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ABSTRACT: Monolayer transition-metal dichalcogenides (TMDs) are the first truly two-dimensional (2D) semiconductor,
providing an excellent platform to investigate light—matter interaction in the 2D limit. The inherently strong excitonic response in
monolayer TMDs can be further enhanced by exploiting the temporal confinement of light in nanophotonic structures. Here, we
demonstrate a 2D exciton—polariton system by strongly coupling atomically thin tungsten diselenide (WSe,) monolayer to a silicon
nitride (SiN) metasurface. Via energy-momentum spectroscopy of the WSe,-metasurface system, we observed the characteristic
anticrossing of the polariton dispersion both in the reflection and photoluminescence spectrum. A Rabi splitting of 18 meV was
observed which matched well with our numerical simulation. Moreover, we showed that the Rabi splitting, the polariton dispersion,
and the far-field emission pattern could be tailored with subwavelength-scale engineering of the optical meta-atoms. Our platform
thus opens the door for the future development of novel, exotic exciton—polariton devices by advanced meta-optical engineering.
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B INTRODUCTION

Monolayer transition-metal dichalcogenides (TMDs) have
generated active research interest in recent years due to their

polariton lasers."> Furthermore, the TMD EP inherits the
unique spin-valley physics from its exciton part,'® and the
optical valley hall effect of the TMD EP could be explored in

strong light—matter interaction and unique optoelectronic
properties.” Thanks to the quantum confinement in the atomic
layer, excitons with large binding energy can form in
monolayer TMD at room temperature, exhibiting strong
excitonic absorption and photoluminescence.” The strong
excitonic response could be further enhanced by coupling the
TMD monolayer to an optical cavity.” In the weak coupling
regime, low-threshold nanolasers™” and cavity-enhanced light-
emitting diodes® have been demonstrated using the TMD
monolayer. In the strong coupling regime, TMD exciton—
polaritons (EPs) have also been observed at room temper-
ature.””"" EPs, the hybrid light—matter quasi-particles, inherit
the low effective mass from their photonic component and
large nonlinear interaction strength form their excitonic
component, making them a promising platform to study
Bose—Einstein condensate,'” with a far-reaching impact on
quantum simulation with interacting photons."> TMD EP also
has potential applications in low-power nonlinear optics'* and
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this hybrid light—matter system.'”

So far, most TMD-based EP devices are based on distributed
Bragg reflector (DBR) cavity.”''” The fabrication process of
the DBR-sandwiched TMD platform is nontrivial since the
encapsulation of the upper DBR layers often degrade the
optical property of the monolayer TMD.”® Open cavity
structures such as the fiber cavity and single DBR structure
have been explored”"*” to solve the problem of material
degradation. However, in such platforms, it is difficult to
engineer the mode or dispersion of the cavity, a capability
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Figure 1. SiN metasurface supporting guided mode resonances: (a) The metasurface is made of SiN meta-atoms with holes arranged in a square
lattice. The whole structure sits on a silicon dioxide substrate. A WSe, monolayer could be transferred directly on top of the metasurface for
evanescent coupling. (b) Simulated vs experimentally measured angle-dependent reflection spectrum. There are two modes (M1 and M2) in the
spectrum. M1 has a linear dispersion and starts at higher energy and rapidly goes to lower energy when it comes to high momentum. M2 has a
parabolic shape and it starts at lower energy and goes to the higher energy. The two modes come close to each other at k, = 0.6 um™'; an
anticrossing appears due to the coupling between the two photonics modes. (c) Zoom-in of the anticrossing and the mode profiles of M1 and M2.
The two modes have different symmetry in terms of the field distribution, but they are both well confined inside the metasurface. (d) The SEM of

the SiN metasurface (scale bar: 1 ym) (e) Example spectrum and fitting at k, = 2.2 um™". A Fano line shape is observed with a Q factor ~ 143 and

an asymmetry factor of —1.4.

