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ABSTRACT: Metasurfaces allow light to be manipulated at the
nanoscale. Integrating metasurfaces with transition metal dichalcoge-
nide monolayers provides additional functionality to ultrathin optics,
including tunable optical properties with enhanced light—matter
interactions. In this work, we demonstrate the realization of a
polaritonic metasurface utilizing the sizable light—matter coupling of
excitons in monolayer WSe, and the collective lattice resonances of
nanoplasmonic gold arrays. We developed a novel fabrication method
to integrate gold nanodisk arrays in hexagonal boron nitride and thus
simultaneously ensure spectrally narrow exciton transitions and their
immediate proximity to the near-field of array surface lattice
resonances. In the regime of strong light—matter coupling, the
resulting van der Waals metasurface exhibits all key characteristics of lattice polaritons, with a directional and linearly polarized far-
field emission profile dictated by the underlying nanoplasmonic lattice. Our work can be straightforwardly adapted to other lattice
geometries, establishing structured van der Waals metasurfaces as means to engineer polaritonic lattices.
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Itrathin optical components known as metasurfaces have transitions,'**° with recent demonstrations of resonance

the potential to strongly impact modern optics by tuning of atomically thin lenses,”’ separation of valley
offering new functionality and unprecedented compactness. excitons,”” and strong light—matter coupling with dielec-
Comprised of periodic arrays of subwavelength nanostructures, tric>™** and plasmonic cavities.”*”** However, integrating
metasurfaces modulate the amplitude, phase, or polarization of TMDs with plasmonic nanostructures without compromising
incident light.l_3 Plasmonic metasurfaces consisting of metallic the optical quality of pristine TMD monolayers is challenging,
nanostructures provide strong field enhancement and have as they exhibit a strong sensitivity to strain®’ and dielectric
been used to introduce abrupt phase changes,” create disorder*” due to their two-dimensional nature.
holograms,” and realize ultrathin lenses.” While the localized The prime strategy for reducing the detrimental effects of
surface plasmon resonances of individual nanoparticles suffer strain and environmental disorder on the optical properties of

TMD monolayers is provided by encapsulation between layers
of hexagonal boron nitride (hBN) that ensure an atomically
flat and clean dielectric environment.>’ However, an hBN
spacer between the TMD and the plasmonic nanoparticles

from dephasing and dissipative losses, periodic arrays of such
nanoparticles with lattice constants in the order of the
wavelength allow to couple the plasmon resonance to the

diffractive orders of the lattice, giving rise to collective surface

lattice resonances (SLRs) with quality factors exceeding 2000 would prevent immediate proximity to the near-field and thus

at telecom wavelengths’ and geometry-specific, angle-depend- reduce the coupling strength significantly. To date, this caveat

. . 8,9 has not been resolved in coupled exciton-plasmon systems,
ent dispersions.

Van der Waals semiconductors are ideal building blocks for

adding new functionality to metasurfaces due to their rich Received:  April 29, 2024
optical properties,® intrinsic two-dimensionality and ease of Revised:  July 16, 2024
integration by viscoelastic stamping.' Monolayers of transition Accepted:  July 17, 2024

metal dichalcogenides (TMDs) are particularly appealing due Published: August 6, 2024

to direct bandgaps,'>"” large exciton binding energies," "> high -
oscillator strengths,'®'” and valley-selective chiral optical
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Figure 1. Plasmon—exciton—polariton van der Waals metasurface. a, Illustration of the metasurface and the near-field of the plasmonic surface
lattice resonance. The sample consists of a TMD monolayer sandwiched between two hBN flakes, with a gold nanodisk lattice embedded in the top
hBN layer. b and ¢, Atomic force micrographs of the top and bottom sides of a gold nanodisk array imprinted in hBN. The bottom side was
measured with the hBN lattice flake on a PDMS/PCL stamp. d, Height profiles of individual gold nanodisks indicated by the black and green lines
in b and c. e, False-color optical micrograph of the sample, with dashed lines indicating the lattice and the WSe, monolayer.

realizing either direct contact between plasmonic nanostruc-
tures and TMD monolayers void of hBN encapsula-
tion”*?%**73° and thus subject to compromised optical
quality, or using hBN-encapsulated monolayers on plasmonic

36—38 _ . . .
nanostructures without immediate access to the near-

field.

