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ABSTRACT: Tunable exciton−photon couplings are of great
importance for cavity quantum electrodynamics (QED), polariton
chemistry, optical computing, and bosonic lasing. In this regard,
two-dimensional (2D) excitons in transition metal dichalcogenides
(TMDs) have attracted tremendous interest�the huge oscillator
strengths endow sensitive responses to optical modes, and their
excitonic properties can be actively tuned by external stimuli.
However, tunable coupling with spin-forbidden dark excitons in
monolayer TMDs has rarely been demonstrated, and how the
bright/dark-exciton−photon couplings coexist in one system is still
a mystery. Herein, we utilize waveguide and antenna modes in a
gold nanosphere-on-mirror cavity to match the in-plane and out-of-
plane dipole moments of bright and dark excitons in monolayer
WS2, respectively, and simultaneously. Strong bright-exciton−photon couplings with a coupling strength of up to 60 meV are
observed at room temperature. We show that the waveguide mode can be tuned in wavelengths by controlling the spacer thickness
and demonstrate the anti-crossing feature of polaritons. Next, by increasing the excitation angle, we dynamically enlarge the relative
contribution from the antenna mode coupled with dark excitons and suppress the waveguide mode coupled with bright states.
Moreover, a tunable bright exciton linewidth is achieved as a result of suppressed homogeneous broadening caused by the dominant
dark exciton decays under strong dark-exciton−photon couplings. This is not only proof of tunable couplings with dark excitons but
also an insightful finding that reveals the novel interactions between bright- and dark-exciton−photon hybrids in a single optical
cavity, opening new possibilities in tunable QED.

■ INTRODUCTION
Monolayer transition metal dichalcogenides (TMDs), possess-
ing direct band gaps, strong exciton binding energies, high
carrier mobilities, and robust mechanical properties, have
attracted great research interests.1−5 The fruitful excitonic
complexes with large oscillator strengths in monolayer TMDs
make them a fascinating platform for studying cavity quantum
electrodynamics (QED) at room temperature.6−9 One of the
most attractive topics in QED is the tunable exciton−photon
coupling, which has opened up tremendous prospects in
polariton chemistry engineering,10 photon quantum comput-
ing,11 and tunable optical devices.12 Therefore, over the past
decades, lots of efforts have been made in developing tunable
couplings with the two-dimensional (2D) excitons in TMDs.
For example, through electrical gating13−15 or adjusting the
dielectric environment,16,17 people have tuned TMD-based
QED systems by manipulating the intrinsic properties of bright
excitons. In addition, a tunable optical cavity mode is also an
effective approach for controllable exciton−photon couplings.
Dufferwiel et al. employed two dielectric-distributed Bragg

reflectors with nanopositioners to form a separation-adjustable
Fabry−Peŕot cavity for tunable couplings with bright excitons
in TMDs.18 Kleemann et al. introduced different spacer
thicknesses in a nanosphere-on-mirror (NSoM) cavity by
coupling it with WSe2 flakes of different numbers of layers and
demonstrated a tunable strong coupling (SC).19

Recently, besides the commonly studied bright excitons, the
spin-forbidden excitonic states in monolayer TMDs, i.e., dark
excitons,20 have also aroused new attention in cavity
QED.21−23 Dark excitons are promising for quantum
computing and Bose−Einstein condensation because of their
long lifetimes, but meanwhile, they are optically inactive at
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room temperature and thus hard to harness. Coupling dark
excitons with the cavity photons can dramatically boost their
exciton decay rates, enabling the all-optical read-out and
control.22,23 However, tunable coupling with dark excitons in
monolayer TMDs has rarely been demonstrated, which limits
the development of functional devices based on such dark
states. Moreover, the strong many-body effects in monolayer
TMDs determine a close interaction between the bright and
dark states, significantly affecting each other’s excitonic
quantum dynamics.24 Several groups have reported the dark
exciton-mediated phenomena in strongly coupled bright
excitons−photon hybrids.24−26 Latini et al. have even
theoretically predicted the mixing of bright and dark excitons
spectral features when they are both strongly coupled in a
QED system,27 but an experimental study is still demanded.
Therefore, simultaneously coupling bright and dark excitons in
a single system could potentially bring new insights into
fundamental physics, and if further achieved in a tunable
manner, stupendous opportunities would be opened up. This
motivates the search for applicable optical cavities with novel
tunability.
Plasmonic NSoM cavities are made of a metallic nanosphere

