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ABSTRACT: Rabi splitting between the longitudinal plasmon of a gold nano-bipyramid and the A exciton of monolayer MoS:

is observed at room temperature. The dependence of the Rabi splitting on the physical
dimensions of the nano-bipyramid is reported. The impact of bipyramid length, aspect
ratio and tip radius on the coupling strength are investigated. The mode volume of the
nanoresonator is significantly reduced due to the sharp tips of the bipyramid, and the
Rabi splitting increases with tip sharpness. The results also reveal that greater Rabi
splitting is observed for larger bipyramids, contrasting with results perviously reported
for different nanoresonator shapes. This shows, for the first time, how the magnitude of
the splitting has a different response for particular nanoresonators when tuning the
size, without increasing the number of excitons coupled into the system. The Rabi
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meV with a 70 nm long bipyramid to ~ 80 meV with a 100 nm long bipyramid. The .

increase in coupling strength with size arises due to increasing confinement of the field enhancement at the bipyramid tip.

Introduction

In the strong coupling regime, the rate of coherent energy ex-
change between a quantum emitter and an optical resonator
mode is quicker than their intrinsic dissipation rates. In contrast
to the weak coupling regime, known as the Purcell effect!, the
energy of the strongly coupled system is not only enhanced or
quenched but splits into two entirely new eigenstates (polari-
tons). This so-called Rabi splitting has a large range of applica-
tions.” These include the control of chemical reactions and mod-
ification of the chemical reaction rates,>~ applications in low
threshold lasers,® optical switching’” and quantum information
processing.® An in-depth understanding of the conditions nec-
essary to achieve strong coupling with nanostructures is crucial
to pave the road towards technological applications of plas-
mon—exciton strong coupling.

Previously, the observation of strong coupling was limited to
experiments at cryogenic temperatures.”'* With the develop-
ment of nanoscience, various photonic and plasmonic
nanostructures were used to achieve strong coupling at room
temperature without the need for a closed optical cavity.'>™'® For
instance, strong coupling was observed in nanosystems consist-
ing of a large quantity of randomly oriented J aggregates inter-
acting with the modes of plasmonic nanostructures.'*2!

As an alternative to J aggregates, transition metal dichalcogen-
ides (TMDCs) have shown themselves to be an excellent plat-
form for achieving Rabi splitting.!*162228 In the bulk, they are
a stack of two-dimensional layers, held together by van der

Waals forces.?>? In the single-layer limit, TMDCs exhibit dif-
ferent optical properties, with many transitioning from an indi-
rect to a direct band-gap.>’? In particular, monolayers of
TMDCs have tightly bound excitons with high oscillator
strengths, due to high quantum confinement. This arises as the
thickness of the monolayer is smaller than the Bohr radius.*-3¢
TMDC monolayers are of particular interest for optoelectronic
applications since their optical properties are relatively stable
and can be tuned with various methods, including electri-
cally.!®37 Strong coupling has been achieved with many systems
involving TMDCs as the quantum emitter,*® including, for ex-
ample a layer of a TMDC in a microcavity with the cavity thick-
ness used to tune the coupling.?*¥+** Lattices of plasmonic na-
noparticles have also been used to investigate Rabi splitting,
with the particle size and the lattice constant both used to tune
the plasmonic resonances.?>*!:42

A variety of investigations have been carried out to study the
strong coupling of individual plasmonic nanoparticles with
TMDCs on a substrate,'®** allowing for a more detailed ex-
amination of the interaction of a few excitons with the confined
optical modes. Such studies are of major interest for quantum
optics. However, the excitons of TMDC monolayers have a
high in-plane dipole transition moment but extremely reduced
or non-existent out-of-plane dipole moments. Consequently, in
several nanoparticle TMDC systems, such as particle-on-film
configurations, nanoparticle dimer, spherical particles and even
nanorods on TMDC monolayers, the local electric field and the
dipole moment are far from being colinear. This misalignment
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Figure 1. (a) Schematic showing a single Au bipyramid lying on a MoS:z flake on a SiO2/Si substrate. (b) Dark field microscopy image
of Au bipyramids on MoS: flakes (white scale bar shows 50 um). (c) and (d) Typical Raman and PL spectra of MoS: flakes used. (e)
Scattering spectrum of a single bipyramid directly on a SiO2/Si substrate. (f) Polarization resolved scattering spectra of a single Au
bipyramid on monolayer MoS:. Insets show corresponding SEM images (white scale bars show 20 nm).

can make strong coupling between plasmonic nanoparticles and
monolayers impossible.?® Additionally, other reports on strong
coupling between single metal nanoparticles and quantum emit-
ters have found that the coupling strength decreases with in-
creased metal volume of the nanoparticle!®!” but little research
has been conducted to find if this remains true for varying par-
ticle shapes.

