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Strong light—matter interaction in 2D materials at the few-exciton level is important for both fundamental studies and
quantum optical applications. Characterized by a fast coherent energy exchange between photons and excitons, strongly
coupled plasmon—exciton systems in 2D materials have been reported with large Rabi splitting. However, large Rabi
splitting at the few-exciton level generally requires large optical fields in a highly confined mode volume, which are
difficult to achieve for in-plane excitons in 2D materials. In this work, we present a study of a strongly coupled gold
dimer antenna with a sub-10 nm gap on a monolayer tungsten disulphide (WS,), with an estimated number of exci-
tons of 4.67 £ 0.99. We demonstrate that varying the spatial mode overlap between the plasmonic field and the 2D
material can result in up to a ~tenfold increase in the number of excitons, a value that can be further actively tuned via
plasmon-induced heating effects. The demonstrated results would represent a key step toward quantum optical appli-

cations operating at room temperatures. © 2021 Optical Society of America under the terms of the OSA Open Access Publishing

Agreement

https://doi.org/10.1364/OPTICA.436140

1. INTRODUCTION

Interaction of highly confined electromagnetic fields with quan-
tum emitters has spurred much interests in both fundamental
studies [1-7] and applications [8—12]. Due to their strong
spatiotemporal field confinement, plasmonic nanocavities are
excellent candidates for light—matter interaction, notably because
of their large photonic density of states (LDOS o Q/ Vinod),
characterized by the resonance Q-factor and the mode volume
Vinod- Plasmon—exciton systems are widely employed to investigate
strong coupling in different excitonic platforms, such as with dye
molecules [13-15], quantum dots [16,17], J-aggregates [18-22],
and 2D materials [23,24]. In strongly coupled systems, the coher-
ent energy exchange between photons and excitons manifests in
the so-called Rabi splitting [25-28] in the spectrum, which is also
used to gauge their interaction strength.

Strongly coupled plasmon—exciton systems in 2D materi-
als and colloidal quantum dots with Rabi splitting as large as
~200 — 400 meV have been demonstrated [29-32]. However, the
cause for such large splitting is not clearly attributed to the large
photonic density of states because the plasmon—exciton coupling
occurs not just for single exciton but many excitons enclosed by
the spatial extent of the cavity mode. This is because the coupling
strength g of a uniform cavity mode and /V identical excitons
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scales as g v = v/ N(fi, - E.), with [i, being the transition dipole
moment of the emitter, E cav the cavity vacuum E-field, and N the
number of excitons. Most of the plasmon—exciton systems with
large Rabi splitting are associated with a large number of excitons,
notably for nanoparticle-on-mirror (NPoM) coupled with 2D
materials [33-35]. As the resonance modes of NPoM structures
are characteristically dominated by out-of-plane £-fields [33,36],
the coupling with the in-plane transition dipole of the 2D material
is likely to be small. However, the mode area of the NPoM cavity
mode is typically much larger than those of the planar nanoan-
tenna, thus effectively increasing the number of excitons involved
in the coupling, and consequently the Rabi splitting.

Reducing the number of excitons in the strong-coupling regime
is crucial from the quantum optical perspective where the interac-
tion between a single photon and a single exciton is highly desired.
Efforts have been devoted to achieve strong coupling down to the
single exciton level. Liu ez al. investigated the strong coupling of
chemically synthesized Au—Ag nanorods with monolayer coating
of J-aggregate in water suspension [37]. Santhosh ez /. reported
strong coupling with a single quantum dot in a planar silver bowtie
nanoantenna, via deterministic placements of colloidal quan-
tum dots [38]. Chikkaraddy e 4/. demonstrated strong coupling
approaching the single molecule level in an NPoM system coupled
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with dye molecules, whose transition dipole moments are in the
out-of-plane [39]. Meanwhile, strong coupling with 2D materials
have been demonstrated in NPoM systems, yet with hundreds of
excitons involved [34,40]. This is expected from the dominant
out-of-plane mode fields that are not coupled effectively with the
in-plane excitons of the 2D materials. Due to their direct bandgaps
and strong exciton binding energies, light—matter interaction in
monolayer transition metal dichalcogenides (TMD) also has been
widely investigated, notably as polaritonic platforms at room tem-
perature [23,24]. Realizing large Rabi splitting at the few-exciton
level (N <10) in 2D materials would represent an important
advance toward quantum optical applications operating at room
temperature, yet remains challenging because it requires a large
in-plane electric field in a highly confined mode volume to boost
the coupling strength.