In this work, we demonstrate strong coupling in a TMD-
based plasmon-exciton-polariton metasurface utilizing a novel
fabrication method. The approach we developed allows to
integrate a gold nanodisk array directly into an hBN layer, and
thus realize a van der Waals metasurface with immediate
proximity between the near-field of the nanoplasmonic array
and the TMD monolayer preserving the benefits of hBN-
encapsulation. Both aspects of the integrated system ensure
strong coupling between the TMD monolayer exciton and the
SLR of the plasmonic nanodisc array, giving rise to plasmon-
exciton-polaritons with large Rabi splitting and effective
polariton dispersion conditioned by the geometry of the
plamonic lattice. Consistently, the resulting emission profile of
the lower polariton branch is strongly modified as compared to
the emission characteristics of uncoupled monolayer excitons,
exhibiting narrow-angle directional light emission with high
degree of linear polarization, as dictated by the SLRs of a
square lattice.

Our van der Waals metasurface, illustrated in Figure Ia,
contains a WSe, monolayer synthesized by chemical vapor
deposition™ and high quality hBN-layers on both sides. In the
top hBN layer, we incorporated a plasmonic gold nanodisk
array by dry-etching through-holes into hBN and filling them
with gold (details in the Methods). Atomic force micrographs
of the top and bottom sides of the hBN layer with the
imprinted gold lattice are shown in Figure 1b and ¢, and the
linecuts of the respective height profiles in Figure 1d. Clearly,
the bottom side with a change in height of around 1.5 nm
(while suspended on the stamp) is significantly smoother than
the top side, where individual gold disks reach out above the
hBN-surface by as much as ~25 nm. An additional key
advantage of the bottom surface for further integration with
the TMD monolayer is the fact that it was not directly exposed
to any processing. Placing the bottom side on top of the TMD
monolayer thus results in a flat and clean interface with
immediate proximity to the near-field of the plasmonic SLRs.
Moreover, the robustness of the lattice and adherent TMD
allows consecutive pickup of the couPIed system from the
substrate via the hot-pickup technique, ! as confirmed by the
optical micrograph of the van der Waals heterostructure shown

in Figure le. Subsequently, the stack was deposited on the
terminating bottom hBN-layer on a glass substrate.

First, we determined the dispersion of the bare gold lattice in
hBN using differential reflectance (DR) spectroscopy with data
in Figure 2a and b. The geometric model of the diffractive
orders of the SLRs,” illustrated in Figure 2f for momentum
along the k, axis, identifies the four lowest diffractive orders
(+1,0) and (0, +1) of the SLRs. For the square lattice, linearly
polarized excitations couple either to the (+1, 0) or (0, +1)
diffractive orders, which show degenerate hyperbolic (Figure
2a) or nondegenerate linear (Figure 2b) energy dispersions
depending on the combination of linear polarization and k-
space detection axes. With the k-vector of the SLRs given by
ksir = kpo + kyj, the energy dispersion is given by’

2 2
ESLR(kx) ky) = E\/(Zn—ﬂ- + kx) + (Zmﬂ + ky)

g a a

(1)

with the lattice constant a, diffractive orders (n, m), and
effective refractive index n.¢. In the long-wavelength limit at k
=0, Ag g ® nga. By fitting eq 1 to the dispersions measured at
different positions on the uncoupled lattice and averaging over
an area of ~400 um?, we determined n.4 = 1.517 + 0.007 and
Egr = 1.70 & 0.01 eV at k = 0. The best-fit procedure also
yields the half-width at half-maximum linewidth of the
inhomogeneously broadened Gaussian SLR in phase-corrected
DR (obtained using the Kramers—Kronig relation) as yg g = 27
meV, much narrower than for localized surface plasmons at the
same energy”® and corresponding to a quality factor of 32.

In sample regions of the van der Waals metasurface, strong
coupling between the plasmonic SLRs and the bright
monolayer exciton X gives rise to exciton-polaritons, with the
energy dispersion of the upper (Eyp) and lower (E, ;) polariton
branches given by (see the Methods for details)

Eqp + Ex — i(y = %)
2

1
+ \/gz B Z[Ex = Egun = il = 1507
(2)

where Ey and yx are the exciton energy and half-width at half-
maximum linewidth, respectively, and g denotes the light—
matter coupling strength. Representative experimental dis-
persions of the coupled system, recorded in DR spectroscopy,
are shown in Figure 2c and d.