Recently, Stithrenberg et al.'* reported on an elegant method to

overcome the misalignment between the local fields induced by
nanoparticles and the in-plane dipole moments of the TMDC
monolayers using nanoparticles with bipyramidal shape. In that
case the dependence of the Rabi splitting on the aspect ratio of
the bipyramids and the number WSe: layers was investigated.
Rabi splitting greater than 100 meV was reported for Au bipyr-
amids on mono- and multilayer WSe:.

Motivated by the report of Stiihrenberg et al.,'* we investigate
the interaction of the A excitons of a MoS> monolayer with gold
nano-bipyramids. MoS> was chosen as the TMDC to couple to
the bipyramids in this system due to the lower temperatures re-
quired for its synthesis compared with WSe>,* as well as its A
exciton energy being within the visible range.?** The depend-
ence of the strong coupling between the longitudinal plasmon
of the Au bipyramids and the A exciton of the monolayer of
MoS: for varying bipyramid lengths is measured at single na-
noparticle level. We present new insights on how the tip radii
and overall bipyramid size affect strong coupling, since nano-
bipyramids on TMDC monolayers are the ideal candidates to
enable the investigation of few excitons strongly coupled to the
spatially confined optical mode, i.e. the electric field enhance-
ment in the hot spot at the tips of the bipyramid (as suggested
by Stiihrenberg et al.!#). Here we present evidence showing that
in the case of bipyramid nanoresonators the coupling strength
increases with a higher metal volume, due to the electric field
enhancement at the tip of the larger bipyramids. This is in con-
trast to previous reports where the coupling strength decreases
with increased metal volume of the nanoresonator!!?

The coupled oscillator model can be used to describe the strong
coupling system. In a strongly coupled system, the plasmon and
exciton hybridise into two new energetical eigenstates, namely
the upper and lower polariton. The energies of the upper and
lower polaritons (w,; and w,, respectively) are given by the

following equation'>*’
1
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where wex is the energy of the A exciton, oy is the energy of the
plasmon, g is the coupling strength, Aw = w,; — w,, is the en-
ergy detuning and Ay = y,; — Ve, Where ¥y, is the plasmon
dissipation rate and y,, is the exciton dissipation rate.

Gold nano-bipyramids offer several advantageous properties to
achieve strong coupling. The longitudinal plasmon resonance
of Au nano-bipyramids can be easily tuned to overlap with the
energy of the A exciton by varying dimensions of the bipyra-
mid. A spectrally sharp plasmon resonance, which is equivalent
to a low plasmon dissipation rate y,,, is important for strong
coupling, since the coupling strength g must exceed both, the
plasmon and the exciton dissipation rate!>43-52

g > }’plr Yex (2)

Another important effect of the shape of the bipyramids is their
tuneable, sharp tips, causing a large localization of the electric
field and a substantial field enhancement at the tips. This pro-
vides the opportunity to increase the coupling strength.!”:!%53
The sharp tips also offer the ideal platform for reducing the
mode volume of the resonator. On a substrate only one of ten
facets of the bipyramid touches the surface (see figure 1a). This
further reduces the mode volume of the resonator as only
one sharp tip is in contact with the TMDC monolayer, and
hence only one hot spot interacts with the quantum emitter. The
coupling constant, g, depends on the mode volume as described

by the following equations:*!%!3

g = \/ﬁﬂelEvacl Q)
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Figure 2. (a) Experimental scattering from Au bipyramids of varying lengths with aspect ratio
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Corresponding SEM images are shown to the left, with scale bars corresponding to 20 nm. (b) and (c) show the simulated scattering

and absorption spectra of the same bipyramids, respectively.

and

1 C))
Evac x \/V
where N is the number of emitters coherently contributing to
the interaction in the cavity, y, is the transition dipole moment
of the quantum emitter, E,,. is the vacuum field and V is the

mode volume of the resonator. This is defined as**
[ €E2dV
- Max(€E?)

where ¢ is the permittivity and E is the electric field strength.

)

Results and Discussion

The MoS2 was grown in monolayer flakes by chemical va-
pour deposition (CVD) on a 300 nm SiOz layer on a Si sub-
strate. CVD was chosen as the fabrication method due to its
higher crystallinity and larger flake sizes in comparison with
other methods.*>* The gold nano-bipyramids were synthesized
from Au penta-twinned seeds®’*® using a wet chemistry ap-
proach.’’ Cetyl trimethylammonium bromide (CTAB) was used
as the stabilizing ligand. A high degree of control and uni-
formity of size and plasmon resonance energy was achieved
within a batch of nano-bipyramids. Several batches of nano-bi-
pyramids with different overall size, length, tip radius and as-
pect ratio were synthesized. The Au nano-bipyramids with
a low concentration were drop-casted on MoS: flakes for single
particle measurements. This allowed for in-depth investigation
of the effect of the bipyramid’s morphology on the strong cou-
pling in the nano-bipyramid-MoS: system. All scattering spec-
tra were measured under white light excitation at single particle
level using a dark field microscope (see figure 1b). Each scat-
tering spectrum was subsequently correlated with a scanning
electron microscopy (SEM) image of the same nano-bipyramid,
revealing the corresponding bipyramid’s dimensions.