standing on a dielectric-coated mirror, which support highly
confined light field down to deep-subwavelength scales in the
gap between the nanosphere and mirror.28−31 The complex
hybridization of plasmons in such a configuration leads to
various cavity modes,32−38 providing more degrees of freedom
in design to match the in-plane and out-of-plane dipole
moments of bright and dark excitons in monolayer
TMDs.39−41 Moreover, in comparison with other nano-
particle-on-mirror counterparts such as structures based on
nanocubes or nanowires, nanosphere-based cavities can
generate an extremely excitation-sensitive out-of-plane antenna
mode in contrast to the in-plane waveguide modes because of
their unique morphology and symmetry.36,38 This makes
NSoM a good candidate for us to design tunable couplings

with dark excitons as well as the dynamic interaction between
bright- and dark-exciton−photon hybrids.
In this work, we report the experimental demonstration of

tunable couplings with bright and dark excitons in monolayer
WS2 in a single gold NSoM cavity at room temperature. With a
rational design of the cavity, enhanced in-plane and out-of-
plane E-fields confined at the WS2 position are generated at the
wavelengths of bright and dark excitons respectively and
simultaneously. By adjusting the spacer thickness, a clear anti-
crossing feature of polaritons is observed in the scattering
spectra at the bright exciton energy, revealing the SC nature.
Coupled-mode-theory (CMT) fittings confirm a coupling
strength of up to 60 meV. Moreover, by changing the
excitation angle, dynamic control of the coupling strength with
bright excitons is achieved, and a tunable coupling with dark
excitons is demonstrated, evidenced by the modulation on the
coherent linewidth of bright excitons from 37.5 down to 27.1
meV. The narrowed linewidth is attributed to the suppressed
homogeneous broadening caused by the dominant dark state
decays under strong dark-exciton−photon couplings, shedding
light on the mystery of multiparticle interactions in TMD-
based QED. Our findings would bring up new possibilities in
tunable photonic devices, cavity chemistry, and optical
computing.

■ METHODS
Preparation of Monolayer WS2. Monolayer WS2 is

synthesized inside a 1 in. quartz tube furnace by an alkali metal
halide-assisted chemical vapor deposition (CVD) method.5

Mixed WO3 (5 mg) and NaBr (0.5 mg) powders are placed
inside an alumina boat, and a piece of clean SiO2/Si wafer is
placed on top of the alumina boat with its polished side facing
down, which serves as the growth substrate. The alumina boat
is then loaded in the center of the quartz tube, and another
alumina boat containing S powder (400 mg) is placed at the
upstream of the tube. During the synthesis reaction, the tube is
heated up to 825 °C and held for 15 min, and the S powder is

Figure 1. (a) Schematic of the system in the study, in which monolayer WS2 is coupled to a 100 nm AuNS on a mirror cavity with a 7−14 nm SiO2
spacer. (b) Simulated excitation-angle (θ)-dependent total scattering efficiency of such a NSoM cavity, where the spacer thickness is 9 nm, and the
excitation light is TM-polarized, as shown in the schematics. The pink, gray, and blue shaded areas label the three cavity modes S12, S11, and l01,
respectively. (c, d) Characterization of different cavity modes. Simulated (c) surface charge and (d) E-field enhancement when θ = 0° for S12 mode
and when θ = 56° for S11 and l01 modes. The black contours in panel (c) highlight half of the sphere’s surface, the facet of the sphere at the spacer’s
top surface, and its projection at the bottom surface. The black circles in panel (d) denote the interface between the sphere and the spacer.
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heated up simultaneously to 220 °C using a heating belt. Ar
(100 sccm) is used as the carrier gas. After the synthesis
process, the furnace is cooled down naturally.
Fabrication of Nanosphere-on-Mirror Samples. The

gold mirror is fabricated by depositing a 5 nm/100 nm Cr/Au
film on a glass substrate by an e-beam evaporator (Kurt J.
Lesker PVD75), with a deposition rate of 0.2 Å/s and vacuum
under 10−5 torr. Then, the silica spacers with different
thicknesses are deposited using the same machine. The
deposition rate is controlled at 0.1 Å/s. Before the deposition,
the glass substrate is cleaned by sonication in acetone,
isopropanol, and DI water for 10 min in sequence and
blown dry in a nitrogen stream. The thickness of the silica
spacer is finally measured with an ellipsometer (J.A. Wollam
M2000) and an atomic force microscope (Park Systems
NX10), as shown in Figure S1f.
CVD-grown monolayer WS2 flakes are transferred onto the