which can have far-reaching impact in the field of exciton—
polaritonics. The plasmonic cavity is considered as a promising
candidate, ™ but it suffers from metallic loss. Another
promising platform will be subwavelen§th patterned surfaces,
also known as dielectric metasurfaces.”® These metasurfaces
can shape the optical wavefront using the subwavelength
scatterers, also known as meta-atoms, and have recently been
used to drastically miniaturize imaging and sensing devi-
ces,”” ™ as well as to enhance light—matter interaction.®”*’
This nanopatterned, periodic photonic lattice supports a rich
cluster of optical Bloch mode and can tightly confine the
electromagnetic field.*>** Moreover, computational design and
dispersion engineering of the meta-atoms allow unprecedented
nanophotonic engineering.**"** Going beyond passive meta-
surfaces, researchers are now exploring new materials to create
active metasurfaces.””*® In fact, nonlinear frequency con-
version has been reported with the GaSe integrated silicon
metasurface.” EP has also been demonstrated on a TMD-clad
one-dimensional (1D) grating structure.”” A signature of
optical nonlinearity has recently been reported in TMD-
coupled 1D bound state in a continuum resonator.”’ However,
extending the periodicity in two dimensions (2D) is desirable.
The extra degrees of freedoms in a 2D metasurface would
allow advanced dispersion engineering, providing a new
opportunity to merge the EP with novel photonic designs,
such as topological structures, most of which are demonstrated
in two dimensions.””~*> Subwavelength mode engineering of

2D metasurfaces could also result in a localized optical field to
further enhance the light—matter interaction.***’ Finally, the
intrinsic isotropic nature of the periodic 2D structure would
favor the study of monolayer valley-polaritons.'”'® While
coupling between TMD excitons and 2D periodic structure has
been explored, to date, only the weak-coupling regime has
been reported.***

In this paper, we demonstrated EPs in atomically thin
tungsten diselenide (WSe,) strongly coupled to the guided
mode resonances (GMR) in a silicon nitride (SiN) metasur-
face. The GMR simultaneously achieves strong confinement of
photons inside the metasurface and efficient coupling with the
radiation continuum. By performing energy—momentum
spectroscopy on the WSe,—SiN metasurface, we measured
the anticrossing of the polariton dispersion both in the cavity
reflection and via photoluminescence. The EP dispersion
measured in the experiment is also reproduced by our
numerical simulation. Moreover, we showed that the Rabi
splitting, the polariton dispersion, and the far-field emission
pattern could be tailored by subwavelength-scale engineering
of the meta-atoms. Our platform opens the door for the future
development of novel EP devices by advanced meta-optical
engineering.

Guided Mode Resonances in the SiN Metasurface.
Figure la shows the schematic of our platform. The
metasurface is made of SiN with a square lattice of holes.
The whole structure sits on a silicon dioxide substrate. A WSe,
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Figure 2. (a) The optical microscope image of the SiN metasurface with hBN-capped WSe, transferred (scale bar: 20 ym). The black lines outline
the metasurface and the orange lines outline the monolayer WSe,. The hBN is hardly observed under the microscope due to poor optical
interference. (b) Simulated vs experimentally measured angle-dependent reflection spectrum. Anticrossing is observed at k, ~ 2.4 um™". (c)
Example of a fit reflection spectrum at k, = 2.4 um™"; the Fano-resonance of the lower polariton (LP) and upper polariton (UP) are observed. (d)
Fitting for the anticrossing: a Rabi splitting value of the 18 meV is extracted. (e) Hopfield coefficients of the LP branch, which show the exciton and
photon fraction in the polariton. (f) PL emission also shows the anticrossing; LPB emission is brighter than that of UPB due to the thermal

equilibrium condition.

monolayer is transferred directly on top of the metasurface for
evanescent coupling. Such periodic 2D photonic lattice
supports many optical Bloch modes propagating inside the
slab. These modes can be classified into two classes,>® namely,
in-plane guided modes and guided mode resonance (GMR).
The GMRs couple with the radiation continuum and, in the
meantime, confine part of their electromagnetic energy inside
the slab. When a light beam shines on the metasurface, the
interference between the slab mode and the GMR modes
results in a Fano line shape in the reflection spectrum. These
Fano resonances have been used in the past for dispersion
engineering,”’ spectral filtering,’* and enhancing the light—
matter interaction.””*?