Prior to the bipyramid deposition, the MoS: flakes were charac-
terized via Raman spectroscopy to ensure that they were mon-
olayer (see figure lc). The characteristic E’ and A’1 Raman
peaks were observed to be 18.4 cm apart, confirming

monolayer thickness of the flakes.*>>-¢! Figure 1d shows a typ-
ical photoluminescence (PL) spectrum of the monolayer flakes,
later used in the scattering measurements. The large PL peak
corresponds to the energy of the A exciton, matching the ab-
sorption of the A exciton in both energy position and width.? It
can therefore be attributed to a direct-gap luminescence.” To
achieve strong coupling, the plasmons of the Au nano-bipyra-
mids were tuned to energetically overlap with the A exciton, i.e.
the PL peak.

A slight blue shift of the PL peak was observed after the depo-
sition of bipyramids onto the flakes, indicating a change in the
exciton energy. The A exciton peak shifted from 1.82 eV to
1.88-1.90 eV. This effect has been previously reported in a sim-
ilar system using WSez. 2 As in that case, it was found that the
PL peak was slightly blue shifted, but the intensity and lin-
ewidth were not significantly affected. This observation ex-
cluded the hypothesis that the PL shift was due to trionic or de-
fect-related emission.®? In our simulations, a similar shift of the
Rabi splitting dip to a new, higher energy was observed with
the addition of a layer between the bipyramids and MoSz mim-
icking the CTAB-ligand.

Typical scattering spectra measured from a single bipyramid di-
rectly on the SiO2/Si substrate and on a monolayer of MoS: are
shown in figures le and 1f, respectively. Both bipyramids have
the same dimensions of 95 nm X 40 nm. Insets show the corre-
sponding SEM images. The longitudinal plasmon of the bipyr-
amid on top of an MoS: flake is clearly seen to be split into two
different eigenstates. The scattering for the polarization corre-
sponding to the transverse mode was also measured. The scat-
tering is much weaker and no peaks in the given energy range
are evident in the transverse case. It is clear, therefore, that both
observed peaks originate from the Rabi splitting due to the cou-
pling of the longitudinal plasmon mode with the A exciton. The
plasmon resonance energy of the Au bipyramids were tuned by
adjusting their lengths and widths. A longer bipyramid or one
with a higher aspect ratio has a lower energy plasmon resonance
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Figure 3. (a)-(d) Experimentally observed Rabi splitting using bipyramids of various sizes coupled to monolayer MoSz. The plots
show the difference in energy between the polaritons and the original plasmon plotted against the detuning of the original plasmon
from the A exciton in MoSz. The black horizontal and diagonal dashed lines show the energy of the A exciton in MoSz and plasmon
energy of the bipyramids, respectively. The blue triangles show the energy of the upper polariton and the red triangles show the
energy of the lower polariton. The dashed blue and red lines show the fit calculated from the coupled oscillator model (equation 1).
(e) Rabi splitting plot of all data, with colours red, green, blue and purple showing the smallest to largest bipyramids, respectively.
(f) Plot of coupling strength and Rabi splitting value at zero detuning for each size of bipyramids, estimated from the lines of best fit
in plots a-d. The error bars indicate the range of values for coupling strength for which the average difference between the predicted
and experimental energies of the polaritons is less than 2 meV. The corresponding Rabi splitting is then calculated from the coupling

strength.

compared to a shorter bipyramid or one with a lower aspect ra-
tio (see figure S1). The radius tip of the bipyramids was also
seen to have an effect, blue shifting the plasmon resonance
when it was increased. Sharper tips also produce stronger cou-
pling between the plasmon and exciton in this system.

Figure 2 shows the scattering spectra of six different bipyramids
coupled to a monolayer of MoS:. The plasmon mode has been
tuned from low to high energy through the A exciton PL energy.
The bipyramids each have a similar aspect ratio of =~ 2.3 and
varying length between 70 and 110 nm. As previously dis-
cussed, the plasmon resonance of a bipyramid changes with bi-
pyramid length, a larger bipyramid having a lower energy plas-
mon resonance. Figure 2a shows the experimental scattering
spectrum for each of the bipyramids. The corresponding SEM
images are shown to the left. As can be seen in the figure 2a,
this has a large effect on the two polaritons. The longest bipyr-
amid has the lowest energy plasmon resonance and gives larger
scattering by the lower polariton when coupled to the MoS.. It
is seen that the shortest bipyramid has the highest plasmon res-
onance energy, and more light is scattered in the upper polariton
in the coupled system.