EUP,LP(kx) ky) =
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Figure 2. Momentum-resolved lattice and polariton dispersions. a and b, Hyperbolic and linear dispersions of the (+1, 0) SLRs of the
uncoupled lattice in differential reflectance (DR) with linear excitation along Y and detection along k, and k,, respectively. Solid (dashed) lines
indicate the fitted dispersions (linewidth of yg x = 27 meV). c and d, DR polariton dispersions with linear excitation along Y and detection along k,
and k,, respectively. The SLRs (green), bare exciton energy (yellow), and fitted polariton branches (cyan) are overlaid. Dashed cyan lines in ¢
indicate the lower polariton linewidth y; p. The light—matter coupling strength g was determined as 25 meV from the best fit. e, Three-dimensional
plot of the plasmon-exciton-polariton energy dispersion of the Y-polarized SLR branches with (+1, 0) diffractive orders, according to eq 2. f,
Reciprocal lattice of a square lattice with in-plane k-vector kj along k,. The four lowest diffractive orders (+1, 0) and (0, +1) as well as linear
polarization along X and Y are indicated. g—i, Two-dimensional projections of the dispersion in e for E = 1.684 eV (g), k, = 0 (h), and k,=0 (i),
with panels h and i corresponding to ¢ and d, respectively.

By fitting eq 2 to the polariton dispersions recorded on and incoherent processes, our polaritonic system clearly fulfills
different positions and averaging over an area of ~300 ym* of the common criteria for strong coupling, g > lyx — ys.pl/2 and
the metasurface, with the exciton linewidth yx = 3.5 meV Q> yy + ygp oM
determined from Lorentzian fits to the phase-corrected DR on With this quantitative understanding of the polaritonic van
a monolayer region, we found g = 25 + 2 meV for the light— der Waals metasurface, we inspect its emission characteristics
matter coupling strength, n.e = 1.513 & 0.005 for the effective with momentum-resolved photoluminescence (PL) spectros-
refractive index, and Ex = 1.731 + 0.003 eV for the exciton copy. The respective data in Figure 3a include contributions
energy in the metasurface region. The corresponding three- from both the strongly coupled monolayer excitons forming
dimensional plot of the upper and lower polariton branches lattice polaritons and their uncoupled counterparts. To begin
formed by the Y-polarized (£1, 0) diffractive orders is shown with the latter, we first note that the spectrum of the bare WSe,
in Figure 2e for the square lattice geometry defined in Figure monolayer is known to be rich: in addition to the fundamental
2f, and the respective two-dimensional projections in Figure exciton X which strongly couples to SLRs to form the upper
2g—i. The fitting procedure yields a Rabi splitting €2 of 44 + S and lower polariton branches, we observe the PL of the
meV (see the Methods for details) for the strongly coupled biexciton XX**™*° and the spin-forbidden dark exciton D,***’
light—matter system, much larger than previously reported for red-shifted from X by 19 and 43 meV, respectively. Additional
polaritons in a TMD monolayer coupled to a dielectric contributions to zero-momentum dipolar PL include the
metasurface.”> Given the numbers for the competing coherent negative trion doublet Xi and X, with 6 meV exchange

10092 https://doi.org/10.1021/acs.nanolett.4c02043
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Figure 3. Momentum-resolved photoluminescence. a, Momentum-dispersed PL from the metasurface region, recorded with laser excitation at
1.87 eV along Y, shown together with the hyperbolic and linear dispersions of the upper and lower polariton branches E;pp (solid cyan lines) and
the inhomogeneous broadening y;, of the hyperbolic lower polariton (dashed cyan lines). Note the different intensity scales in the top and bottom
parts for better visualization of the upper polariton branch PL. b and ¢, Momentum-space PL images of the phonon sideband M, on a bare WSe,
monolayer with Gaussian emission profile in both linear and circular polarization bases. The excitation was linear along Y (#Y) or circular (o+) and
the detection was co-polarized, as indicated in each panel. d and e, Same but for the metasurface in the energy range delimited by white dashed
lines in a. f and g, Degrees of linear and circular polarization, P; and Pg, of the bright exciton X in monolayer WSe,. h and i, Same but for the lower
polariton branch of the metasurface, with dispersions of the four lowest diffractive orders shown by solid lines in h.

splitting,** visible in our sample on both bare and coupled
monolayers without corresponding signatures in differential
reflectance, which is consistent with low residual doping.
Finally, momentum-indirect excitons contribute with a series
of PL sideband peaks labeled as M, through M;. The
assignment of M; at 33 meV red-shift remains ambiguous,
with direct PL emission from momentum-indirect KK'**~>" or
a phonon sideband of KQ excitons” as possible origins. The
peaks M, and M, at 50 and 59 meV red-shifts are consistently
attributed to phonon sidebands of momentum-indirect KK’
excitons. """