We simulated the reflection spectrum of the GMR in the
SiN metasurface through rigorous coupled-wave analysis
(RCWA; see Methods).”»** Figure 1b (left panel) shows the
angle-dependent reflection spectrum along the k, direction for
p-polarized incident light. There are two GMRs, i.e., M1 has a
linear dispersion and M2 has a parabolic shape. M1 starts at
higher energy and goes to lower energy with higher
momentum, whereas M2 starts at lower energy and goes to
higher energy. Two modes come close at k, = 0.6 um™' and
anticross due to the coupling between them. The electric field
distribution of two modes at k, = 0 is shown in Figure 1c. The
two modes have different symmetry in terms of the field

distribution, but both are well confined inside the metasurface.
We note that our metasurface acts as a cavity that stores
photons and achieves field enhancement inside the slab in the
vertical direction, although it does not have confinement along
the in-plane directions. We confirmed the field enhancement
inside the slab via RCWA simulation (Supporting Information
S3).

We then fabricated the metasurface and performed energy—
momentum spectroscopy at room temperature to measure the
angle-dependent reflectivity spectrum. The SEM of the
fabricated device is shown in Figure 1d. As shown in Figure
1b, the experimental result matches well with the simulation at
the left side, with the mode-splitting observed at k, = 0.6 um™".
The mismatch between the theory and simulation of the
dispersion at high momentum can be attributed to the
spherical aberration of the lenses in the optical setup. The
fact that a clear photonic dispersion is measured in the
momentum space clearly confirmed that we are measuring the
radiative GMR mode instead of the scattering light from the in-
plane guided mode, since the scattering light from the in-plane
guided mode would only have a random intensity distribution
in the momentum space.

We then fit the reflection spectrum R(®) at each k, value
through a functional form:*’
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Figure 3. (a) Back focal plane (BFP) image of the far-field emission. Different from the excitonic emission of a monolayer on a unpattern substrate,
the polariton emission shows a unique pattern due to the diffraction effect of the nanophotonic structures. (b) FDTD-simulated BFP image from
the same metasurface structure. (c) FDTD-simulated BFP image from a hexagonal photonic lattice.

R(Cl)) = RFano + RFP + Rb (1)

Here, Rg,,, is the Fano line shape resulting from the
interference of the GMR and the SiN slab mode:

(x + q)°
RFano = 10[1 - I:z—-i-ql] (2)
_E-E,
T Aw/2 3)

Here, I is the amplitude coefficient of the Fano resonance, g is
the asymmetry factor, E = fiw is the photon energy at angular
frequency of w, E, = fiw, is the photon energy at the cavity
resonance frequency @, and Aw is the full-width at half-
maximum (fwhm). Since both E; and Aw are in units of eV, x
becomes a unitless quantity. Rgp is a broad Fabry—Perot (FP)
interference background resulting from the reflection between
the SiN/SiO, interface and the SiO,/Si interface. We calculate
Rgp through the transfer matrix method* for the multiple thin
film structure (SiN/SiO,/Si). R, represents an ambient
background in the fit. Figure le shows an example fit for the
reflection spectrum at k, = 2.2 ym~'. Through the fit, the
resonance energy E, is extracted as 1.726 eV, the resonance Q
factor as ~143 (Aw = 12 meV), and q as —1.3.
Exciton—Polaritons in Hybrid WSe,-Metasurface
Structure. We transferred an hBN encapsulated WSe,
monolayer on top following the usual dry transfer process.*®
The hBN encapsulation improves the surface smoothness of
the WSe, and preserves the intrinsic narrow line width of the
WSe,.”” We then performed the energy—momentum spectros-
copy on the WSe,—SiN metasurface structure at 22 K. As
shown in Figure 2b, the GMR dispersion changed dramatically
when coupled with WSe, at the exciton wavelength (~715
nm). A clear anticrossing is observed in the range from k, = 1.5
um™" to k, = 3 um™". We fit the dispersion spectrum at each k,
value with the Fano line shape function to extract the
resonance wavelengths of the upper and lower polaritons. An
example fit spectrum at k, = 2.4 yum™" is shown in Figure 2c,
where two Fano line shapes appear, corresponding to the
upper polariton (UP) and lower polariton (LP). We note that
this spectrum is dramatically different from Figure le where
only one Fano resonance is measured as the cavity resonance.
For the spectrum shown in Figure 2¢ (at k, = 2.4 yum™"), the
resonance energy for the UP and LP is found as 1.718 and 1.74
eV, respectively, from the fitting parameters. We also observed