Real strong coupling can be confused with Fano-like interfer-
ences when looking at scattering spectra.!”** Previous studies
have found that only absorption measurements can be used to
prove the presence of Rabi splitting.'>!” An absence of splitting
in the absorption would indicate that the effect seen in the scat-
tering spectra is due to a Fano resonance.!® Finite difference
time domain (FDTD) simulations were carried out to reproduce
the experimental scattering spectra (see figure 2b). In both the
simulated and experimental data, the two polaritons are visible

with the dip in the middle occurring at the exciton energy. The
simulations were also used to calculate the absorption spectra
for each of the bipyramids (see figure 2¢). This was to ensure
that the peaks in the scattering spectra were not appearing due
to interference. The absorption peaks were seen to have close
resemblance to the scattering peaks, confirming that the ob-
served effect is because of Rabi splitting.!>!7:63

An extra peak is visible in the simulated spectra at about 2.05
eV. This peak arises due to the presence of the B exciton (see
figure S2). The B exciton is not seen to have as visible an effect
in the experimental spectra. The simulated spectra are seen to
have slightly broader peaks than in the experimental data. The
dielectric function used for the simulations® can differ slightly
from the experimental MoSa. Altering the dielectric function to
have higher amplitude for the excitonic peaks would narrow the
simulated the polariton peaks. Therefore, the slightly broader
simulation spectral peaks are attributed to a small discrepancy
of the dielectric function, which is a close approximation to the
experimental MoS»

Separate anti-crossing plots were made using the experimental
data for the different sized bipyramids. The size categories stud-
ied were those of bipyramids with length between 60-75 nm,
76-85 nm, 86-95 nm and 96-115 nm, shown in figure 3a-d. Each
size category included bipyramids on several different samples,
ensuring that any trends found in the plots were due to the dif-
ferent bipyramid sizes. The bipyramids studied had varying as-
pect ratios, allowing for a range of plasmon energies to be stud-
ied for each size. The polariton energies are shown as the dif-
ference in energy, AEnergy, of the scattering peaks from the A
exciton in MoS.. This accounts for slight differences (0.02 eV)



(@) (b) 0,7 (e)

3 el 35 5
@ < —/_/\_,\ © < A
2 8 2 S
3 I3 F g
E ] -//\—\ E ] ﬂ
» 2 ? 2
o o o o
& a 2 @
T T S 6nm| ==
£ £ £ £
<] 5 5 £
z 2 z 2
4 nm
1.7 1.8 19 20 21 17 1.8 19 20 21 1.7 1.8 19 20 21 17 1.8 1.9 20 21
Energy (eV) Energy (eV) Energy (eV) Energy (eV)

I16D (e) (h)

[—#— Tuned to overlap with exciton

(c)
600
2401 m— Constant aspect ratio
& Constant aspect ratio and i
I 30 relative tip radius =
0 4

[—— Tuned to overlap with exciton
| —®— Constant aspect ratio

o
=}
=

<]

=}
=
=}
=}

@

=}
w
=1
=

I160

n
=1
=}

Electric Field Strength {V/m)
g

Electric Field Strength {V/m)

B
=}
=}
=

I 70 80 a0 100 110 0 2 4 G 8 10 12
0

Length (nm) Tip Radius (nm)

Figure 4. (a) and (b) Simulated scattering and absorption spectra of bipyramids, coupled to MoSz, of length 70-110 nm and fixed tip
radius of 7 nm, with adjusted aspect ratios to ensure zero detuning between the plasmon and exciton. (c) and (d) Typical local
electric field strength maps, perpendicular to each other, (in V/m) of the cross section through the middle of the bipyramid and
against the substrate where the bipyramid is resting respectively. The purple dashed line in figure c shows the position of the
perpendicular slice shown in figure d and vice versa. They are taken at the energy of highest electric field strength (energy of the
exciton) White scale bars show 20 nm.(e) Plot of the electric field strength (V/m) at the tip of different bipyramids with varying
length between 70-110 nm. The blue graph corresponds to the bipyramids presented in (a) and (b), the red curve corresponds to
bipyramids with a fixed aspect ratio and fixed tip radius of 7 nm and the green curve corresponds to bipyramids with a fixed tip
radius to width ratio and aspect ratio. (f) and (g) Simulated scattering and absorption spectra of bipyramids with varying tip radii
between 4-12 nm and fixed length 80 nm. The aspect ratios were adjusted to ensure zero detuning between the plasmon and exciton.
(h) Plot of the electric field (V/m) at the tip of bipyramids of tip radius 2-12 nm corresponding to the bipyramids presented in (c)

and (d) (blue) and to bipyramids of fixed length and aspect ratio (red).

in exciton energy between samples. The A exciton energy in the
MoS: was taken as the energy position of the strongest peak in
the measured PL spectrum (figure 1c). AEnergy is plotted
against the energy detuning of the plasmon from the A exciton
in the MoS:. Clear anti-crossing behaviour is seen in each plot,
the upper and lower polaritons having higher and lower energy
than the original plasmon and exciton.

