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ABSTRACT. Monolayer transition metal dichalcogenides (TMDs) are essential to the scaling
down of light-emitting devices to the nanoscale. But the spatial manipulation of their emission at
the deep subwavelength scale has remained challenging, limiting their applications in compact
directional lighting systems. Here, we present an experimental demonstration of directional and
azimuthally polarized excitonic emission from monolayer Tungsten Diselenide (WSe;) integrated
with deep sub-wavelength Tungsten Disulfide (WS) circular gratings. For such nanoscale
heterostructures, the high refractive index of WS: enables the existence of guided mode resonances
in annular gratings with thicknesses down to the A/50 length scale. As such, the excitonic
photoluminescence from WSe> couples into the guided mode resonances of WS, nanostructures
and radiates as an azimuthally polarized and symmetric beam in the momentum space. Such ring-
shaped exciton emission at the deep sub-wavelength scale provides more possibilities to

miniaturize functional light-emitting devices for azimuthally isotropic illumination.
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Monolayer transition metal dichalcogenides (TMDs) are atomically thin direct band gap
semiconductors with tightly bound excitons.! Due to the quantum confinement effect and
associated reduced dielectric screening, monolayer TMDs possess distinctive excitonic emission
properties which are normally absent in conventional semiconductors. In addition to this,
monolayer TMDs can be freely transferred between different substrates through interlayer Van der
Waals forces, forming heterostructures that can potentially serve as ultrathin light sources in
various photonic platforms.*® However, the atomically thin nature of the monolayer TMDs also
leads to relatively weak light-matter interaction, such that it is challenging for the monolayer
TMDs alone to manipulate the 2D excitonic emission properties. In consequence, the 2D excitons
in the atomically thin TMDs lack emission directionality,® which limits their practical applications
in free space communications,'? optical sensors,!! optical microscopy,!? etc. Recent progresses on
dielectric photonic crystal (PhC) slabs and metasurfaces have shown that such photonic
nanostructures can produce photonic modes with specific angular momentum dispersion, which
can be utilized to effectively redistribute the excitonic angular emission of monolayer TMDs.% 13
However, due to the low refractive index nature of conventional diclectric materials, these
nanostructures usually require a large thickness to support the photonic modes, increasing the
thickness of the entire device to hundreds of nanometers despite the atomically thin nature of the

monolayer TMDs® 1315,

For multi-layer TMDs (i.e. TMD thin films), the materials become indirect band gap
semiconductors as a result of thickness dependent electronic band structure evolution.' !¢ Though
lacking of strong luminescence, TMD thin films still exhibit large exciton oscillator strengths and
very high refractive indices (>4) below the exciton resonance, which is desirable for enhancing

light-matter interaction in ultrathin photonic nanostructures down to a few atoms thick (Fig. S1).!”



20 Leveraging the high refractive index of excitonic TMDs, we recently demonstrated room
temperature exciton-polaritons in Tungsten Disulfide (WS2) PhC on glass. In this work, the PhC
thickness is pushed down to 10 nm length scale, which is below the typical cut-off thickness for

resonators made out of conventional materials while preserving a strong confinement of light. '

To this end, we herein present Van der Waals heterostructures consisting of ultrathin WS,
circular gratings integrated with monolayer Tungsten Diselenide (WSe;) to manipulate the
polarization and momentum of the WSe: exciton emission. Due to the high refractive index of
WS, the excitonic emission from WSe: is efficiently coupled to the guided mode resonances of
the WS circular gratings whose thickness is on the order of A/50. '® Meanwhile, the cylindrical
symmetry of the WS circular gratings gives rise to an azimuthally isotropic angular momentum
dispersion, which redistributes the WSe; exciton emission into azimuthally polarized ring-shaped
beams with the emission wave vectors propagating on a cone.’!">* By tuning the angular
momentum dispersion of the WS: circular gratings, we can tailor the radius and order of the
emission ring in the momentum space to achieve unidirectional and high order ring-shaped
excitonic emissions. Such azimuthally isotropic excitonic emission fully based on TMDs may have
potential applications in ultra-compact vertical emitting light sources with azimuthally isotropic

beam properties** .