the anticrossing feature with another sample at 80 K
(Supporting Information S2).

Once the spectrum for each k-vector is fit and the
wavelengths of the UPs and LPs are extracted, we estimate
the loss and the interaction strength of the coupled system. We
use a dispersive coupled-oscillator model to fit the wavelength
of the LPB and UPB."

ECXC + iYexc g [a] [a)
=E
g By + it JB) AP )

Here, E,,. is the energy of the bare exciton and ¥, is its decay
rate. E ., is the energy of the bare cavity and y,,, is the cavity
decay rate; g is the coupling strength between the exciton and
the cavity, and E, represents the eigenvalues corresponding to
the energies of the polariton modes, which could be found as

cav exc

1
Epur = E[Eexc + E,, +i(r,, + 1.1

1
* \/gz + Z[Eexc - Ecav + i(yexc - 763‘,)]2 (5)

where @ and f construct the eigenvectors and represent the
weighting coeflicients of the cavity photon and exciton for each
polariton state, where lal* + |5I* = 1. The Hopfield coefficients
which indicate the exciton and photon fraction in each LP and
UP are given by the amplitude squared of the coeflicients of
eigenvectors (lal* and I4I%).

Since we measured E,, before the transfer of WSe, and
E;p up after the transfer, the independent parameters in our fit
are Yoo Eoo & and 7. During fitting, we shifted the cavity
resonance (E_,,) to account for the effect of the hBN and
temperature dependence of the cavity resonance. Through the
fitting, we extracted E . = 1.728 €V, ¥, = 6.1 meV, 7, = 8.3
meV, and g = 9.1 meV. We also calculated the Rabi splitting

hQp = 2\/g2 - i(}/m - 7cav)2 = 18 meV. This value is of

the similar magnitude of the values reported using one-
dimensional photonic lattice.*”*' To further confirm the
exciton—polariton physics, we have numerically calculated the
dressed modes dispersion within a quantum theoretical
approach based on guided-mode expansion®® (Supporting
Information S6). We obtained an exciton—photon coupling
energy ¢ = 11.5 meV, i.e, a Rabi splitting ~ 23 meV when
assuming f/S (oscillator strength per unit surface of the TMD
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Figure 4. (a) Slab thickness-dependent Rabi splitting and normalized E field. The results indicate that a slab thickness ~100 nm would be the
optimal thickness for enhancing the light—matter coupling strength in our platform. (b) The effect of the duty cycle of the hole in the meta-atom to
the polariton decay rate. A small duty ratio would effectively suppress the polariton decay rate into the free space. (c) A unique W-shape polariton

dispersion in our platform (the white dashed line).

monolayer) as the only input parameter, in remarkably good
agreement with the values above.

We then compared the dissipation rate with the interaction
strength to confirm that we are indeed in the strong-coupling
regime. The conditions to reach strong coupling are

8> Woe = Yel/2a0d g > (Yor” + Vo)) /2 6)

Clearly, the extracted parameters (Yo = 6.1 meV, y.,, = 8.3
meV, and g = 9.1 meV) satisfy above two criteria. We also
measured photoluminescence (PL) and observed the anti-
crossing in PL (Figure 2b). The PL is brighter at LPB than at
UPB as expected from the thermal equilibrium condition.>”
We then calculated the angle-dependent Hopfield coefficient
(a and f) from the coupled-oscillator model (eq 4). Figure 2e
shows the Hopfield coefficients of the LPB. The LPB is more
photon-like for k, < 2.4 ym™ and more excitonic-like for k, >
2.4 pm™,