A coupled oscillator model was used to fit the data obtained
from the dark field scattering measurements, using equation 1.
The method of using the coupled oscillator model to extract
coupling strength and Rabi splitting values from experimentally
measured data is commonly used for open cavity sys-
tems. 418436567 The energies of the upper and lower polaritons
were taken as the highest points in intensity in the centre of the
polariton peaks. According to Savona et al., the polaritons
measured will have peaks at different values depending on the
method used. The simulation data showed that the difference in
the splitting between the scattering and absorption spectra was
7 £+ 4% of the total splitting calculated from the scattering spec-
trum. The splitting observed in the scattering spectra is always
slightly higher than that from the absorption spectra. This is a

small difference and shows that the coupled oscillator model
can be used to estimate g with a margin of error of ~10%.

The dissipation rates of the plasmons were estimated by aver-
aging the full-width-half-maxima (FWHM) of the single parti-
cle scattering measurements on an SiO/Si substrate (figure 1d).
This allows for the dissipation rate of the plasmon uncoupled to
MoS: to be obtained. The y,,; was constant for all particle sizes
studied. This was confirmed with FDTD simulations. The aver-
age linewidth at FWHM for all particles measured on a SiO2/Si
substrate was found to be ~ 105 meV. The dissipation rate of
the exciton was taken by averaging the FWHM of the PL meas-
urements of the MoS: flakes (figure 1e). It was found to be ~
50 meV. The uncoupled plasmon energy was estimated from
the spectral data using'*:

Wy = Wyp + Wiy — Wy (6)

The coupling constant, g, was estimated by fitting with equa-
tion 1. This was done by finding a g such that the average dif-
ference in predicted and measured polariton energies was less
than 2 meV within the sample of bipyramids. (The predicted
value of polariton energy for a given g was found using equa-
tion 1.)



The dashed curved lines on the plots show the fitted upper
(blue) and lower (red) polaritons, respectively, for the estimated
g- The dashed horizontal and diagonal lines indicate the posi-
tions of the exciton and plasmon, respectively.

Figure 3e shows the results for bipyramids within each size cat-
egory plotted together. Each size of bipyramids is given a dif-
ferent colour, indicating the clear trend of larger bipyramids
having a stronger coupling constant. Figure 3f shows the trend
of the coupling constant, g, increasing with bipyramid size. The
coupling constant for each plot was found from the best fit with
the experimental data. The Rabi splitting separation at zero de-
tuning, €, was also estimated from the coupling constant, using
equation: !4
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Evidence for increased splitting for larger bipyramids can also
be seen in figure 2; the distance between the two polaritons is
visibly greater for the larger bipyramids. Figure 3e shows that
the Rabi splitting increases from ~55 meV for 70 nm long bi-
pyramids to ~80 meV for 100 nm bipyramids. These values
agree with those from the experimental scattering spectra (see
figure S3).

Several reports indicate various criteria to achieve strong cou-

pling including g > ¥, Vex,' ™ 8> \[¥pi¥ex,', and Q >
+

YptT¥ex 144849 1y our work, Q ranges between 50 and 80 meV,
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and y,, and y,, are 105 meV and 50 meV, respectively. Only
the bipyramids > 90 nm in length meet the criteria for Q, and
the system does not meet the requirements for the other criteria
mentioned due to the broad linewidth of the plasmon resonance.
However, other evidence suggests strong coupling is occurring
for all bipyramid sizes. The FWHM across the two visible peaks
was measured from the scattering spectra of bipyramids of all
sizes on a monolayer of MoS: with ~ zero detuning between
the plasmon and exciton. The average of these was found to be
~ 150 meV which is significantly larger than that found for bi-
pyramids on the SiO2/Si substrate (~105 mev). This indicates
that more than an interference effect is taking place, the two
separate peaks being spaced further apart. This broadening ef-
fect is visible in figures le and f. The absorption spectra in fig-
ures 2 and 4 also support that Rabi splitting is occurring for
these sizes of bipyramids. It is also clear, however, that the 70
nm bipyramids are on the edge of to the weak coupling regime.
Q ~ 50 meV (near y,,), and the absorption spectra show the two
peaks nearing each other in figure 4 for that size category.