In this work, we present a detailed investigation of a strongly
coupled plasmon—exciton system consisting of isolated planar
dimer antennas and 2D WS, at the few-exciton level. By decreas-
ing the dimer gap spacing to the sub-10 nm range, the number
of excitons involved in the coupling is reduced. Importantly,
the in-plane cavity mode field of our planar gold dimers is
much larger than that of the NPoM architectures. We find a
significant dependence of the number of TMD excitons in the
system (/V), and therefore the Rabi splitting, on temperature
via plasmon-induced heating and other thermal effects in the
hybrid TMD-antenna system. We observe an increase from
N=4.67%0.99 to N=7.69%1.07 as the incident intensity
is varied from 215 mW/cm? to 456 mW/cm?. In addition, we
observed a tenfold increase in the number of excitons involved
in the strong coupling as the interaction strength is decreased
by inserting an ultrathin spacer layer between the dimer and the
TMD, thereby illustrating the confounding effects of the plas-
monic mode field and number of excitons in the observed Rabi
splitting. We further investigate the intensity-dependent thermal
effects in the red shifting of the anti-crossing characteristics and
photoluminescence (PL) intensity enhancement at an increasing
pump intensity, while also discussing its feasibility as an active
tuning mechanism.

2. RESULTS AND DISCUSSION

Figure 1(a) depicts the schematics of the plasmon—exciton system,
which consists of a planar dimer nanoantenna lithographically
fabricated on a monolayer tungsten disulfide (WS;) grown by
chemical vapor deposition (CVD) on a SiO,/Si substrate. Sparse
arrays of plasmonic dimers were realized at 4 pm periodicities by
electron beam lithography (EBL), followed by the sonicated cold
development approach (see Appendix A.1, Sample Fabrication).
The 4 pm inter-antenna spacing was chosen to ensure negligible
couplings among the dimers, because it is much larger than the
scattering cross-sections of a plasmon dimer, which is typically
in the few hundred nm? range. This choice of 4 pum periodicity
also enables us to characterize the photoluminescence properties
of each element independently under a laser illumination with
a ~1 pm spot size. For all antenna considered in this work, the
dimer thickness (¢) is set to 30 nm, while the dimer size (s) is var-
ied from 60 nm to 100 nm. The dimer gap spacing () is tuned
from ~20 nm to the sub-10 nm range by carefully adjusting the
exposure dose.

The dark-field scattering images of the dimers coupled to
TMD, obtained through hyperspectral imaging measurements

(see Appendix A.2, Optical Characterization), are presented in
Fig. 1(b), where the red spots correspond to individual antennas.
The bright-field image of an uncoupled dimer on SiO, /Si (brown)
and coupled dimer on WS, monolayer (light purple) is presented
in Fig. 1(c). The dark purple dots correspond to the sparse distribu-
tion of gold antennas. The dark-field scattering spectra of dimers
coupled (red) and uncoupled (blue) to WS, excitons are shown
in Fig. 1(d), exhibiting a clear symmetrical splitting for the cou-
pled case, characterized by split resonances (£), their respective
linewidth (y1), and Rabi splitting (€2). Phenomenologically, the
plasmon—exciton coupling can be understood from the Jaynes—
Cummings Hamiltonian [41,42], which yields the eigenvalue
problem for the hybrid states (¢, 8)

Ypl
(a)pl;‘Twexf_i};ex)<Z>=wi(g), (1)

with w1 and we, as the plasmonic mode and exciton frequencies,
¥pl and ye, as the damping loss of the plasmonic resonance and exci-
ton emission linewidth, and g as the measured coupling strength
between the plasmon mode and excitons. The linewidth of the
CVD-grown WS; is found to be yex = 67 meV, while the range of
the Q-factor of the dimer mode (Q = w1/ y,1) is ~8 — 9. Based
on this, the observed eigenfrequencies for the hybrid, polaritonic,
modes can be expressed as