spacer by a classic PMMA-based wet-transfer process. PMMA
(MicroChem 950PMMA A4) is spin-coated on the SiO2/Si
wafer with CVD-grown WS2 flakes and baked on a hotplate.
Then, the PMMA layer with WS2 is detached by etching the
SiO2 layer in HF solution, washed with DI water two times,
attached to the target substrate, dried in vacuum, annealed at
110 °C, and finally removed with acetone.
Finally, 100 nm ultra-uniform gold nanospheres (nano-

Composix AUXU100) are drop-cast on the sample by
dropping a 50 μL colloidal suspension, which is prepared by
diluting the original solution 10 times in ethanol. After total
evaporation of the solvent in the droplet, the sample is rinsed
with isopropanol and blown dry with nitrogen to remove
absorbed surfactants.
Optical Setup and Measurements. An upright micro-

scope (Nikon Ni-E) and a monochromator (Andor Kymera
328i) with an EMCCD (Andor Newton DU970P) are used for

the experiments. For standard backward scattering measure-
ments, a halogen lamp is employed as a center-symmetric
oblique incident light source through the dark-filed objective
(Nikon TU Plan BD ELWD 50×, NA 0.6 WD 11). The
incidence angle ranges from 46.8 to 52.9°. For excitation-
angle-resolved scattering measurements, a supercontinuum
laser (NKT Photonics SuperK Fianium FIU-15) is employed
as the white light source. A long-working-distance objective
(Nikon TU Plan EPI ELWD 50×, NA 0.5 WD 11) is used to
collect the backward scattering signal.

■ RESULTS AND DISCUSSION
Spacer-Thickness- and Excitation-Angle-Dependent

Cavity Modes. The NSoM-WS2 hybrid system under study is
shown in Figure 1a. Large-area and high-quality monolayer
WS2 flakes are sandwiched between a 100 nm gold nanosphere
(AuNS) and a SiO2-spacer-covered gold mirror. Detailed
sample characterizations can be found in Supporting
Information (SI) Section S1 and Figure S1. The commercial
AuNSs that we use are decorated with poly(ethylene glycol)-
carboxyl and do not show a measurable polymer shell. A
circular facet of 47.5 nm diameter at the bottom of AuNS (See
Figure 1c) is considered for the best match between all of the
simulated and measured spectra.32

To start with, we study the applicable modes in NSoM
cavities and their tunability. Note that the resonance
wavelengths of the bright and dark excitons in monolayer
WS2 are ∼612 and 630 nm, respectively,24,40 and the material
and size/thickness of the nanosphere/spacer are designed
accordingly for the spectral overlap.31,36−38 Figure 1b shows
the simulated total scattering efficiency of such a well-designed
NSoM cavity with a SiO2 spacer of 9 nm thickness. The
excitation-angle dependence is evaluated by introducing
transverse magnetic (TM)-polarized incident light,36 consid-

