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ABSTRACT: We realize a new electroplasmonic switch
based upon electrically tunable exciton—plasmon interactions.
The device consists of a hexagonal boron nitride (hBN)-
encapsulated tungsten diselenide (WSe,) monolayer on top of
a single-crystalline silver substrate. The ultrasmooth silver
substrate serves a dual role as the medium to support surface
plasmon polaritons (SPPs) and the bottom gate electrode to
tune the WSe, exciton energy and brightness through
electrostatic doping. To enhance the exciton—plasmon
coupling, we implement a plasmonic crystal cavity on top of
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the hBN/WSe,/hBN/Ag heterostructure with a quality factor reaching 550. The tight confinement of the SPPs in the plasmonic
cavity enables strong coupling between excitons and SPPs when the WSe, exciton absorption is resonant with the cavity mode,
leading to a vacuum Rabi splitting of up to 18 meV. This strong coupling can also be switched off with the application of a
modest gate voltage that increases the doping density in the monolayer. This demonstration paves the way for new plasmonic
modulators and a general device architecture to enhance light-matter interactions between SPPs and various embedded

emitters.
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ngineering hybridized states of excitons and photons,

known as exciton—polaritons,l’2 opens up exciting new
fundamental physics research® and forms the basis for
interesting device applications, such as ultrafast optoelec-
tronics” and all-optical logic.” Transition metal dichalcogenide
(TMD) monolayers exhibit many properties that are suitable
for next-generation exciton—polariton devices. They host
strongly bound excitons that may enable room temperature
polaritonics." The absorption wavelengths of TMD excitons
depend on the material composition of the monolayer and
span the visible to telecommunications regimes.’”'*
addition, the lack of dangling bonds on these materials enables
the creation of high-quality interfaces via simple stacking, thus
enabling formation of various heterostructures'” that can easily
be transferred onto other functional substrates.'*

Exploiting these favorable physical properties, there have
been several excellent demonstrations of strong exciton—
photon coupling, using various types of optical resonators,
including dielectric mirror cavities,”’ls’16 metallic mirror
cavities,”'® plasmonic hole arrays,”'” and localized surface
plasmon particles/arrays.'”*° In several of these experiments,
the authors were able to demonstrate fine control of the
exciton—photon or exciton—plasmon coupling strength by
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electrically gating the monolayer."'”"®*° Furthermore, there
have been demonstrations of large Rabi splittings with
magnitudes in excess of 100 meV, even at room temper-
ature.'”"?

In this Letter, we explore an alternative device strategy to
realize electrically tunable strong coupling between TMD
excitons and surface plasmon polaritons (SPPs) by placing a
WSe, monolayer encapsulated by hexagonal boron nitride
(hBN) flakes on top of a single-crystalline silver (Ag) film.
Because of their evanescent nature, SPPs enable confinement
of light near the metal surface well below the diffraction limit,
making them uniquely suited for coupling to excitons in TMD
monolayers.”’ We further enhance the exciton—plasmon
interaction by embedding the hBN/WSe,/hBN van der
Waals heterostructure in a novel plasmonic crystal cavity
with a quality factor above 500, thus enabling strong coupling
between TMD excitons and the cavity SPPs. By electrically
tuning the Fermi level of the TMD monolayer, we show that
such a device can function as an electroplasmonic modulator
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that utilizes the strong coupling between excitons and
plasmons. Importantly, the presented device platform for
switchable coupling between SPP modes and embedded
emitters can be fully integrated in on-chip systems.

Critical to our device architecture are the multiple
functionalities of two key components, the silver substrate
and the hexagonal boron nitride (hBN) layers. The ultra-
smooth single-crystalline silver film** serves as the medium
that supports low-loss SPPs as well as a bottom gate electrode
(see Methods); the SPP propagation lengths on this silver film
reaches hundreds of micrometers near the exciton resonance of
WSe, at ~715 nm.”” Similarly, the hBN layers also serve
several important functions within the device. The bottom
hBN flake is a gate dielectric and a physical spacer between the
WSe, and Ag film. Because the thickness of this bottom flake is
only 8—10 nm, the WSe, monolayer is kept close to the
electric field maximum of the SPP mode while not touching
the metal surface directly. The top hBN flake encapsulates the
WSe, monolayer, improving its optical response.23 It is
important to note that the plasmons propagating along the
silver/bottom hBN interface have an evanescent tail that
extends beyond the top hBN layer (+z direction in Figure 1c).
Thus, dielectric structures on top of the heterostructure, such
as a waveguide or a periodic array of pillars, can still be used to
engineer the propagation of the SPPs.

