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We report a nano-optical imaging study of exciton—plasmon polaritons (EPPs) in WSe,/Au hetero-
structures with scattering-type scanning near-field optical microscopy (s-SNOM). By mapping the inter-
ference fringes of EPPs at various excitation energies, we constructed the dispersion diagram of the EPPs,
which shows strong exciton—-plasmon coupling with a sizable Rabi splitting energy (~0.19 eV).
Furthermore, we found a sensitive dependence of the polariton wavelength (1) on WSe, thickness (d).
When d is below 40 nm, 4, decreases rapidly with increasing d. As d reaches 50 nm and above, 1, drops
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to 210 nm, which is over 4 times smaller than that of the free-space photons. Our simulations indicate
that the high spatial confinement of EPPs is due to the strong localization of the polariton field inside
WSe,. Our work uncovers the transport properties of EPPs and paves the way for future applications of

rsc.li/nanoscale these highly confined polaritons in nanophotonics and optoelectronics.
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Introduction

Exciton-plasmon polaritons (EPP) are hybrid nanophotonic
modes formed due to the coupling of surface plasmons polari-
tons (SPPs) with excitons - bound states of electrons and
holes." ™" Due to the field localization and enhancement of
SPPs, the hybrid EPPs often demonstrate strong plasmon-
exciton interactions, which is ideal for many potential appli-
cations, including surface-enhanced Raman spectroscopy,
solar harvesting, and polariton emission."’ Common EPP
devices are constructed using noble metals interfacing a
variety of excitonic materials, including organic molecules and
semiconductors. While organic molecules support strongly
bounded excitons, they often suffer from fast degradations at
elevated temperatures or upon exposure to air and light.
Therefore, crystalline semiconductors are often used to enable
high device stability under long-term usage. Traditional III-V
semiconductors (e.g., GaAs, GaN, etc.) with an exciton binding
energy of 20-30 meV support exciton polaritons (EPs) and
EPPs at cryogenic temperatures.”">™'> In recent years, van der
Waals (vdW) semiconductors have been widely explored in
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polaritonic studies due to their strongly-bound excitons.'®>?

The exciton binding energy of these vdW materials is
60-100 meV in the bulk and can reach hundreds of meV when
thinning to atomic layers.”*® As a result, EPs and EPPs in
these layered semiconductors are stable even at room tempera-
ture. So far, studies of EPPs in vdW semiconductors were
mainly performed with far-field spectroscopy.”™° Real-space
imaging studies of these hybrid modes have not been
reported.

In this work, we performed a comprehensive nano-optical
imaging study of EPPs in heterostructures of thin tungsten
diselenide (WSe,) flakes on gold (Au) films. WSe, is a group
IVB transition metal dichalcogenide (TMD) and a proto-
typical vdW semiconductor. The two neutral excitons (i.e., A-
and B-excitons) of WSe, are at around 1.6 eV and 2.1 eV,
respectively.?’>” The WSe, thin-flake samples used in our
experiments were prepared by mechanical exfoliation of
bulk WSe, and were then transferred onto a thin Au film on
a silicon wafer. For nano-optical imaging, we employed a
scattering-type scanning near-field optical microscope
(s-SNOM) that was built on an atomic force microscope
(AFM). The s-SNOM probes used in our work were metal-
coated silicon tips with a radius of curvature of ~25 nm at
their apex, which defines the spatial resolution. For EPP
excitations (see Fig. 1a), we illuminated the s-SNOM probe
with a continuous-wave Ti:sapphire laser. The spectral range
of the laser is 1.3-1.8 eV, which covers the A-exciton energy
of WSe,. The laser is set to be in p polarization, which is
ideal for the tip enhancement and the excitation of SPPs
and EPPs.
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Fig. 1
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(a) Illustration of nano-optical imaging experiment of a WSe,/Au heterostructure sample. (b) The near-field amplitude images of a typical

WSe,/Au heterostructure taken at various excitation energies. The white dashed line marks the edge of the WSe; flake.