Finally, we validate the experimental results with the
numerical simulation. In the RCWA simulation, we added a
monolayer of WSe, (thickness = 0.7 nm) on top of the SiN
meta-atom to simulate the reflection/absorption spectrum of
our WSe,-metasurface structure (details in the Supporting
Information S3). As shown in the left panels of Figure 2b and
Figure 2f, our simulated reflection and absorption spectra show
good agreement with the experimental reflection and PL
spectra (right panels of Figure 2b and Figure 2f).

The nanopatterned subwavelength structure can also
produce a directional polariton emission in the far-field.
Here, we focus on the emission from the lower polariton since
it is significantly brighter than the upper polariton. A 720 nm
long-pass filter is placed at the collection path to block the
signal from the pumping beam and the upper polariton. Figure
3a shows the back focal plane image of the spatial distribution
of the collected signal. Different from the emission pattern of
an in-plane exciton on an unpatterned substrate,”’ the
polariton emission shows a unique pattern. The metasurface
diffracts the PL signal directionally along k, and k, axis. We

also simulate the diffraction pattern in FDTD simulation
(Figure 3b; details in the Supporting Information SS). The
circumference of each figure represents the numerical aperture
of the objective lens in the momentum space (NA = 0.6). We
observe qualitative agreement between the experiment and
simulation. We notice that the intensity of the diffraction
pattern around the circumference is weaker than the
experiment. This discrepancy comes from the fact that in
simulation we are averaging the diffraction pattern for each
wavelength inside the emission range assuming all wavelengths
have identical intensity. However, in the experiment the
monolayer PL emission intensity at different wavelengths is
different. Interestingly, if we change the lattice into hexagonal,
the simulated far-field emission pattern dramatically changes
into a star shape (Figure 3c). Such ability to tailor the far-field
emission pattern could be useful for polariton light-emitting
devices.

Meta-optical Engineering of the Exciton—Polariton. A
unique property of our metasurface-based EP is the ability to
engineer the Rabi splitting, the polariton dispersion, and the
far-field emission pattern by exploiting the large number of
degrees of freedom offered by the nanopatterned photonic
structures. Here, we systematically study how the properties of
the EP can be tailored by engineering the optical meta-atoms.

We first study the effect of the metasurface thickness to the
light—matter interaction strength. Different from the tradi-
tional DBR-sandwiched monolayer platform, the WSe, is
evanescently coupled with the metasurface. Hence, the light—
matter coupling strength (g) is proportional to the electric field
at the surface of the meta-atoms (calculated surface field
shown in Figure 4a; details in the Supporting Information S4).
The surface field amplitude slightly increases as the thickness
increases from 65 to 100 nm and then decreases with the
further increase of the slab thickness. The results indicate a
slab thickness of ~100 nm would be the optimal thickness for
enhancing light—matter coupling in our platform. To further
validate our result, we simulated the Rabi splitting of the WSe,
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coupled with the meta-atom with various thicknesses via
RCWA simulation. The period of the meta-atom is adjusted
while the thickness is changed to match the photonic
resonance to the WSe, exciton wavelength (715 nm). The
trend of the Rabi splitting qualitatively matches with the trend
of the normalized surface electric field (Figure 4a).

We then explored the effect of the duty cycles of the hole
(defined as the ratio of the hole diameter to the lattice
periodicity) to the polariton decay rate. We simulated the
photon decay rate as a function of the duty cycle with a fixed
period and found that the decay rate increases when the hole
size becomes larger (Figure 4b). Using the photon decay and
experimentally extracted exciton decay rate, we calculate the
polariton decay rate and find that the decay rate is suppressed
with a small duty cycle. More advanced subwavelength
engineering of the meta-atom could further dramatically
suppress the polariton decay.’!