1 / 82
('():I::z(('()})l_’_a)ex):t g2+Zv (2)

with § = wy| — wex as the experimental detuning between the
plasmon mode and the exciton energy. The split resonances (w)
versus resonance detuning (8) for Au dimers with different dimen-
sions were compiled and then presented as anti-crossing curves in
Fig. 2(a). Since the optical response of the dimer changes due to its
coupling with the WS,, the experimental detuning was extracted
from the split resonances by 8cx, = @4 + @_ — 2. The exciton
frequency is fixed at we =2.02¢V, as verified by photolumi-
nescence and differential reflectance measurements (Fig. S3 in
Supplement 1). To investigate the plasmon—exciton coupling in
more detail, we also characterize the anti-crossing properties in dif-
ferent spatial mode overlap situations, achieved by incorporating
a 2 nm dielectric spacer between the dimer and WS, [Fig. 2(b)].
For simplicity, we denote these two spatial overlap situations as the
TMD dimer (for the bare WS,) and TMD spacer dimer (for the
2 nm spacer). The plasmonic resonance frequency is tuned by both
the dimer size and gap spacing, which can be varied through the
e-beam exposure dose in the fabrication process. The latter is varied
by increasing the longitudinal dipolar coupling (by decreasing the
gap spacing). Increasing the size and decreasing the gap spacing can
be carried out simultaneously by increasing the EBL exposure dose.
This is illustrated in Fig. 2(c) (for the TMD dimer), which shows
a progressive red shift as the gap spacing decreases from ~18 nm
to the sub-10 nm range, and the size increases from ~111 nm to
~123 nm, associated with an increase of the exposure dose from
292 pC/em to 328 pC/em (for a dimer with nominal dimensions
ofs =100 nmand 4 = 20 nm).

Anti-crossing curves under two different incident intensities
are investigated, with the Rabi splitting obtained from fitting
the anti-crossing curves with Eq. (2). Under 215 mW/ cm?
illumination (circle markers), the Rabi splittings are found to
be Qp=115.2£12.2 meV (for the TMD dimer) and Q, =
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Fig. 1. Plasmon—exciton systems of gold dimer nanoantenna on monolayer transition metal dichalcogenide. (a) Schematic of gold dimer on CVD-
grown tungsten disulphide (WS;) on SiO,/Si substrate. (b) Dark-field and image of isolated TMD-dimer systems at sparse periodicity of 4 pum.
(c) Bright-field image of coupled and uncoupled dimers, with their scattering spectra shown in (d), where 2 nm thick Al,O3 layer is inserted between
the dimer (s =80 nm, 4 =40 nm) and the WS,. The observable linewidths and Rabi splitting were found as y; = 66.4 meV, y_ =46.4 meV,
¢ =58.02 meV, and 2 =116.05 meV. The inset shows the exemplary SEM images of the fabricated dimer with nominal dimensions of s = 100 nm
and 4 = 16 nm. The scale bar in the inset represents 100 nm.
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Fig.2. Anti-crossing characteristics of individual dimers at different incident Hg lamp intensities: (a) TMD dimer, Q(/ =215 mW/cm?) = 115.2 +
12.2 meV (circles), Q¢(/ =456 mW/cm?) =128.6 £ 9 meV (triangles); (b) TMD spacer dimer (with 2 nm spacer), £2,(/ =215 mW/cm?) =
100.2 & 12 meV (circles), 24(/ =456 mW/cm?) = 100.7 & 12.4 meV (triangles). The y axes of (a=b) is the energy (eV). (c) The dark-field scattering
spectra of TMD-dimer (solid) and uncoupled dimer (dashed) with nominal s = 100 nm and & = 20 nm at decreasing gap from 4 = 18 &= 3 nm toward
d=9 =+ 3 nm (sub-10 nm), and increasing size from s = 111 & 4 nm toward s = 123 & 4 nm; achieved by increasing the exposure dose from 292 pC/cm

t0 328 pC/cm.

100.2 & 12 meV (for the TMD spacer dimer). As the illumination
intensity is increased to 456 mW/ cm? (triangle markers), we
found that the Rabi splitting changes to €2 = 128.6 £ 9 meV (for
the TMD dimer) and 2, =100.7 £ 12.4 meV (for the TMD
spacer dimer). Given that the coupling strength is independent
from the incident intensity, the larger Rabi splitting at a higher
intensity is indicative of the thermal effects caused by the plas-
monic resonance. It is also interesting to note that the increase in
Rabi splitting is statistically significant only for the TMD dimer
system, suggesting the dependence of such thermal effects on plas-
monic field enhancement in the TMD plane. Such thermal effects
can also be seen in the spectral movements from circle to triangle
markers in Figs. 2(a) and 2(b).