Results and discussion
Near-field imaging of EPPs

In Fig. 1b, we plot the near-field amplitude images obtained
with s-SNOM at various excitation energies (E) on a typical
WSe,/Au heterostructure sample. In this sample, the thickness
of WSe, (d) is 45 nm, and the thickness of the Au film is
100 nm. As illustrated in Fig. 1a, the WSe, flake is on the right
half of the images, and the bare Au film is on the left. We used
white dashed lines to mark the edge of the WSe, flake in

Fig. 1b. The laser beam is aligned perpendicular to the WSe,
edge. From Fig. 1b, one can observe bright fringes on both the
Au and WSe, sides of the sample. These fringes are parallel to
the WSe, edge and extend microns away from the edge. By
tuning the laser energy, we found that the fringe pattern
demonstrates a systematic variation. As introduced in previous
studies,”**?%3° such fringes are generated due to the inter-
ference between tip-backscattered photons [labeled as “P1” in
Fig. 1a] and beam paths involving propagative in-plane modes.
A common type of beam path is labeled as “P2” in Fig. 1a,
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Fig. 2 (a) Energy-dependent fringe profiles (background subtracted) extracted from near-field images in Fig. 1. (b) Fourier-transform (FT) of the
fringe profiles in panel (a). The arrows mark the peak associated with EPP interference involving beam paths ‘P1' and ‘P2'". (c) Dispersion diagrams of
EPPs in a 45-nm-thick WSe, flake on a thin Au film obtained from theoretical calculations (colormap), experimental data (squares), and finite-
element simulations (circles). The colormap plots the imaginary part of the reflection coefficient Im(r,). The white and orange dashed lines mark the
free-space photon and A-exciton energy. The green dashed curves mark the SPP mode without coupling with excitons (see Fig. S5 in ESIf). The blue
dashed curves mark the upper and lower branches of the EPP mode.
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where tip-excited in-plane modes propagate toward the edge of
WSe, and then get scattered into photons that are collected by
the detector. In the ESI (Fig. S971), we discuss another possible
beam path that is responsible for the generation of the inter-
ference fringes. The in-plane modes responsible for the inter-
ference fringes on the Au side are SPPs (see Fig. S3 in ESI{). In
the main text, we discuss mainly the fringes on the WSe, side.
Based on the interference mechanism involving beam paths
‘P1’ and ‘P2’ (Fig. 1a), we can establish a direct relationship
between the fringe period (p) and the wavelength of the in-
plane mode (4,):>°"*

1/p =1/, — cos a/o, (1)

where J, is the free-space photon wavelength and « is the inci-
dent angle of the laser beam (a = 30°) [see Fig. 1a].

Dispersion analysis of EPPs

To obtain p and hence 4, we extracted the line profiles perpen-
dicular to the fringes on WSe, from Fig. 1b, which are plotted
in Fig. 2a. We then performed a Fourier transform (FT) of
these profiles to determine p. The corresponding FT profiles
are plotted in Fig. 2b, where the peaks correspond to 2m/p.
Here, we noticed two peaks in the FT profiles. The one at a
relatively high wavenumber (k) corresponds to interference
fringes of EPPs generated by beam paths ‘P1’ and ‘P2’. The

k (10° cm™)

Fig. 3
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lower-k peak, which sits roughly at half the k coordinates, is
generated due to a more complicated interference process
involving additional beam paths (see detailed discussions in
the ESI{). With Fourier analysis and eqn (1), we were able to
determine A, and mode wavevector (k, = 27/A,) at various exci-
tation energies, based on which we constructed the E — k;, dis-
persion relationship of the in-plane mode. The experimental
dispersion is shown in Fig. 2¢ as squares. Besides, we also plot
the dispersion relation obtained from finite-element simu-
lations (circles) (see Fig. S4 in ESIt). Both data points are
sitting on a theoretical dispersion colormap, where we plot the
imaginary part of the p-polarized reflection coefficient (rp).
The bright curves revealed by the colormap correspond to the
photonic or polaritonic modes in the system. Here we can see
a high-wavevector mode on the right side of the photon line,
which matches well the experimental and simulation data
points.