To place emphasis on the emission characteristics of the
polaritonic metasurface, we select an energy range of 4 meV
centered at 1.683 eV. This energy range, slightly below the
lower polariton maximum intensity, is void of any dipole-active
transition of the bare monolayer. Note that even though M, is
included in this spectral window, it has no means of coupling
to the SLRs due to its momentum-indirect origin as phonon
sideband with vanishingly small oscillator strength. Therefore,
it contributes to the momentum-resolved PL characteristics its
monolayer-specific background of out-of-plane dipolar emis-
sion, shown in Figure 3b and c. The structured emission
profiles in Figure 3d and e, in contrast, are dominated by the
characteristics of the metasurface lower polariton, exhibiting
strong momentum narrowing and sensitivity to linear polar-
ization. Under linear excitation and co-polarized detection, we
observe a linearly polarized, directional far-field emission
profile (Figure 3d), with a large fraction of the emission
constrained to small angles of up to 12° at maximum k,. Under
circularly polarized excitation and detection, both sets of
linearly polarized branches with orthogonal orientation are
observed simultaneously (Figure 3e).

Clearly, the directional narrow-angle emission of the
metasurface lower polariton is imprinted by the SLRs of the
underlying nanoplasmonic square lattice (cf. Figure 2g). It also
dictates the polarization characteristics of the coupled system,
that is strongly modified as compared to the bare monolayer

exciton transition. This effect is highlighted best by the direct
comparison of the respective degrees of linear and circular PL
polarization Py and P, determined from polarization-resolved
PL as PL/C = (Ico - Icross)/(Ico + Icross)) where Ico/cross are the
co/cross-polarized PL intensities. The monolayer WSe,
exciton X is known to exhibit high degrees of valley coherence
and polarization,'”**~>° quantified by the respective degrees of
linear and circular polarization of dipole-characteristic emission
profile in Figure 3f and g As the emission of the lower
polariton branch is not dipolar but dictated by the underlying
lattice, its degree of linear polarization in Figure 3h is highly
structured in momentum space (reaching values of up to 60%),
as anticipated from the dispersions of the four lowest
diffractive orders shown by the solid lines. The same
dispersions are also evident in Figure 3i as lines of vanishing
degree of circular polarization on a weak background of finite
P. stemming from M, PL within the spectral window of
integration.

In conclusion, our work establishes lattices of exciton-
polaritons by strong coupling of the fundamental TMD
monolayer exciton to the collective modes of nanoplasmonic
arrays. The absorption of the strongly coupled system exhibits
polariton characteristics imprinted by the lattice, substantiating
the system as a polaritonic metasurface with narrow-angle,
directional and linearly polarized far-field emission profile.
Replacing nanodiscs by chiral nanostructures would utilize the
peculiar valleytronic properties of TMD monolayers for
applications in opto-valleytronics.**™** Clearly, our fabrication
method, that ensures both the integrity of TMD monolayer
exciton resonances and their coupling to the near-field of the
plasmonic SLRs, is not limited to square lattices. It can be
straightforwardly adapted to other lattice geometries to provide
a complementary approach to the engineering of collective
effects in purely photonic lattices,”” with a wide range of
applications emulating exotic many-body phenomena such as
Anderson localization®® or topological insulators.®'
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B METHODS

Sample Fabrication. The design of the gold nanodisk
array with a lattice constant of 480 nm, disk diameters of 70
nm, and the height of 42 nm matching the hBN thickness was
optimized in simulations with the finite-difference time-domain
method (software Lumerical). The thickness of the second
hBN layer was optimized for spectral resonance of the SRL and
the bright exciton X in monolayer WSe,. High-quality WSe,
monolayers were synthesized by in-house chemical vapor
deposition,® and hBN flakes were exfoliated from bulk crystals
(NIMS). Gold nanodisk arrays embedded in hBN were
fabricated by employing electron-beam lithography (EBL)
and inductively coupled plasma (ICP) etching. A square array
of nanodisks with a diameter of 70 nm was defined via EBL
using PMMA 950 K resist with a thickness of 200 nm and a
dose of 500 uC/ cm?. Through-holes were etched into the hBN
via ICP. The plasma was generated by S sccm of Ar and 10
sccm of SFy at a constant chamber pressure of 10 mTorr.
Setting the ICP power to 70 W and the RF power to 6 W
yielded a controlled etch rate of 0.6 nm/s. After etching, a gold
film matching the thickness of the hBN layer was deposited via
electron-beam evaporation. The hardened resist was lifted-off
in acetone and isopropanol, and remaining residues were
removed in an O, asher.