The result of the coupling strength increasing with increased
metal volume is in contrast with previous findings for different
shaped nanoresonators.!®!7 As the length of a bipyramid is in-
creased, the volume generally also increases. In the case of the
bipyramids in this study, the aspect ratio must be reduced for
bipyramids of longer lengths to keep the plasmon resonance at
the same energy, which further increases the volume. There-
fore, the metal volume of a bipyramid with a given plasmon
energy increases with length. Further simulations of the electric
field elucidate the observed size dependence of the Rabi split-
ting. Figure 4a and b show the dependence of the coupling
strength on the overall volume of the bipyramid. The length was
varied within the range of the experimental data, from 70 nm to
110 nm. The aspect ratio was varied to keep the zero-detuning
condition between the plasmon and exciton. The overall volume
was varied between 25,000 nm® and 110,000 nm?. The tip radius

was kept constant at 7 nm for each bipyramid size. Figure 4a
and b show the simulated scattering and absorption. The cou-
pling strength is seen to increase by ~ 20 meV across the vol-
ume range, in agreement with the experimental data in figure 3.

A typical distribution of the electric field strength (V/m) in the
cross section through the centre of the bipyramid is shown in
figure 4c. The electric field strength of the system was calcu-
lated using FDTD simulations. Figure 4d shows a map (perpen-
dicular to the that in Figure 4c) of electric field strength (V/m)
within the MoS: layer where the plasmon is interacting with the
exciton. Both maps are shown where the field strength is high-
est, at the energy of the A exciton. These electric field maps are
for the 85 nm bipyramid in figure 2 (2.3 aspect ratio and 7 nm
tip radius). It is clear that the electric field is enhanced and lo-
calised at the tips interacting with the MoSz. Figure 4e (blue)
shows the corresponding electric field strength at the tips of the
bipyramids, with spectra presented in figures 4 a and b. The
steady upward trend mirrors the increased Rabi splitting for the
larger bipyramids. There is an unexpected rise in the electric
field for the bipyramid with 80 nm length. This can be attributed
to the change in aspect ratio necessary to keep all the bipyramid
plasmons energetically coincident with the exciton in MoSo..
The aspect ratio must be reduced for the longer bipyramids,
causing a blunting effect on the tips and lower electric field den-
sity.

The simulated electric fields at the tips of the bipyramids from
figure 2 were also investigated (see red line in figure 4¢). The
lengths of these bipyramids also varied from 70-110 nm, and
had a 7 nm tip radius, but this time had a constant aspect ratio
of 2.3. Here, there is a steady increase in the electric field. (The
highest electric field strength for the 70 nm bipyramid is at 636
nm, not overlapping with the exciton energy as is true of the
other bipyramids investigated. This explains why the E field
strength is slightly higher than expected for this simulation.) A
possible reason for the increase of electric field strength with
bipyramid length is that the larger bipyramids are closer to the
ideal bipyramid shape. This is because, experimentally, there is
a limit to how sharp the bipyramid tips can be. Thermodynam-
ically, it would not be possible for them to be less than a few
nanometers.® Therefore, for the smaller bipyramids, the tip
would be a more significant proportion of the overall width of
the bipyramid, making it more rod-like. A third simulation was
carried out to investigate this (see figure 4e green line). In the
simulation, the ratio of the tip radius to overall bipyramid width
was kept constant. The aspect ratio was again fixed at 2.3. The
proportions of the 85 nm bipyramid from figure 2 were chosen.
A steady increase in electric field is observed, but less than what
was found by keeping the tip radius fixed. The radius is eventu-
ally large enough for the 110 nm case for the field strength to
decrease. The smallest bipyramid exhibits a larger electric field
strength than might be expected. This is due to the very sharp
tips required to keep the same proportions as the other bipyra-
mids, significantly reducing the resonance mode volume. This
result suggests that the ratio of overall width to tip is not the
only factor influencing the increased field in the tips of the
larger bipyramids. The plasmon within the larger bipyramids is
stronger due to the extra electrons present in the larger metal
volume. The field enhancement, however, is still concentrated
at the same equally sharp tips, resulting in a stronger coupling
for the larger bipyramids. This would also explain why the op-
posite effect was seen in the study by Antosiewicz et al.,!” in
which case the simulations considered spheres, without sharp
tips to further concentrate the electric field.