Before we construct a plasmonic crystal cavity device with an
embedded WSe, monolayer, we first characterize the exciton
absorption resonances in monolayer WSe, via SPP trans-
mission experiments. Specifically, we use a combination of
electron beam lithography, atomic layer deposition of TiO,,
and reactive ion etching to define a TiO, dielectric waveguide
(width, 200 nm; length, S um; refractive index n = 2.38) on
top of the hBN/WSe,/hBN heterostructure and Ag substrate
(Figure 1a). We then measure the SPP transmission through
the waveguide as a function of the gate voltage (V,) applied to
the silver. Our measurements are performed in a cryostat (T =
4 K) equipped with a two-channel confocal microscope where
we are able to excite and collect from spatially distinct
diffraction-limited spots. Because of the wavevector mismatch
between free space photons and SPPs, we use a broadband
scattering center to convert white laser light focused at the one
end of the TiO, waveguide into SPPs that propagate along the
Ag/WSe,/TiO, interface (see Supporting Information). We
then collect light scattered at the opposite end of the
waveguide (Figure 1b, inset) and analyze it via a spectrometer
equipped with a charge coupled device (CCD) (see Methods).

As we sweep the gate voltage applied to the silver, we
observe spectral regions of decreased transmission, signifying
the absorption of SPPs via the creation of WSe, excitons
(Figure 1b). The absorption is dominated by neutral excitons
(X,) near zero gate voltage;24 at larger gate voltages (lVgl >2
V), however, the magnitude of neutral exciton absorption
decreases dramatically and broader red-shifted absorption
features emerge. The appearance of the broader absorption
features at V, > 2 V (V, < =2 V) correlates with increased
conductivity of the WSe, monolayer, indicating that these
absorption features are associated with electron (hole) doping
(see Supporting Information). Previous studies have shown
that these features are associated with absorption from charged
excitons”'*'*% (X~ or X*) or Fermi polarons."'

Once we verify efficient coupling of excitons and SPPs, we
embed a hBN/WSe,/hBN heterostructure into a plasmonic
crystal cavity (Figure 1c), in which an array of dielectric posts
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Figure 1. Monolayer WSe, incorporated into two different plasmonic
device architectures using a single crystalline Ag substrate. (a)
Schematic of the plasmonic waveguide with a WSe, monolayer as the
electrically tunable absorber. Inset: Cross-section of the simulated
electric field mode supported by the TiO, waveguide (green) on Ag
(gray). (b) TiO, waveguide-assisted SPP transmission spectra
through a WSe, monolayer collected as a function of gate voltage.
The spectra are collected at T = 4 K, and the absorption feature
denoted by X, (X" and X~) indicates the neutral (charged) exciton
species when the Fermi level is inside (outside) the bandgap region.
Inset: Optical image overlaid on a scanning electron microscope
image, demonstrating in-coupling (left) and out-coupling (right) at
the ends of the TiO, tapered waveguide. The scale bar is 3 ym. (c) A
schematic of the plasmonic crystal cavity between two trenches etched
in the silver that serve as in-coupling and out-coupling structures for
surface plasmon polaritons (SPPs). The cavity is defined by dielectric
pillars atop the WSe, monolayer with a single pillar missing to form
the cavity defect. (d) Transmission through a bare plasmonic crystal
cavity (without WSe,) shows a stopband ranging from 680 to 780 nm
with a pronounced cavity peak centered near 709 nm. The fabricated
cavities have quality factors of up to 550. Inset: The simulated electric
field intensity of the cavity mode, overlaid on a scanning electron
microscope image of the fabricated device.