Figure 2. (a) Simulated scattering spectra of a 100 nm AuNS on mirror cavity as a function of SiO2 spacer thickness. The arrow in red to purple
indicates the spacer thickness from 14 to 7 nm. (b) Measured scattering spectra of such a NSoM cavity coupled with monolayer WS2 as a function
of SiO2 spacer thickness. The black dashed line denotes the WS2 bright exciton wavelength at 612 nm. (c) Schematic of the optical setup for
measuring the spectra in panel (b). The excitation/illumination angles are ∼44−52° from the dark-field objective. A numerical aperture (NA) of
0.6 is also used in simulating the spectra in panel (a) to match the experimental condition. (d) Mapping of the spacer-thickness-dependent
scattering spectra in panel (b), showing an anti-crossing behavior (orange dashed curves). The orange dots highlight the peaks extracted from each
spectrum. The dip labeled by the white dashed line is from the WS2 bright exciton. The tilted dark olive dashed line shows the simulated dispersion
of the cavity mode S11. The vacuum Rabi splitting ΩR (85.65 meV) is also highlighted.
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ering the rotational symmetry of AuNSs. The typical spectra
under normal incidence and oblique incidence at 56° are
plotted in dashed-dotted and solid lines for comparison. A
longer-wavelength mode highlighted by the blue-shaded area is
only accessible under oblique incidence, while the areas shaded
in pink and gray highlight two modes dominant at normal
incidence. We label them as an antenna mode l01 (blue) and
waveguide modes S11 (gray) and S12 (pink) based on their
mode profiles in Figure 1c,d, in agreement with the
literature.31,36−38 As illustrated in Figure 1c, S11 mode is
defined by the field distributions at the AuNS−spacer interface
and shows an in-plane dipole moment in the gap. S12 mode is
the higher-order mode featuring a quadrupole in the AuNS
(Figure 1c) but with a weaker local E-field intensity (Figure
1d). In contrast, the l01 mode possesses an out-of-plane dipole
moment (Figure 1c). Therefore, S11 and l01 modes are chosen
to couple with the bright and dark excitons in monolayer WS2,
respectively.
In addition, the resonance wavelength of S11 mode can be

tuned by choosing different spacer thicknesses, i.e., a blue shift
for an increasing spacer thickness and vice versa, as shown in
Figure 2a.19,28 Such tunability helps to investigate the SC of
bright excitons and cavity plasmons, which will be discussed in
the next section. Moreover, both S11 and l01 modes can be
tuned in mode amplitude with different excitation angles, and

the l01 mode is especially sensitive, as shown in Figure 3a. This
is determined by the z-direction projection of the incident E-
fields. Tunable couplings with both dark and bright excitons
will be demonstrated based on this concept in the last section.
Strong Coupling with Bright Excitons in Monolayer

WS2. Experimental demonstrations of the SC between bright
excitons and S11 mode in the scattering spectra of NSoM-WS2
hybrids with different spacer thicknesses are shown in Figure
2b. Unpolarized and center-symmetric incident light is applied,
and the optical setup is illustrated in Figure 2c. It is worth
mentioning that a numerical aperture (NA) of 0.6 (not the
total scattering) is considered in the simulations for Figure 2a
to mimic the experimental condition. More details are in SI
Section S2.
We observe a nearly perfect match in mode dispersion

between the simulations and experiments�when the spacer
thickness decreases from 14 to 7 nm, S11 mode red-shifts from
590 to 635 nm. Such a good match is enabled by the relatively
accurate tunability in sweeping the spacer thickness, in contrast
to the poorer control in sweeping the AuNS size.32 Besides, the
spacer-thickness-dependent S11 mode shift is accompanied by
negligible changes in mode intensity and linewidth,19,28 which
ensures a consistent dip at the bright exciton wavelength in
Figure 2b and a robust anti-crossing feature of polaritons, as
plotted in Figure 2d.

Figure 3. (a) Simulated scattering spectra of a 100 nm AuNS on mirror cavity as a function of excitation angle. The SiO2 spacer thickness is 9 nm.
Numerical apertures (NA) of 0.5 and 0.7 are both evaluated to better identify the out-of-plane cavity mode at longer wavelengths. (b) Measured
scattering spectra of such a NSoM cavity coupled with monolayer WS2 as a function of excitation angle. The black dashed line denotes the WS2
bright exciton wavelength at 612 nm. In both panels (a) and (b), the excitation light is TM-polarized and from a supercontinuum laser. (c)
Schematic of the optical setup. An objective with a NA of 0.5 and a minimum θ of 44° is applied to ensure that only scattering signals are collected.
θ is the excitation angle that can be tuned. (d) Fitted exciton linewidth γexciton from measured spectra in panel (b) and simulated ratio of the out-of-
plane Ez field magnitude at 630 nm to the in-plane Exy field magnitude at 612 nm at the WS2 monolayer plane as a function of excitation angle. (e)
Fitted coupling strength g for the bright exciton from measured spectra in panel (b) and simulated in-plane Exy field enhancement at 612 nm at the
WS2 monolayer plane as a function of excitation angle.
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In order to explicitly confirm the SC nature, we further fit
the spectra in Figure 2b with CMT (See SI Section S3 and
Figure S2). Due to the spectral mismatch between the bright
exciton and S12 mode, only S11 mode is accounted in coupling,
but both of them are considered in the fittings (See SI Section
S4). The fitted coupling strengths g are listed in Table 1. Two
thresholds for determining the SC regime,