The strong coupling criteria [30], Q > (y4+ + y-)/2, with y4
as the linewidths of the split polaritonic modes, are investigated for
all the TMD dimer and TMD spacer dimer systems in this study.
Figure 3 presents the mapping of the Rabi splitting as a function
of the upper polariton band (UPB, £ ) and lower polariton band
(LPB, E_). The TMD dimer and TMD spacer dimer cases are
denoted by the red and green markers, respectively. The strong
coupling criteria are represented by the white bands (for the TMD
dimer) and green bands (for the TMD spacer dimer), with the

bands denoting the standard deviations in our experimental mea-
surements. The zero-detuning line § = 0, at which the resonance
splitting is the most symmetrical, is depicted by the red dashed line.
The positions of (£, E_), which are far from the strong cou-
pling criteria bands, indicating that all the TMD dimer and TMD
spacer dimer systems in our work are in the strong coupling regime.
The (£, E_) corresponding to 215 mW/ cm? (circles) and
456 mW /cm? (triangles) lamp intensities are also presented, indi-
cating the movements of (£, E_) data across the zero-detuning
line, similar to those in Figs. 2(a) and 2(b). The increase in the
incident intensity imparts red shifting to the resonance modes,
due to the plasmon-induced thermal effects. It is interesting to
note that, unlike the TMD-dimer case, the (£, £_) positions
for TMD-spacer-dimer case are mostly above the detuning line.
This is likely due to the refractive index difference between Al, O3
(~1.767) and monolayer WS, (~4.294) around ~2 eV, yielding
a blue shift to the resonance modes of the dimers with a 2 nm thick
spacer.

The number of excitons involved in the coupling is estimated
as follows. For IV excitons coupled to plasmon mode, the cou-
pling strength is gy = VNt | Ecay|, where g, is the transition
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Fig. 3. Mapping of Rabi splitting for plasmon—exciton systems with
different field overlaps and lamp intensities. Dimers coupled to bare WS,
(red markers) and WS, with 2 nm thick dielectric spacer (green markers)
were investigated at 215 mW/ cm? (circles) and 456 mW/cm? (trian-
gles). The boundaries between weak and strong coupling are denoted by
the white band (for bare WS;) and green band (for WS, with dielectric
spacer). The zero detuning, at which the spectrum is the most symmetrical
is indicated by the zero-detuning line § = 0 (red dashed line).

dipole moment of the exciton, and |E.,y| is the E-field of the
cavity mode normalized to vacuum energy. Using the energy
density  W(r) =1 Re(42)| E o[> + Lol Ho | 10 calcu-
late the energy stored in a cavity, and equate it with the photon
energy in quantum optics formalism, one has [ W(r)d’r =
ho(n+1/2). Using f W(r)d?r = €g€| Eca|” Vinod,  with
Vinod = [ d°r W(r)/max[ W(r)] as the mode volume, one can
arrive at the familiar expression for the vacuum cavity field (z = 0)
| Ecav] = v how/(2€0€ Vinod) [43], at exciton energy (@ = wexo)-
However, this may not be accurate for 2D materials as the light—
matter interaction occurs only at the TMD plane, and due to the
fact that plasmonic fields are highly concentrated at plasmonic
hot spots. In addition, excitons in 2D materials are spatially delo-
calized [36], instead of being “point-like” dipoles as in the case of
colloidal quantum dots. The coherence diameter of 2D exciton
is given by d, = 8h/mr/(MA) [44], where M = m} 4 mj, is the
total exciton mass and A is the exciton emission linewidth. For the
CVD-grown monolayer WS, in this work, where A ~ 67 meV
and M = 0.64m, [45], the coherence diameter is found to be
d; ~ 19 nm. This is comparable to the sub-20 nm gap spacings
and the size of the plasmonic hotspots of our lithographically
fabricated dimer nanoantenna.

The plasmon—exciton coupling strength in a 2D TMD can
thus be written as gy = V' Nu.|E | where the total cavity
field (Ecy) is replaced with the in-plane cavity E-field (E,,)
since the plasmon—exciton interaction occurs only with the in-
plane transition dipole moments of the TMD. Using the same
vacuum energy normalization, we deduce the normalizing fac-
tor F for the simulated cavity field, | Ecyy|= F|Eocl, such that
F? f Wiimdr = hw/2. Here, | E | is the simulated total E-field
and Wi (r) = 3 Re(“2))| E oo + L j1g| Hoe|? is the simulated
energy density at @ = Wy Based on this, the normalized cavity

field is Ecu(e. ) = | B, )1\ /ho/ 2 [ WindPr), and. the
position-dependent coupling strength is thus given by

hw
g0 (X,)')=/«Le\/[5t2ot (x,y) — E? (x’y)‘lw—w:ﬁr’ (3)

with | Ey(x, y)| = \/Etzot(x, y) — E2(x, y) as the in-plane sim-
ulated £-fields in the TMD plane. The number of excitons is thus
deduced by N = (gep/, gavg)z, which has the standard deviation
of AN=2g.,Agexp/ ga%g. Here, gexp = Qexp/2 is the experimen-
tally obtained coupling strength, and g, is the spatially averaged
coupling strength in the TMD plane, given by