For the assembly of the van der Waals metasurface, we used
a dry stamping method with a polydimethylsiloxane (PDMS)
droplet on a glass slide as stamp base, covered with a thin film
of Poly(Bisphenol A-carbonate) (PC, Sigma-Aldrich) or
polycaprolactone (PCL, Sigma-Aldrich). We created the PC
(PCL) film by dispersing a solution of polymer dissolved in
chloroform (tetrahydrofuran, THF) at a mass percentage of
8% (15%). A 4 nm bottom hBN flake was picked up with a PC
stamp at 50 °C, released onto a glass substrate at 195 °C, and
cleaned in chloroform, acetone, and isopropanol. For the pick-
up of the hBN flake with the incorporated gold lattice, a PCL
stamp was used. We started the process at 30 °C and heated up
to 57 °C to cover the entire flake with the stamp. After cooling
down to 30 °C, we lifted the flake with the embedded lattice
off the substrate and released it onto a WSe, monolayer at 75
°C, followed by cleaning in THF, acetone, and isopropanol.
Finally, a PC stamp was used to pick up the stack at 115 °C,
followed by release onto the bottom hBN flake at 195 °C. The
sample was cleaned in chloroform, acetone, and isopropanol
and annealed in ultrahigh vacuum for 15 h at 200 °C to
remove trapped air and residues.

The atomic force micrographs of the top and bottom sides
of the hBN flake with incorporated gold lattice, shown in
Figure 1b and ¢, were measured using the standard tapping
mode height measurement. The top side was measured after
the fabrication of the gold lattice, while the bottom side was
measured while the flake was face down on the PDMS/PCL
stamp before picking up the TMD monolayer.

Optical Spectroscopy. Cryogenic DR and PL spectros-
copy were performed in backscattering geometry in a closed-
cycle cryostat (attocube systems, attoDRY800) with a base
temperature of 4 K. To position the sample with respect to a
low temperature apochromatic objective (LT-APO/633-
RAMAN/0.81), we used piezo-units (attocube systems,
ANPx101, ANPz101, and ANSxyl00). Angle-resolved DR
and PL spectra were recorded with a lab-built Fourier imaging
setup in 4f and telescope configuration employing four
achromatic doublet lenses (Edmund Optics, VIS-NIR with

focal lengths of 750, 750, 400, and 150 mm) and including a
dove prism to rotate the Fourier image. The angle-resolved DR
data of Figure 2 was acquired with linearly polarized excitation
and detection (using linear polarizers in both excitation and
detection pathways), while the angle-resolved PL of Figure 3a
used linear polarized excitation but unpolarized detection
(linear polarizer only in the excitation pathway). The signal
was dispersed by a monochromator (Teledyne Princeton
Instruments, IsoPlane SCT320), with a 300 grooves/mm
grating and detected by a Peltier-cooled CCD (Teledyne
Princeton Instruments, PIXIS 1024). Narrow-energy momen-
tum-space images were recorded by turning two tunable filters
(Semrock 790 nm VersaChrome Edge tunable Shortpass and
Longpass Filters) at zero-order spectrometer grating and an
open slit. The conversion of camera pixel to wavevector in 1/
ym was obtained via the size of the illuminated area on the
CCD and using the relation kj = ksin(®) with the maximum
angle © given by the numerical aperture of the objective, and
ko = 2a/A. For both DR and PL measurements, we used a
pulsed supercontinuum laser (NKT Photonics, SuperK with
Varia). DR was defined as DR = (R — R,)/R,, where R was the
reflactance from the sample and R, was the reference
reflectance from a region containing only hBN. PL was excited
at 662 + S nm and 20 uW.

Plasmon-Exciton-Polariton Dispersion. The exciton-
polariton dispersion was obtained from the coupled oscillator
model®” with the Hamiltonian:

Ex —iy, g
H= )
8 ESLR - lySLR (3)

Diagonalization yields the well-known energy relation for the
upper and lower polariton branches given by eq 2 in the main
text. The Rabi splitting Q, defined as®

1
Q= 2\/g2 - Z(YX - VSLR)Z

(4)

was determined experimentally as 44 + S meV. The linewidth
of the lower polariton branch is given by

fp = X7 +1CPp ()
where X and C are the Hopfield coefficients®
PG R | Sl S
2 | \/Q + (Egir — Ex) | (6)
|C|2=l1— ZESLR_EX a
2 ] \/Q + (Esir — Ex)” | (7)

and shown as dashed cyan lines in Figures 2¢ and 3a for the
hyperbolic polariton dispersion.
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