For larger bipyramids, the mode volume is seen to increase
slightly, due to a stronger plasmon resonance. This trend is vis-
ible in figure S4. The mode volume is determined using equa-
tion 5. The field is calculated using FDTD simulations and in-
tegrated over the volume of the MoS: underneath the bipyra-
mid. However, the larger bipyramids used in this study have
equally sharp tips as the small ones, and the aspect ratio of the
larger bipyramids is reduced in order to have the plasmon reso-
nance at the same energy as the A exciton of MoS:. Both of
these factors allow for the electric field to be aligned more di-
rectly into the surface (and therefore into the MoS2) when the
bipyramid is larger. This effect is further elucidated in the sche-
matic in figure S5. This direct alignment focuses the E field into
the MoS:, concentrating it into a smaller mode volume. A large
aspect ratio or large tip radius results in the electric field over-
lapping the MoS: at a more oblique angle. This causes the elec-
tric field to overlap less strongly and with a larger area of MoSa,
increasing the mode volume. This effect can be seen in figure
S4, as the mode volume is shown to decrease when the bipyra-
mid reaches ~ 90 nm in length when the bipyramids are tuned
to overlap the A exciton. When a constant aspect ratio is kept,
a similar trend is seen, due to the tip radius being kept constant
(so lower in proportion to the rest of the bipyramid). The rise in
mode volume with bipyramid length is only seen consistently
when the aspect ratio and tip radius are adjusted with the length
to keep the proportions of the bipyramid the same. When the
length is kept constant, but the tip radius is increased, a clear
trend of increased mode volume is seen, even when the aspect
ratio is reduced to overlap the plasmon with the A exciton, as is
seen in figure S4(b).

Figure S6 elucidates how the mode volume changes outside the
MoS: layer. The mode volume at the tip increases for longer
bipyramids, but only very slightly. The difference is more sig-
nificant when the tip radius is increased, with the mode volume
larger for bipyramids with larger tip radii.

The importance of the sharpness of the tips was also investi-
gated, as shown in figure 4f and g. The length of each bipyramid
was kept constant, at 80 nm. As in the previous example, the
aspect ratio was adjusted slightly for each simulation to main-
tain zero-detuning between the plasmon and exciton. The aspect
ratio was increased for the bipyramids with larger tips to pre-
vent the plasmon from blue shifting. A clear trend is visible as
the tip radius was increased from 4 nm to 12 nm as the splitting
decreases by 35 meV. There are two reasons for this difference.
As the tip gets less sharp, the nanoparticle gets more rod-like,
causing the resonance to spectrally broaden, increasing yp1, the
plasmon line width. According to equation 2, when y,1 gets too
big, the system transitions to the weak coupling regime. This is
visible in the absorption spectra (figure 4g) as the tip is in-
creased past 10 nm, the two polaritons are no longer distinguish-
able from each other. Another factor contributing to this effect
is the increased mode volume of the resonator with increased
tip radius. This also reduces the coupling strength, according to
equations 3 and 4. A decrease in electric field is observed for
larger tips, as expected (see figure 4h, blue line). It is slightly
lower than expected for the 4 nm tip radius, attributed to the low
aspect ratio required to blue-shift the plasmon to the correct en-
ergy. The results emphasize the importance of sharp tips to
achieve larger splitting between the polaritons.

In the case where the aspect ratio is fixed while the tip radius
changes from 1 nm to 10 nm (see figure 4h, red line), the results
are as expected. The field decreases with a larger tip radius and

gets very large when the radius is reduced to unfeasibly small
sizes. The field for the 6 nm tip radius is higher than expected.
Upon further investigation, it was observed that this is the bi-
pyramid with closest to zero detuning between its plasmon and
the exciton. It therefore has the strongest interaction with the
MoS,, resulting in a slightly larger electric field.

Figures 4e and h show some bipyramids with the highest elec-
tric field strength being at a different energy to that of the A
exciton. These are the 70 nm long bipyramid in figure 4e (red
line) and the bipyramids of tip radii 1,2,3,4,5 and 10 in figure
4h (red line). The highest electric field strength for each of
these bipyramids is higher than it would be if it were more
strongly coupled to the MoS: layer (but the peak of high inten-
sity has a lower FWHM). This effect is visible in figures 4e and
h.

The electric field strength directly under the bipyramid’s tip
within the CTAB-mimicking layer and MoS: layer was also in-
vestigated (see figure S7). This was to show how the modal
field’s overlap with the ultrathin MoS: layer depends on the bi-
pyramid length and tip radius. The average electric field
strength within these layers was shown to increase as the bipyr-
amid length increased or the tip radius decreased. Further, the
electric field strength was shown to penetrate further through
the CTAB layer and into the substrate, hence resulting in
stronger interaction with the MoS: monolayer, for longer
lengths and smaller tip radii. This gives further evidence as to
how larger bipyramids with sharp tips produce stronger cou-
pling in this system.

Conclusions

In conclusion, we have investigated the dependence of Rabi
splitting on bipyramid shape and dimensions. It is shown that
the coupling strength is strongly influenced by the both tip ra-
dius and the length of the bipyramid being used. The tip sharp-
ness plays a crucial role, with a transition to the weak coupling
regime if not sharp enough. To benefit from the largest field
enhancements and the largest Rabi splitting, for a bipyramid
with a fixed aspect ratio, very sharp tips with radii of less than
7 nm are required. The dependence of the field strength on the
bipyramid length has also been clearly observed. The localiza-
tion of the field enhancement at the tips makes larger bipyra-
mids preferable to achieve strong coupling. Rabi splitting is ob-
served to increase from ~55 meV with a 70 nm long bipyramid
to ~ 80 meV for a 100 nm long bipyramid. We have shown how
the coupling strength in a Rabi splitting system can be enhanced
by increasing the metal volume of the nanoantennae. This has
not been achieved before without also increasing the number of
excitons coupled into the system. This study has shown that the
shape of the nanoresonator must be carefully considered when
choosing the ideal size of nanoparticle to achieve strong cou-

pling.