RESULTS AND DISCUSSION

As schematically shown in Fig. la, we constructed the circular gratings with a set of
concentric WS, rings on silica substrate (see METHODS for more details). The thickness (h) of
the WS gratings is in the range of 15 nm~25 nm, which equals to ~1/50 of the operation

wavelength (A~750 nm) (Figs. 1b-c). Due to the high refractive index engendered by excitons, the



WS nanostructures can still support guided mode resonances at the deep subwavelength thickness
scale. The cylindrical symmetry nature of concentric rings enables azimuthally isotropic
momentum dispersion, which can be used to achieve ring-shaped emission with axisymmetric
wave vector distribution. When a point light source is placed in the center of the circular gratings,
light is coupled into the guided mode resonances propagating along the radial direction and
scattered by the concentric circular Bragg gratings at an angle (see Note S1 in the Supporting
Information for more details).'® ! As such, the wave vectors of the emitted light can be distributed
into a cone, forming an ring-shaped beam in the momentum space (i.e. k-space) (Fig. 1a)."" In
addition, by controlling the width (w) and radial period (A) of the rings, we can utilize one or
several guided mode resonances to generate the first or higher order ring-shaped beams,
respectively. Take the WS; circular gratings shown in Fig. 1b-c for example, the gratings radial
period is 450 nm which only supports the first order guided mode resonance. Therefore, the
emission wave vectors for this sample can propagate on a single cone, forming the first order ring-

shaped beam (Fig. 1a).

To understand the ring-shaped emission mechanism for 2D excitons, we first studied the
momentum dispersion of the WS; circular gratings. To this end, we treated the exciton emission
of WSe: as a broad band point source in the center of the WS, circular gratings (Fig. 1a). We then
calculated the wavelength dependent far field emission patterns by projecting the near field profiles
to the Fourier planes (see METHODS for more details). As can be seen in Fig. 2a, the projection
of the light emission in the Fourier plane at A=820 nm exhibits a single ring-shaped pattern due to
the inherent axisymmetric property of the circular gratings structure (kx/ko and ky/ko in the
momentum space are related to angles between the emission direction and axes in the real space)

(Fig. 1a). In addition to this, due to the highly dispersive guided mode resonances, the ring diameter



on the Fourier plane is wavelength dependent. When the emission wavelength is decreased from
A=820 nm to A=760 nm, the ring diameter is reduced to zero, leading to the unidirectional emission
at the normal direction (Fig. 2a). By further decreasing the emission wavelength to A=690 nm, a
ring-shaped pattern appears again (Fig. 2a). To understand this behavior, we extracted line cuts
along kx/ko=0 from the Fourier images at every wavelength to construct a momentum dispersion
map. As can be seen in Fig. 2b, there are two sets of highly dispersive bands with the symmetry
about ky/ko=0 in the spectral range from A=650 nm to A=850 nm. For a horizontal line cut at a
certain wavelength in the momentum dispersion map, the distance between the two peaks
corresponds to the diameter of the ring on the Fourier plane. For the upper bands, the diameter of
the emission ring in the momentum space increases with the wavelength, and vice versa for the
lower bands. At A=760 nm, the diameter of the ring is reduced to zero, leading to the unidirectional
emission case (Fig. 2b). Therefore, by tailoring the momentum dispersion of WS; circular gratings,
we can achieve both unidirectional and ring-shaped excitonic emissions. Further, we extracted the
far field emission patterns of the ring-shaped beam for different polarizations. As shown in Fig.
2c¢, it turns out that only two arcs of the original ring-shaped patterns parallel to the polarization
direction are left in the Fourier planes. This confirms that the output excitonic emission from the

WS circular gratings is azimuthally polarized (Fig. 2c).*

In our experiments, we first verified our theoretical prediction on the unidirectional 2D
exciton emission. We fabricated WS circular gratings with the same parameters as the one
simulated in Fig. 2 (see METHODS for more details). To introduce a light source at the center of
the circular gratings, we transferred a monolayer WSe> onto the sample and used a focused
continuous wave (CW) laser (A=532 nm) to excite the excitonic emission of the monolayer WSe»

in the center of the circular gratings (Fig. 3a) (see METHODS for more details). The