/[ gzdS
Lavg = f‘lmood s (4)

where Apoq = f Wd?r /max[W(r)] is the mode area cal-
culated in the TMD plane. As the range of the mode area is
Amod ~ 1073(A/n)?* for our dimers, the plasmon—exciton cou-
pling occurs mostly at plasmonic hotspots, leading to gavg S gmax-
For this, the number of excitons can alternatively be estimated by
& max-

The normalized scattering responses of the strongly cou-
pled plasmon—exciton systems for different spatial field overlaps
are shown in Fig. 4(a), with the mapping of coupling strengths
go(x, y) [g-field in Eq. (3)], presented in Figs. 4(b) and 2(c) for
TMD dimer and TMD spacer dimer cases, respectively. The
experimental value for the transition dipole moment of mono-
layer WS, was taken from Sie et al. [45]; ie., , =56D. The
split resonances for the TMD dimer case are more prominent
than that of the TMD spacer dimer, as expected from the weaker
coupling of the latter. The number of excitons (V) for the TMD
dimer is found to be N=4.6740.99 (at 215 mW/cm?) and
N=7.69+1.07 (at 456 mW/cm?). Meanwhile, for the TMD
spacer dimer cases, we have N = 40.89 & 9.79 (at 215 mW/cm?)
and N=53.29 % 13.12 (at 456 mW/cm?). It is important to
note that introducing a 2 nm thick spacer increases the number of
excitons by ~10x, despite only having a ~20% decrease in the
measured Rabi splitting. From the g-field mapping, introducing
a 2 nm spacer leads to a ~72% decrease in the coupling strength
from ~25 meV to ~7 meV, which is attributed to weaker plas-
monic fields 2 nm away from the gold surface. This is also reflected
from the mode area of the plasmonic mode, which increases from
Amod = 146 nm? (for the TMD dimer case) to Apoq = 1130 nm?
(for TMD spacer dimer case). This indicates that the plasmonic
field in the TMD plane is less confined and constitutes a larger
mode area, thereby incorporating more excitons in the coupling,.

Apart from tuning the spatial field overlap between the dimer
antenna and the monolayer WS, it is also possible to employ
dielectric coating for tuning resonance mode positions. This is
illustrated in the study of strong coupling between a synthesized
silver nanorod on monolayer WSe, [46], where the resonance
mode is red shifted by conformally coating the nanorod at increas-
ing dielectric thicknesses. In our work, however, the dielectric
spacer was used only for tuning the spatial field overlap. Another
difference lies in the use of the fundamental plasmonic mode of
the dimer antenna in this work, in contrast to the higher-order
plasmonic mode in [46]. These modes exhibit different mode
areas, which result in a huge difference in the number of excitons
between our work and the work in [46]. As a further validation
of our approach, we estimate the number of excitons from the
literature and perform a direct comparison with their reported
numbers (Table 1). More detailed calculations for these compar-
isons are given in Table S1 in Supplement 1. As shown in Table 1,
the numbers of excitons deduced by our method are comparable
to the reported numbers, despite the apparent differences of how
the number of excitons is deduced in other works. We note that the
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Fig.4. Effect of plasmon-assisted heating in number of excitons. (a) Normalized scattering spectra of TMD dimer (red) and TMD spacer dimer (blue)
systems, with the dimer structures chosen to represent the most symmetrical spectral splitting: size = 60 nm, gap = 20 nm (bare), and size = 80 nm, gap =
20 nm (with 2 nm Al Oj spacer). (b)—(c) Mapping of coupling strength for (b) TMD dimer and (c) TMD spacer dimer systems at the TMD top surface.
(d) Exciton number (V) for TMD dimer (red) and TMD spacer dimer (green) cases at different temperatures. The experimentally deduced exciton num-
bers are indicated by the flat dashed lines with triangle markers: (TMD dimer) N = 4.67 & 0.99 (at 215 mW/cm?), N =7.69 £ 1.07 (at 456 mW/cm?);
(TMD space dimer) N = 40.89 £ 9.79 (at 215 mW/cm?), N = 53.29 #+ 13.12 (at 456 mW/cm?). The numbers of excitons obtained from full-wave sim-
ulation with temperature-dependent gold permittivity are shown in circle markers fitted by solid curves.