on top of the heterostructure and Ag substrate creates a
plasmonic stop-band. The incorporation of a cavity defect, a
single missing dielectric pillar in a hexagonal array (lattice
constant, 346 nm; pillar diameter, 200 nm; pillar height, ~200
nm) within the stop band, completes the glasmonic analog of a
single-defect photonic crystal cavity.”">* We use litho-
graphically defined ZEP electron beam resist as the dielectric
pillar material (see Methods) because it has a refractive index
of n = 1.57 and can be patterned with nanometer resolution. A
finite difference time domain simulation of our plasmonic
crystal cavity (Figure 1d inset) shows that the electromagnetic
fields are spatially confined to the region near the missing
pillar, thus yielding a cavity with a mode volume of 0.14* and a
narrow resonance within the plasmonic bandgap.

We experimentally characterize the cavity by shining white
light laser into a silver trench to launch SPPs into the cavity.
We determine the cavity transmission spectrum by collecting
SPPs that scatter into free space photons at the far Ag trench.
The experimental transmission spectrum of a typical plasmonic
crystal cavity without an embedded hBN/WSe,/hBN hetero-
structure shows a stopband ranging from 680 to 780 nm with a
pronounced cavity resonance at 709 nm. The quality factor of
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our plasmonic crystal cavity can be as high as 550 (Figure 1d),
a value that is significantly higher than previous plasmonic
cavity demonstrations with small mode volumes.*"*”*°
Optical characterization of a plasmonic crystal cavity with an
embedded WSe, monolayer reveals evidence for strong
coupling between excitons and SPPs (Figures 2 and 3). In
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Figure 2. Rabi splitting in an integrated monolayer WSe, plasmonic
crystal cavity. (a) Optical image of a plasmonic crystal cavity device
showing the WSe, flake (outlined with dashed magenta) and the
missing pillar (light blue dot) as the cavity defect. The WSe,
monolayer is electrically contacted with a Au electrode. The SPPs
are launched by focusing a diffraction-limited laser spot on the long
left vertical trench etched into the silver film. The scale bar is 3 ym.
(b) SPP transmission spectra of the plasmonic crystal cavity display
an avoided crossing as the cavity is tuned in situ through the exciton
absorption resonance. The white dashed lines show the uncoupled
exciton and plasmonic crystal cavity mode, whereas the dashed blue
curves correspond to theoretical fits of the hybrid states using a
coupled oscillator model. (c) A schematic of vacuum Rabi splitting
due to the strong coupling of a two-level system (exciton) with the
plasmonic crystal cavity mode.
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Figure 3. Electrically tunable transmission through a monolayer WSe,
plasmonic crystal cavity. (a) Cavity transmission as a function of gate
voltage. (b) Transmission spectra for three different gate voltages
when the plasmonic crystal cavity is resonant with the exciton
absorption in WSe,. At gate voltages of 0 and 2.2 V, the transmission
splits into two peaks as the WSe, neutral exciton absorption is tuned
onto resonance with the cavity, with a maximum separation of 18
meV as in Figure 2b. As the doping concentration in the monolayer is
increased at larger bias voltages, the neutral exciton absorption is
suppressed leading to a single peak near 715 nm in the stopband
(such as at Ve >3 V). (c) Line cut of the cavity transmission at 715
nm, showing up to 90% absorption.

this device, we launch SPPs into the cavity at the left trench
and collect photons from plasmons that scatter into free space
near the cavity defect (Figure 2a, see Methods). We then
analyze the spectrum of these scattered SPPs as we tune the
cavity resonance wavelength via gas tuning (see Methods)
while fixing the gate voltage applied to the silver at zero. As we

sweep the cavity wavelength through the WSe, neutral exciton
(X,) absorption (4 = 713 nm), we observe a clear anticrossing
of the cavity mode and the neutral exciton (Figure 2b). This
avoided crossing of 18 meV arises due to vacuum Rabi
splitting’”’" from the hybridization of the excitons in WSe,
with the plasmonic crystal cavity mode (Figure 2c). By fitting
the transmission spectra, we extract the value of the energy
splitting to be 18.2 meV (see Supporting Information). This
value is larger than the sum of the widths of the cavity (7 meV)
and exciton (7.5 meV) modes (extracted from measurements
of bare cavity transmission and exciton absorption), satisfying
the criteria for strong coupling. We also tuned the same cavity
through the negatively charged exciton absorption resonance
(X7). Although the coupling between SPPs and charged
excitons leads to modified SPP transmission, we did not
observe a complete mode splitting (see Supporting Informa-
tion).