photoluminescence (PL) spectrum of monolayer WSe; has a peak wavelength at A=750 nm and a
full width at half magnitude (FWHM) about 40 nm (Fig. S2), which overlaps with the
unidirectional emission spectral region in Fig. 2b. In the WSe2/WS> heterostructures, the PL of
monolayer WSe> couples into the guided mode resonance of the WS rings propagating along the
radial direction, and then diffracted by the circular gratings to form far field radiation.!® It should
be noted that the imaginary part of refractive index for WS> is very low above A=700 nm, so the
optical absorption of WS; is negligible (Fig. S1)'8. To study the angular emission property of the
device, we measured the angle-resolved PL spectrum. As shown in Fig. 3b, the PL is primarily
enhanced by the guided mode resonance in the normal direction (i.e. ky/ko=0) at A=765 nm, leading
to the red-shift of the PL peak with respect to that of monolayer WSe; on glass (i.e. A=750 nm)
(Fig. S3). By taking a line cut at A=765 nm in Fig. 3b, we can see that the emission divergence is
only 6 degrees, indicating a superior unidirectional emission property (Fig. 3d). We note that the
unidirectional emission should conserve in the azimuthal direction due to the cylindrical symmetry
of our circular gratings. With this in mind, we measured the overall PL far field emission pattern
and only a bright light spot can be observed in the center of the Fourier plane (Fig. 3¢), indicating
the purely unidirectional emission performance without extra azimuthally anisotropic PL residuals
(Fig. S4b). In contrast, other 2D exciton emission shaping methods based on PhCs and
metasurfaces with square lattice usually suffer from azimuthally anisotropic PL residuals due to

additional high order modes.% 1

To further route the 2D exciton emission into an annular shape in the momentum space,
we need to shift the momentum dispersion such that the exciton emission wavelength is away from
the cross region of the two bands (Figs. 2b and S4). With this in mind, we coated the sample with

a layer of polystyrene (PS) (n=1.58). The increase of refractive index in the upper cladding can



red-shift the entire momentum dispersion map, which can be experimentally justified by the angle-
resolved PL spectra (Figs. 4a and S5a). Consequently, the original lower bands in Fig. 2b are
shifted to the exciton emission spectral region (Fig. 4a). As such, the 2D exciton emission is routed
as an azimuthally isotropic annular emission which can be confirmed by the bright ring observed
in the Fourier domain (Fig. 4b), indicating the excitonic emission wave vectors propagating into a
cone. We also studied the polarization distribution of the ring-shaped beam. To do this, we placed
a polarizer in front of the CCD, so only the output light that is polarized along the polarizer can be
collected by the CCD (see METHODS for more details). By rotating the polarizer, we find that
only two parts of the ring that are parallel to the polarizer can be observed in the CCD (Figs. 4c-
4d, Figs. S5¢-S5d), which indicates that the polarization distribution of the ring-shaped beam is
along the azimuthal direction (i.e. azimuthal polarization). The azimuthal polarization distribution
of the ring-shaped beam is resulted from the polarization selection rule of the Bragg scattering of
the circular gratings, where only the light that is polarized along the tangent of the WS; ring can

be scattered to the far field.

The single ring we observed in the Fourier domain validated the first order ring-shaped
beam emitted by 2D excitons (Fig. 4). We continued to study how to route 2D exciton emission
into higher order ring-shaped beam with multiple emission cones. To achieve this, we utilized
higher order guided mode resonances of the circular WS, gratings. By increasing the radial period
(A) from A=450 nm to A=900 nm, the angular momentum dispersion of the circular WS, gratings
can be red-shifted so that both the first and second order guided mode resonances overlap with the
WSe> emission spectrum, enabling bi-directional axisymmetric exciton emission (Fig. S6). To
show the exciton emission shaping using these guided mode resonances, we measured angle-

resolved PL spectrum, in which we observed two exciton emission bands with the symmetry about



ky/ko=0 (Fig. 5a). To study the azimuthal symmetry of the emission bands, we measured the far
field emission pattern. As shown in Fig. 5b, we achieved dual ring-shaped emission patterns of the
WSe; excitons, in which the outer and inner annuli correspond to the first and the second order
modes, respectively. In addition, the diameter of the ring can be tuned by shifting the angular
momentum dispersion of the circular WS, gratings. To this end, we replaced the air cladding of
the gratings with a polymer coating (PMMA, n=1.48). The large refractive index increase in the
upper cladding can red-shift the dispersion curves by ~50 nm (Fig. S6). Consequently, the WSe;
PL spectrum now overlaps with the second order mode around ky/ko=0 and the first order mode
around ky/ko=0.8. As an experimental verification, we measured the angle-resolved PL spectrum
and the far field emission pattern. As can be seen in Fig. 5c-d, the inner ring shrinks to a single

spot while the outer ring is enlarged as a result of the red-shift of the angular momentum dispersion.