We then analyzed the effect of the polarization and the
periodicity in the EP system. Different from 1D photonic
lattice, the s and p polarizations are degenerate at normal
incidence (k, = 0) due to the intrinsic symmetry of our
metasurface. This degeneracy is lifted with gradually increasing
the k value. Such degeneracy would allow the study of valley-
polariton.'® Figure S5 in the Supporting Information shows the
reflection spectrum of the s and p polarization of the
metasurface before integrating it with the monolayer. A rich
cluster of dispersion behavior, including linear, parabolic, and
W-shape dispersion, is supported in the momentum-space of
the EP system. The various slopes of dispersion favor future
study of our EP platform both in the high and slow group-
velocity re§ime, with application in ballistic propagation of
polaritons®” and Bose—Einstein condensation.”’ Figure 4c
shows the simulated absorption spectrum of a hybrid structure
(Supporting Information S3), where the coherent coupling of
the exciton to a “W-shaped” dispersion is observed (the white
dashed line), with applications in the future study of the
momentum-space Josephson effect®” and micro-optical para-
metric oscillation.®

In conclusion, we demonstrated EPs in atomically thin WSe,
strongly coupled to the GMR in a SiN metasurface. The strong
coupling regime is probed via energy—momentum spectros-
copy on the WSe,-metasurface sample, and a coherent light—
matter interaction strength of ~18 meV is measured. Finally,
we showed that the Rabi splitting, the polariton dispersion, and
the far-field emission pattern could be tailored by subwave-
length-scale engineering of the meta-atoms in the metasurface.
Our platform opens the door for the future development of
novel EP devices by advanced meta-optical engineering.

B METHODS

Metasurface Fabrication. The metasurface is fabricated
on 130 nm of LPCVD SiN grown on 1 um of oxide on 500 ym
of silicon substrate. We spun coat ZEPS20A resist on it and
patterned using a JEOL JBX6300FX with an accelerating
voltage of 100 kV. The pattern was transferred to SiN using an
inductive-coupled plasma etching in CHF3/SF6 chemistry.
The ZEPS520A resist is later stripped off by organic solution.

Energy—Momentum Spectroscopy. The schematic of
the optical setup is shown in the Supporting Information for
the reflection measurement. The white light source is sent
through a beam splitter and focused onto the sample by an
objective lens (NA = 0.6). The image of the reflective light at
the back focal plane of the objective lens is then sent into the

spectrometer. The slit at the entrance of the spectrometer
(Princeton Instruments, PIXIS CCD with an IsoPlane SCT-
320 imaging spectrograph) acts as a spatial filter that only
passes the signal with k, = 0 pum~'. The grating inside the
spectrometer then disperses the signal (k,, k,=0 um™) to the
two-dimensional CCD sensor. The dispersion of the metasur-
face along the (k,, 0) direction is detected through the CCD,
where the x-axis is the k, wavevector and the y-axis is the
wavelength. For the PL measurement, the white light source is
replaced by a pumping laser (633 nm), and a 700 nm long pass
filter is placed in the collection path to block the pumping
laser.

Numerical Simulation. Three numerical simulation
methods are used in this paper. Rigorous coupled-wave
analysis (RCWA) simulation is used to simulate the angle-
dependent reflection/absorption of both the metasurface
sample and WSe,-metasurface sample. We use the RCWA
package (S4) developed by Stanford University.*® Figures 1b,
Ic, 2b, 2¢, and 4c are the simulation results obtained by the
RCWA simulation. The details of the RCWA simulation are
discussed in the Supporting Information. A finite-difference
time-domain (FDTD) solver from Lumerical Inc. is used to
generate the far-field emission plot in Figures 3b and 3c. The
details of the FDTD simulation are shown in the Supporting
Information. Finite Element Methods via COMSOL Multi-
physics software is used to solve for the Bloch eigenmodes and
related results in Figure 4a and 4b. Finally, a quantum theory
of exciton—photon coupling in a metasurface slab is employed
in connection with a guided-mode expansion method to
calculate the Rabi splitting from first principles. Details of all
the simulation methods employed are given in the Supporting
Information.
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