In our plasmonic crystal cavity, we can turn on/off the
strong coupling between WSe, excitons SPPs by doping the
monolayer using the silver bottom gate and thus by changing
the exciton absorption strength and energy. When we fix the
cavity resonance to the neutral exciton wavelength and launch
SPPs into the cavity, the light scattered near the cavity defect
shows a split resonance at zero gate voltage. As we sweep the
gate voltage toward V, = § V (=5 V) and dope the monolayer
with electrons (holes), however, the split resonance disappears
(Figure 3a). The split resonance at zero gate voltage is due to
the same vacuum Rabi splitting as in Figure 2b. This split
resonance at V, = 0 V is clearly wider than the single cavity
mode at V, = 5 V (Figure 3b). The broad feature near 725 nm
is due to transmitted SPPs arising from imperfections in the
cavity fabrication and does not couple strongly to excitons or
charged excitons. The light scattered near the cavity defect can
be reduced by more than 90% at the neutral exciton
wavelength (4 = 715 nm) as the gate voltage is swept from
+3.5 to 0V (Figure 3c). These results indicate that our TMD—
plasmonic crystal cavity platform can serve as an electro-
plasmonic modulator that allows switching from an absorptive
to a transmissive state by the application of a <5 V gate voltage
pulse instead of the much larger voltages needed in other
TMD strong coupling demonstrations that employ thick SiO,
gate dielectrics." ">

A simple theoretical model that accounts for the strong
excitonic transition and the tight confinement of the plasmonic
cavity mode provides an excellent account of the Rabi splitting
observed in our cavity device (see Supporting Information).
The cavity mode is characterized by its confinement length [ ~
6.5 pm, normal to the plane of the WSe, monolayer, which we
computed using a numerical simulation of the mode profile.
The exciton transition strength can be parametrized in terms of
the dimensionless quantity 8 = lg(0) I* Ir.,I>, where (0) is the
exciton wave function at zero separation between the hole and
the electron, and r. denotes the transition dipole matrix
element between the valence and conduction band. The
parameters f and [ are then related to the coupling rate g, the
rate at which energy transfers between excitons in the TMD

2
and cavity SPPs, by g* = %ha)C where e is the electron charge,

®, is the cavity frequency, 7 is the reduced Planck’s constant,
and € is the free space permittivity. The normal mode splitting

between the two exciton-polaritons is given byd4gZ + 8%,
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where 6 denotes the detuning between the exciton resonance
and the cavity mode.

By fitting an analytic expression for the cavity transmission
spectrum to the measured spectrum (Figure 3b, blue dashed
lines), we extract # ~ 1.7 X 1072 which is consistent with
results from previous ab initio calculations.”**™>* The
measured value of f further enables the computation of the
spontaneous emission rate of an exciton in free space. We
obtain a radiative line width of y; & 2.6 meV, which is in good
agreement with values reported elsewhere.”>™**

Further improvements are possible to allow for a larger Rabi
splitting and enhanced device functionality. The primary
limitation of our device geometry is the fact that the dominant
electric field component in the plasmonic crystal cavity mode is
oriented normal to the plane of the Ag film (in the +z-direction
as indicated in Figure 1a), whereas the excitons in WSe, have a
dipole orientation primarily in the plane of the monolayer.*
However, such a cavity design would be useful for enhancing
the emission rate of many other emitters in 2D materials with
out-of-plane electric dipole moments, including dark excitons
in monolayer WSe,”” as well as interlayer excitons in multilayer
TMDs.*" Furthermore, our plasmonic crystal cavity design is
agnostic about the material of interest as long as it is
sufficiently thin to enable evanescent electric field penetration
through the layer and into the dielectric pillars above.
Therefore, coupling to other quantum emitters such as
terrylene molecules doped into crystalline p-terphenyl films*'
or defect centers in diamond and 4H-SiC can be achieved
using photoelectrochemically etched membranes."”*> These
systems have the potential to realize a larger collective Rabi
splitting or efficient coupling to an individual emitter, thereby
enabling plasmon switches with high contrast at higher
temperatures.