Table 1. Reported Strong Coupling Characteristics and Exciton Numbers in Nanoparticle on Metal (NPoM) and
Planar Antenna Structures

Estimated NV

Structure Platform Q (meV) N (Our method) Reference

Ag Nanorod on WSe; on SiO, Planar 49.5 ~4100 6267 Zheng et al. [46]

Ag nanocube on WSe; on Al,O3/Au NPoM 36.7 ~816 ~373 Sun et al. [40]

Ag nanocube on WS, on Al,O; /Ag NPoM 145 ~130 ~90 Han ez al. [34]

Au nanorod on WS, on SiO, Planar 113.8 ~13.8 ~11.5 Wen et al. [47]
TMD Dimer Planar 115.2-128.6 - ~4.67 —7.69 This work
TMD Spacer Dimer Planar 100.2-100.7 - ~40.89 — 53.29 This work

large increase of excitons upon dielectric spacer insertion in our 1.e., Nim = (gsim/, gavg)z. As shown in Fig. 4(d), the simulated N,

work corroborates with the large numbers of excitons in strongly
coupled NPoM systems whose mechanisms mainly depend on the
ultrathin spacer between the antenna and the mirror [30,34,40].
This is ateributed to the dominant out-of-plane (£,) E-field in
NPoM resonance modes, which does not couple to the in-plane
transition dipole moments of the TMD. According to our finite-
difference time-domain simulations of these NPoM systems (Table
S1 in Supplement 1), the in-plane E-fields |E,,| are typically
~2 — 3% smaller compared to the total cavity mode field | E |-
Meanwhile, for planar antennas, introducing a dielectric spacer
increases the out-of-plane components in the TMD, resulting in a
decrease of coupling to the in-plane excitons. This is illustrated in
the comparison of total and in-plane mode fields for TMD dimer
and TMD spacer dimer systems in Fig. S1 in Supplement 1.

The intensity-dependent thermal effects are observed from the
~64% and ~30% increases in the number of excitons, as the inci-
dent intensity is increased from 215 mW/cm? to 456 mW/cm?,
for the TMD dimer and TMD spacer dimer, respectively. To fur-
ther understand the relation between the thermal effects and the
number of excitons, we simulate the split resonance characteristics
in the TMD dimer system at different temperatures, using the
temperature-dependent Au permittivity reported by Reddy e al.
[48]. Here, the simulated number of excitons (V) is obtained
by the same approach as before, but with the measured coupling
strength g, replaced by the simulated coupling strength ggim;

(circle markers) is plotted as the temperature is increased, with the
experimental N for different illumination intensities represented
by triangle markers with error bars. By comparing the number
of excitons in the TMD dimer (red) and the TMD spacer dimer
(green) cases, a correlation between the increasing intensity and
higher temperature can be seen. In addition, this also suggests the
feasibility of using plasmon-induced heating as an active-tuning
mechanism for strong-coupling characteristics, notably in the
number of excitons.

We investigate the thermal effects further by characterizing
photoluminescence of a single TMD spacer dimer system as a func-
tion of pumping intensities, as shown in Fig. 5. Photoluminescence
of WS, (area curves) and TMD spacer dimer (solid curves) are
plotted in Fig. 5(a) as the 532 nm pumping laser intensity is varied
from 0.36 kW/cm?® to 16.2kW/cm?. At increasing pumping
intensity, the PL peak position of the coupled dimer undergoes
a red shift, while that of the bare WS, is almost unaffected. Such
a red shift is attributed to the increase of electron—electron and
electron—phonon scattering inside the gold nanostructures, as the
temperature increases, which translates to a higher damping loss
and thus alarger imaginary part of the gold permittivity [48].

