter (>450 nm).
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