Methods

Growth of MoSz: Monolayer MoS: flakes were grown by chem-
ical vapour deposition (CVD) on a 300 nm SiO> layer on a Si
substrate. A target substrate (SiO2/Si) was placed face-down on
a seed substrate (liquid-phase exfoliated MoOs nanosheets drop
cast onto a 300 nm layer of SiO2 on Si®). This formed a micro-
reactor which was placed in the centre of a quartz tube furnace.
It was heated to 750 °C under 150 standard cubic centimetres
per minute (sccm) Ar flow at a pressure of ~0.7 Torr. Sulfur



vapour was generated by heating sulfur powder to =~ 120 °C in
a separate downstream part of the furnace. The microreactor
was exposed to the sulfur vapour for the growth of monolayer
MoS: flakes, with forming gas as a carrier.*

Photolithography: Photolithography was carried out so the dark
field spectra of individual gold bipyramids could be correlated
with their corresponding SEM images. It was done with an OAI
mask aligner. The photoresist and photodeveloper used were
S1813 resist and MF-319 developer respectively. The metal
used was a 5 nm adhesion layer of Ti and 35 nm Au. NMP 1165
developer, acetone and isopropyl alcohol were used to etch
away the metal.

Bipyramid Synthesis: Au penta-twinned seeds were synthe-
sised.” A 10 mL solution containing 0.125 mM HAuCls and
0.25 mM sodium citrate was prepared. 0.15 mL of 10 mM
NaBHs was added. This changed the solution from colourless
to slightly pink. The seeds were aged for two hours before use.
The solution to grow the bipyramids out of seeds was prepared>’
using a 0.1 M cetyl trimethylammonium bromide (CTAB) so-
lution. 0.5 mL of a 10 mM HAuCls and 0.1 mL 10 mM AgNO;
were added. 0.2 mL of 1.0 M HCI was added to acidify the so-
lution. 0.08mL of 0.1 M ascorbic acid was added to reduce the
Au(IIT) to Au(I). 80 pL of seeds were added to the solution. The
reaction was carried out in a 30 °C water bath for two hours,
until the solution turned purple. The concentration of the seeds
and HAuCl4 solution were varied to change the overall volume
of the bipyramids. The concentrations of the ascorbic acid and
AgNO:s solutions were varied to alter the aspect ratios. The bi-
pyramids were diluted in ethanol before dropping onto the
CVD-grown MoS:. All chemicals were purchased from Sigma
Aldrich.

MoS; Characterisation: The MoS: was excited with a 532 nm
laser. The photoluminescence spectra were recorded with an
Andor 230i spectrometer. The Raman spectra were recorded
with a Horiba Jobin Yvon Raman spectrometer. A 100X objec-
tive was used for both sets of measurements.

Dark-Field Measurements: The dark field measurements were
taken with a dark field microscope and a 100X objective. The
measurements were taken with an Andor CCD camera and an
Andor 230i spectrometer.

Scanning Electron Microscopy: The SEM images were taken
with a Zeiss Ultra scanning electron microscope, operating at 5
kV. Measurements were made using the InLens detector. Adhe-
sive electrically conductive paint, silver loaded form RS Pro
was used as a conductive layer.

Numerical Simulations: The finite-difference-time-domain
method with FDTD solutions, Lumerical, was used. This was
used to calculate the scattering, absorption, electric field
strength and modal volume of the system. The dimensions of
the bipyramids were taken from the corresponding SEM im-
ages. The bipyramids were approximated as two cones con-
nected at their base (allowing for the rounding effect seen in
nature with particles that size). See figure S8. The bipyramid is
placed on a substrate as in experiments — 0.5 nm CTAB-
mimicking layer (with an refractive index of n=1.457%), 0.75 nm
thick of monolayer MoS2, 300 nm layer thick SiO2 and 1 mm
layer Si. The thickness of the CTAB layer was chosen as it most
closely resembled the experimental data. The permittivity of
monolayer MoS: and Au is taken from Jung et al.* and Johnson
and Christy’! respectively. The TMDC was modelled as an iso-
tropic material. The bipyramid is meshed with 1 nm resolution,
with 0.5 nm resolution at the tips and 0.375 nm and 0.2 nm

resolution along the thickness of the MoS: layer and CTAB
layer respectively.
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