We note that the red shifting is not as large as in Hg lamp scat-
tering measurements, despite the much higher pump intensity.
The differences are attributed to different excitation frequencies
in our scattering and PL experiments. The spectrum of the Hg
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Fig. 5.  Temperature-dependent photoluminescence characteristics

of plasmon—exciton system. (a) PL spectra of WS, (area curves) and
TMD spacer dimer (solid curves) as the pumping intensity is varied from
0.36 kW /cm?* to 16.2 kW /cm?. (b) PL intensity enhancement (PLE) as
a function of pumping intensity, with the peak positions and emission
linewidth indicated by the red solid line and red dashed lines, respec-
tively. (c) Red shifting of the PLE spectra at 4kW/cm®, 8.7 kW /cm®
and 12.8 kW /cm®, compared to the normalized scattering spectra of the
TMD spacer dimer system (size = 100 nm, gap = 40 nm).

lamp used in scattering experiment, is known to comprise multiple
excitation peaks at 337 nm, 365 nm, 405 nm, 436 nm, 546 nm,
577 nm, and 579 nm. This is in contrast to the continuous wave
532 nm laser used in our PL experiments. The many excitation
peaks and the flat background spectrum of the Hg lamp, despite
their lower combined intensity, would have different plasmonic
heating effects than a single excitation peak of the 532 nm laser
in the PL experiment. We also note that both scattering and PL
experiments also differed in the collection time (see Appendix
A.2, Optical Characterization), indicating that the collection
time in the PL system is far shorter than in the scattering experi-
ment. Another likely factor is the fact that PL relies mainly on the
absorption rather than on the scattering paths. In addition, the
pumping wavelength (532 nm) is off-resonant to the plasmonic
nanoantenna that has a resonance near the WS, emission wave-
length (620 nm). The significant differences in the red shifting
between the coupled and uncoupled systems demonstrate the role
of the plasmon-induced heating in the PL response. To see the PL
response from the nanoantenna, we subtract the PL response from
that of the bare WS;, and define the PL intensity enhancement by
PLE = (PLgimer — PLws, ) /PLys,. The mapping of the PLE as a
function of pumping intensity is shown in Fig. 5(b), alongside with
their PL peak positions (solid red) and full-width at half-maximum
(dashed red).

The observed ~3-fold direct PL intensity enhancement is in
good agreement with other studies of WS, coupled with a circular
dimer [49]. The PLE peaks appear to be within the linewidth of
the PL response of the coupled nanoantenna, which, at increasing
pumping intensity, appears to move from one side of the spectra
(at ~4 KW/ cm?) toward the other (at ~16 W/ cm?). As the PL

intensity enhancement is facilitated by a strong plasmonic field
and radiation modification, we interpret the shorter wavelength
PLE peak (at 4 kW/cm?) to be the result of plasmonic resonance
at the shorter wavelength. Due to plasmon-induced heating at
the increasing pumping intensity (to about 8 — 12 kW /cm?), the
plasmonic resonance is tuned across the WS, emission, manifest-
ing in spectral splitting when the plasmonic resonance is closely
detuned from the WS, exciton, resembling the split resonances in
the dark-field scattering. Figure 5(c) illustrates the red shifting of
the PLE spectra at 4 kW /cm?, 8.7 kW /cm?® and 12.8 kW /cm?,
compared to the PL response of the bare WS, and the scattering of
the same dimer (s = 100 nm, 4 =40 nm). The spectral splitting
in the PLE is found to be narrower than that of the dark-field scat-
tering. We attribute this to the absorption and radiation pathways
associated with the photoluminescence and scattering processes.
This is supported by our numerical simulations, which show that
the splitting in the absorption cross-sections is narrower than that
in the scattering cross-sections. Other works by Wersill ez a/. seems
to verify this in their investigation of PL splitting in J-aggregates
coupled to Ag nanoprismsat a4 K temperature [31].