> +g2 ( )/2cavity exciton (1)

> +g2 (( ) ( ) )/2cavity
2

exciton
2

(2)

are both well reached, proving the nonvanishing Rabi splitting.
γcavity and γexciton are the linewidths of the cavity mode S11 and
bright excitons, which are double-checked by Fano fittings in
Figure S3. All of the fitted parameters can be found in Table
S1. Please note that NSoM cavities with a 7 to 14 nm SiO2
spacer should provide similar field enhancement at the bright
exciton wavelength (612 nm) at the WS2 monolayer plane,
according to the simulated values in Figure S7. The difference
in coupling strengths can be attributed to the variation of
oscillator strengths in different WS2 flakes, which is commonly
observed in CVD-grown TMD monolayers.42,43 Meanwhile, an
averaged g = ∼53 meV gives us a vacuum Rabi splitting

= =g2 ( ) /4 84 meVR
2

cavity exciton
2 , in agree-

ment with the observed ΩR = 85.65 meV in Figure 2d.
Tunable Bright Exciton Linewidth Mediated by Dark-

Exciton−Photon Couplings. Based on the SC of bright-
exciton−photon hybrids, we then demonstrate the tunable
couplings with both bright and dark excitons and how the dark
hybrid state influences the coherent dynamics of bright states,
as shown in Figure 3b, through excitation-angle (θ)-resolved
scattering spectra. Again, due to the rotational symmetry of
AuNSs, TM-polarized incident light is applied to maximize the
excitation-angle-sensitive mode tunability,36 as illustrated in
Figure 3c. An optimal sample with a 9 nm thick spacer is
studied to ensure the good spectral match between the l01
mode and dark exciton in monolayer WS2. A robust response
of the NSoM cavity under excitations at different angles is
experimentally confirmed, as shown in Figure S11. Note that,
unlike the total scattering in Figure 1b, a limited NA can hardly

capture the signal from the out-of-plane l01 mode in Figures
S11 and 3b. Therefore, we simulate the scattering signals
collected within a NA of both 0.5 and 0.7 in Figure 3a. The
former shows a good agreement with experimental data in both
the spectral line shape and decreasing S11 mode intensities with
an increasing θ, which confirms the consistency between our
analysis and the real situation. The latter shows the emerging
l01 peak at a longer wavelength, which reaches the dark exciton
of monolayer WS2 at ∼630 nm and becomes more and more
dominant with the increasing θ (See Figure S4a). It can thus
be hypothesized that although a direct measurement is not
available, tunable dark-exciton−photon couplings still exist in
the near field.
By normalizing the measured spectra in Figure 3b, a clear

tendency of a gradually narrowed bright exciton linewidth with
the increasing θ is found in Figure S4b, implying a dark-state-
mediated coherent dynamics and thus serving as indirect
evidence of tunable dark-exciton−photon couplings. Two extra
sets of spectra from the 9 nm thick spacer sample, one set of
spectra from the 8 nm thick spacer sample, and one set of
spectra from the 10 nm thick spacer sample can be found in
Figures S12, S8, and S9, respectively, all showing consistent
tunability. To discriminate such phenomena, we applied both
Fano and CMT fittings on the measured spectra in Figure 3b.
The fittings are included in Figures S5 and S6, and the fitted
mode linewidths and coupling strengths are listed in Table 2.
The results are also shown in Figure 3d,e (the black dots),
confirming the narrowed exciton linewidth from 37.5 down to
27.1 meV, together with a decreasing bright exciton coupling
strength from 60.0 down to 42.5 meV, when the NSoM-WS2
hybrid is excited with oblique incidence at angles from 44 to
80°.
The weakened couplings with bright excitons are intuitive

since the absolute intensity of S11 mode decreases, as shown in
Figure 3b, resulting in a suppressed in-plane E-field enhance-
ment at 612 nm (bright exciton wavelength), as presented in
Figure 3e (the purple triangles). The field enhancement is
numerically simulated, and the details can be found in SI
Section S2. As for the narrowed coherent linewidth of bright
excitons, it can be explained by the dynamic competition
between bright and dark exciton decays.4,24 The coherent
linewidth of bright excitons is strongly influenced by the