The bright mode marked with blue dashed curves in Fig. 2c
corresponds to the EPP mode, which is generated due to the
coupling between the SPP mode of Au and the A exciton of
WSe,. Due to the coupling, the bare plasmonic mode is split
into two polaritonic branches (upper and lower branches). The
Rabi splitting energy £ of the two branches is estimated to be
0.19 eV (marked with arrow), higher than the average linewidth
of exciton and plasmon modes (yex + 7p)/2 & 0.09 eV (see
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(a) The near-field amplitude images of WSe,/Au heterostructure waveguides with various WSe; thicknesses (d). The excitation energy was

set to be E = 1.38 eV. (b) The fringe profiles (background subtracted) extracted from near-field images in panel (a). (c) Fourier-transform of the fringe
profiles in panel (b). The arrows mark the peak associated with EPP interference involving beam paths ‘P1" and ‘P2’. (d) The EPP wavelengths as a
function of WSe, thickness from theoretical calculations (curve), experimental data (squares), and finite-element simulations (circles).
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section 4 in ESI{). Therefore, the measured EPP mode is in the
strong coupling regime. As discussed in the ESIL{ the Rabi
splitting energy and the exciton-plasmon coupling are sensi-
tively dependent on the thickness of WSe,. Note that the
upper branch of the EPP mode is relatively flat (i.e., less propa-
gative) and strongly damped, so it is not measurable by near-
field imaging. In our s-SNOM imaging experiment, we focus
mainly on the lower branch of the EPP mode, which is highly
dispersive with small damping.

Thickness dependence of EPPs

Finally, we wish to explore the dependence of the EPP mode
on the thickness of the WSe, flake (d). In Fig. 3a, we plot the
near-field amplitude images taken at E = 1.38 eV from WSe,/
Au heterostructures with various WSe, thicknesses. We found
that the bright fringes are sensitively dependent on d. We then
extracted the line profiles across the fringes and performed
Fourier analysis. In Fig. 3b and c, we plot the fringe profiles
and the corresponding FT profiles respectively, based on
which we obtained the EPP wavelength with eqn (1). The
d-dependent A, from the fringe analysis is plotted in Fig. 3d,
which agrees with the theoretical calculations and finite-
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element simulations (see discussions below). From Fig. 3d, we
found that 1, decreases rapidly with increasing WSe, thick-
nesses for d < 40 nm. As d increases to 50 nm and above, 4,
approaches ~210 nm, which is less than a quarter of the free-
space photon wavelength. Such high spatial confinement is
rarely seen in other polaritonic or plasmonic modes in the
near-IR frequency range. The EPP wavelength becomes less
sensitive on d for WSe, flakes thicker than 50 nm.

To understand the thickness dependence of 4, (Fig. 3d), we
performed finite-element simulations of the EPP mode at E =
1.38 eV with COMSOL Multiphysics. As sketched in Fig. 4a, we
constructed the air/WSe,/Au/Si four-layer heterostructure
model. The EPPs are launched from left to right along the x
axis (marked with an arrow in Fig. 4a). In Fig. 4b, we plot the
simulated E, field maps of the EPP mode for WSe, with
different thicknesses. When the thickness of WSe, is very
small (e.g., d < 20 nm), the polariton field is mainly inside the
air. As d increases, the polariton field is confined more and
more inside WSe, resulting in strong light-matter interactions.
As a result, 4, decreases systematically with increasing WSe,
thickness. For d > 50 nm, the polariton field is localized com-
pletely inside WSe,, thus enabling the highest spatial confine-

d =20 nm

(b)

d =80 nm

Y ITTTTT T

200 nm

(a) Sketch of the air/WSe,/Au/SiO, four-layer heterostructure model for EPP simulations. (b)—(f) The simulated E, field maps of the EPP

mode inside the WSe,/Au heterostructure with various WSe, thicknesses. The excitation energy is £ = 1.38 eV.
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ment. Further increase of the WSe, thickness does not signifi-
cantly affect the field distribution and hence the polariton
wavelength.

Conclusions

In summary, we have performed a comprehensive nano-optical
study of the hybrid EPP modes at the WSe,/Au interface, which
were formed due to the strong coupling between SPPs on gold
and excitons in WSe,. By imaging and analyzing the inter-
ference patterns of the EPPs, we were able to determine their
wavelengths and construct the dispersion diagram. In
addition, we found the EPP wavelength decreases systemati-
cally as WSe, thickness increases, which is due to the stronger
localization of the polariton field inside WSe,. The ultimate
polariton confinement can be achieved as WSe, thickness
reaches 50 nm and above, where the EPP wavelength is as low
as ~210 nm. Compared to waveguide EPs,?’">*> the EPP mode
imaged here at the TMD/metal interface is significantly higher
confined in space with stronger field enhancement. Both
merits are important in technological applications such as on-
chip nanophotonic signal processing®® and bio-sensing,*?
where devices with small footprints and high sensitivity are
desirable.
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