3. CONCLUSION

In summary, we have presented a detailed study of a strongly
coupled plasmon—exciton system at a few-excitons level and inves-
tigated the feasibility of plasmon-induced heating as an active
tuning mechanism of strong coupling. Given the concentra-
tion of the local E-fields at plasmonic hot spots, coupled with
the plasmon—exciton interaction occurring only in the TMD
plane, we deduce the number of excitons from spatially averag-
ing the positionally dependent coupling strength in the TMD
plane. We demonstrate that our strongly coupled system con-
sists of N =4.67 £0.99 excitons, which change dramatically
to N =40.89 £ 9.79 as a 2 nm thick dielectric spacer is inserted
between the monolayer TMD and plasmonic nanoantenna. Such
~tenfold increase in the number of excitons corresponds to a
~72% decrease in the coupling strength per exciton, thereby
illustrating the confounding effects of the coupling strength and
number of excitons in the observed Rabi splitting in strongly
coupled systems. Furthermore, the number of excitons is also
found to be dependent on plasmon-induced heating effects, which
was demonstrated experimentally in the statistically significant
change in the number of excitons from N=4.67+0.99 to
N =7.69 £ 1.07, as the illumination intensity is increased from
215 mW/cm? to 456 mW/cm?. Equally interesting is the observa-
tion that the change of Rabi splitting is more statistically significant
in the plasmon—exciton system without a dielectric spacer. This
verifies the dependence of intensity-dependent thermal effects
on the spatial mode overlap between the plasmonic field and the
TMD. Further investigation of the plasmon-induced thermal
effects is in the red shifting of photoluminescence enhancements
for a single dimer at different pumping intensities. The signature
of the strong coupling is observed at 8 — 12 kW /cm” pumping
intensity range, where the plasmonic resonance is close to the
exciton emission. Finally, the observed narrower spectral splitting
in the PL enhancements, as compared to that of the scattering, is
attributed to the absorption and radiation pathways associated
with the photoluminescence and scattering processes, respectively.
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APPENDIX A: METHODS
1. Sample Fabrication

The monolayer WS, was CVD-grown on 295 nm thick thermal
oxide on silicon substrate (from 2Dsemiconductors USA). The
plasmonic nanoantennas were fabricated via electron beam lithog-
raphy (EBL) and lift-off pattern transfer. The EBL patterning
was carried out by series of line exposures with 20 kV energy and
30 pA beam current on 120 nm thick ZEP520A ¢-beam resist,
followed by sonicated cold development in a mixture of 7-pentyl
acetate and isopropanol alcohol at 6°C temperature. 30 nm thick
gold was then physically deposited on the sample, and subject to
lift-off pattern transfer in 7z-methyl pyrrolidone (NMP) at 60°C
for 10 mins. For dielectric spacer layer insertion, atomic layer depo-
sition (Ultratech/Cambridge NanoTech) was used to conformally
coat a 2 nm thick Al,O3 layer on WS,/SiO,/Si sample before

nanoantenna patterning.

2. Optical Characterization

The plasmonic nanoantennas and the plasmon—exciton systems
were characterized by hyperspectral imaging system (Fig. S2,
Supplement 1), using either a broadband halogen or mercury
(Hg) lamp as the light source. All measurements were conducted
in dark-field geometry with a 50x objective lens (NA = 0.55),
where the sample was scanned via piezo-controlled stage at a scan-
ning speed (Ar) of 0.5-1s per line. The total scanning time is
fiot = Mine X At, with Mipe as the number of lines in the image.
Typical scanning time is 10-15 min. The low-powered halogen
lamp was used to measure the scattering characteristics of uncou-
pled plasmonic nanoantennas, while the Hg lamp was used to
measure strong coupling characteristics of the plasmon—exciton
systems. To eliminate the polarization mixing, we used polarizers
after the source and before the spectrometer. Given all the nanoan-
tennas investigated in this work are planar dimers, all the scattering
measurements were conducted under x-polarization (i.e., along
the long axis of the dimer). For photoluminescence measurements,
we used WITec system (Alpha300) with 532 nm laser and 100 x
objective lens (NA = 0.8). The incident power of the 532 nm laser
was characterized by an optical power meter, with a laser spot of
~1 um based on 100x objective lens. The integration time was
set to 0.5s, and the PL was averaged 3 times. For the Hg lamp, the
beam spots were characterized from image of reference grids at
different lens magnifications at low power (to prevent image satu-
ration), giving beam spots of ~2.48 mm (fora 10 x objective lens)
and ~0.86 mm (fora 50 x objective lens). The incident intensities
were then obtained by dividing the measured power (by the same
optical power meter) with the beam spotarea.

3. Numerical Calculations

The commercial finite-difference time-domain software (FDTD
Solutions, Lumerical Inc.) was used for the full-wave simulation.
The monolayer WS, is modeled as a 0.618 nm thick dielectric
layer, whose permittivity was modeled as a Lorentzian oscillator
e(E)=14+ Y1, fi/(E} — E> — iy, E), where f; and y; are
the oscillator strength and the linewidth of the 4th oscillator, and
E} is the oscillation energy that runs over the full spectral range
[50,51]. The permittivity of the gold for different temperatures
was obtained from Reddy ez /. [48], while those of silicon and
Al O3 were taken from the software database.
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