Table 1. Coupling Strengths of NSoM-WS2 Hybrids with Different SiO2 Spacer Thicknesses
a

spacer thickness (nm) 14 12 11 10 9 8 7

(γcavity + γexciton)/2 (meV) 72.05 70.42 73.98 69.58 64.16 61.54 68.28

+(( ) ( ) )/2cavity
2

exciton
2 (meV) 79.99 77.93 82.70 76.99 70.47 67.80 76.78

2g (meV) 120.1 119.9 99.26 102.6 100.9 98.42 99.26
aAll of the linewidths are defined in half-width at half-maximum (HWHM).

Table 2. Mode Linewidths and Coupling Strengths of the NSoM-WS2 Hybrid with a 9 nm Thick SiO2 Spacer for Different
Excitation Anglesa,b

excitation angle (°) 44 50 56 62 68 74 80

γexciton -Fano (meV) 37.24 35.21 34.00 34.59 31.97 27.60 27.22
γexciton -CMT (meV) 37.62 35.92 33.18 33.59 31.14 27.59 27.05
γcavity (meV) 91.85 82.04 84.52 85.64 91.18 89.93 95.57
(γcavity + γexciton)/2 (meV) 64.64 58.80 59.06 59.86 61.37 58.76 61.35

+(( ) ( ) )/2cavity
2

exciton
2 (meV) 70.13 63.23 64.31 65.18 68.22 66.52 70.25

2g (meV) 119.9 115.8 111.7 99.26 95.12 95.94 85.20
aAll of the linewidths are defined in HWHM. bγexciton = (γcavity−Fano + γexciton−CMT)/2.
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phonon-assisted decay channels, which is the so-called
homogeneous broadening.4,44 It has been explored that when
the enhanced decay of the spin-forbidden dark state is
dominant over the bright exciton decays (including both
radiative and phonon-assisted nonradiative ones), the homo-
geneous broadening effect can be significantly suppressed.24 In
our system, the bright/dark-exciton−photon couplings should
both include the Purcell effect that enhances the spontaneous
decay rates, and meanwhile, they are separately determined by
the in-plane and out-of-plane E-fields, matching the corre-
sponding dipole moments. Therefore, we simulate the E-fields
at the position of WS2 monolayer and plot the ratio of the out-
of-plane Ez field magnitude at 630 nm (dark exciton) to the in-
plane Exy field magnitude at 612 nm (bright exciton) in Figure
3d (the brown triangles) as a function of excitation angle. The
results confirm our assumptions. As the Ez field (l01 mode)
becomes more and more dominant, the homogeneous
broadening of bright excitons is increasingly suppressed.
Finally, this results in the narrowed linewidth and dark-state-
mediated tunable modulation of the bright-exciton−polaritons
under SC. We notice that the thresholds in eqs 1 and 2 are
always well reached for all of the excitation angles (See Table
2), and the bright-exciton−photon hybrids maintain at the SC
regime.

■ CONCLUSIONS
In conclusion, we study the dependence of plasmonic modes in
a gold NSoM cavity on the spacer thickness and excitation
angle and use them as a platform for tunable couplings with
both bright and dark excitons in monolayer TMDs. The
waveguide mode S11 produces enhanced in-plane E-fields at the
bright exciton wavelength and supports exciton−plasmon SC
with a coupling strength of up to 60 meV at room temperature.
The out-of-plane antenna mode l01, overlapping the dark
exciton wavelength, shows a decent sensitivity to the excitation
angle, giving rise to a novel design dimension for tunable
couplings with spin-forbidden dark states. By increasing the
excitation angle, we dynamically enlarge the relative con-
tribution from the l01 mode coupled with dark excitons and
suppress the S11 mode coupled with bright states. This not only
undermines the bright-exciton−photon coupling strength but
also makes the dark exciton decay more dominant over the
bright ones, leading to a narrowed bright exciton linewidth.
Our demonstration shows dark-state-mediated tunable modu-
lation of the bright-exciton−polaritons under SC, shedding
light on the mystery of multiparticle interactions in TMD-
based QED. Our findings may inspire new research interests in
tunable optical devices and chemistry engineering based on
dark excitons as well as in the fundamental study of bright/
dark hybridized polaritons in NSoM-TMD cavities.
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