B METHODS

Sample Structure and Fabrication. Single-crystalline
silver films were grown on the Si face of undoped 4H-SiC
(0001) wafers by magnetron sputtering at 350 °C with a 90
nm thick epitaxial Ti layer as the buffer layer sputtered at 500
°C (detailed methods will be reported elsewhere). All the
heterostructures on Ag were made using a dry-transfer process
from exfoliated monolayers,” which preserved the ultrasmooth
surface of the single-crystalline silver.

The hBN thicknesses were characterized using atomic force
microscopy, allowing us to control the spacer layer between
the Ag substrate and WSe,. The device onto which we placed
the waveguide in Figure 1b had a 10 nm bottom hBN layer,
and the plasmonic cavity device in Figures 2 and 3 had a
bottom hBN spacer of 8 nm.

Two different approaches were employed to make source
and drain contacts to the WSe, monolayer, top Cr/Au (10
nm/80 nm) contacts and bottom Pt contacts (8 nm), both
fabricated by electron beam lithography and lift-off processes.
For top Cr/Au contacts, the thermally evaporated metal
contacted the region of the WSe, that was not covered by the
top hBN. On the other hand, bottom Pt contacts were
deposited by electron-beam evaporation on the bottom hBN
before the WSe, monolayer, completely covered by an hBN
passivation layer, was transferred onto the bottom hBN.
Bottom Pt contacts typically exhibited lower contact resistance
as compared with top Cr/Au contact. In both cases, we used a
bilayer of 160 nm thick Si;N, and 30 nm thick alumina, grown
by plasma-enhanced chemical vapor deposition and atomic

layer deposition (ALD), respectively, as insulating barriers to
prevent an electrical short circuit between the Ag substrate and
the source-drain leads.

In the cavity experiments, we first etched trenches into the
single crystal Ag film by e-beam lithography and Ar ion milling,
and then the hBN/WSe,/hBN heterostructures were stamped
between the trenches. The cavity was realized by patterning
ZEP-520A (diluted 1:1 with anisole) via e-beam lithography to
expose the unwanted areas leaving behind pillars of ZEP on the
top-hBN surface.

Optical Characterization. Optical measurements were
performed in a home-built confocal microscope equipped with
a cryostat. For the absorption/transmission measurements,
either a NKT SuperK supercontinuum laser or a broadband
LED was focused by a 100X objective (NA 0.75) as the
excitation source. Mirrors mounted on two galvanometers
were used to scan the incoming beam and the collection spot
independently. The light from the collection spot is analyzed
with a spectrometer (f = 300 mm) using either a 50 or 1200
grooves/mm grating. The resultant spectrum is imaged using a
thermoelectrically cooled CCD.

For the TiO, waveguide-assisted SPP absorption measure-
ments (Figure 1b), the excitation and collection spots were
focused on the opposite ends of the waveguide. For the bare
plasmonic crystal cavity measurements shown in Figure 1d, the
excitation spot was focused on the left trench in the Ag to
launch SPPs in the + x-direction (as indicated in Figure la).
The collection spot was positioned on the right trench and in
line with the cavity defect. Finally, for the WSe,-coupled
plasmonic cavity device measured in Figures 2 and 3 and
shown in Figure 2a, the excitation spot was focused at the left
trench and the collection spot was aligned to the cavity defect.
This measurement configuration was necessary due to
misalignment between the far trench and the dielectric pillars
during the electron-beam lithography step, which lead to a
greatly reduced transmission signal. Previous measurements on
bare devices suggested similar spectra for scattered SPPs from
the far trench and cavity defect. During the plasmonic crystal
cavity measurements, the resonance wavelength was red shifted
in situ by condensing N, gas on the surface of the ZEP pillars
at low temperature.
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