CONCLUSION

In summary, we experimentally demonstrated the ring-shaped excitonic emission from transition
metal dichalcogenides heterostructures, which composed of a monolayer WSe; integrated with
WS, circular gratings with the thickness down to A/50. The axisymmetric nature of the ultrathin
circular gratings enables the uniformity of the angular momentum dispersion in the azimuthal
direction to shape the exciton emission of the integrated monolayer WSe:. In our experiments,
both the unidirectional and ring-shaped exciton emission with azimuthal polarization have been
realized by utilizing the different radial guided mode resonances of the WS circular gratings. We
believe that our work can potentially enable new techniques for exploring next-generation highly
directional light-emitting devices with the emerging 2D semiconductors and beam steering

systems with deep sub-wavelength thin nanostructures (Fig. S7).
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METHODS

Monolayer WSe2 growth. Monolayer WSe> flakes were grown on a SiO2/Si substrate by
chemical vapor deposition (CVD). First, a mixed solution of 1% sodium cholate and 1.5 mM
ammonium heptatungstate was spin-coated onto the substrate. The substrate was then placed in
the center of a CVD tube furnace and 150 mg of selenium was placed 13 cm upstream from the
substrate. Growth occurred at the atmospheric pressure in a flow of 350 sccm of N> and 15 sccm

of Hy at 750 °C.

Device Fabrication. The ultrathin WS> film was first mechanically exfoliated from bulk
WS, crystals, and then transferred onto a silica substrate. After that, the chip was spin-coated with
PMMA, and then patterned with nanostructures by electron beam lithography. Finally, the
nanostructure patterns were transferred from PMMA to WS> by Inductively Coupled Plasma -
Reactive Ton Etching (ICP-RIE). To construct heterogenous nanostructures, monolayer WSe»
flakes were first grown on a 300 nm SiO2/Si substrate by chemical vapor deposition (CVD), and

then transferred onto WS> nanostructures.

Optical Measurement. Light from a continuous wave (CW) laser (A=532 nm) was focused
on the monolayer WSe: at the center of WS; circular gratings by a 100X objective (NA=0.9). To
measure the far field emission patterns, the rear focal plane of the objective was projected onto a
cooled charge-coupled device (CCD) camera by a Fourier lens. To measure the angle-resolved PL
spectra, the far field emission was dispersed by a spectrometer and imaged on the CCD camera, in
which the horizontal axis displays the emission wavelength and the vertical axis indicates the

emission angle.
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Numerical Simulation. Three-dimensional (3D) Finite-difference time-domain method
(FDTD) was used to simulate the far field emission patterns and angular dispersion with a
commercially available software (Lumerical). In the simulation, a broad band point light source
was placed in the center of the WS> circular gratings, and a 2D monitor was placed on top of the
device to record the near field and then calculated the far field projection. Perfect matched layers

were used in all the boundaries of the device.
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FIGURES

Figure 1. Device structure. (a) Schematic drawing of ultrathin WS, circular gratings on a silica
substrate. The yellow and blue hard spheres represent the S and W atoms, respectively. In this
configuration, the WS circular gratings of deep subwavelength thickness can shape the emission
of a point light source (red sphere) into an azimuthally symmetric beam in the far radiation field.
Inset: Free space photon momentum ko and the in-plane components kx and ky with respect to the
Cartesian coordinate system. The optical microscopy (b) and scanning electron microscopy (c)
images (top view) of the WS circular gratings. For this sample, radial period A = 450 nm, WS>
ring width w = 250 nm, and thickness h =25 nm. The scale bars in panel (b) and (c) are 2 pym and

500 nm, respectively.
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Figure 2. Far-field emission properties of dipoles placed on WS, circular gratings. (a) The
calculated far field emission patterns for a point dipole in the center of a WS> circular gratings at
A=820 nm (left), 760 nm (middle), 690 nm (right), respectively. For this sample, radial period A =
450 nm, WS> ring width w = 250 nm, and thickness h =25 nm. At A= 690 nm and A= 820 nm, ring-
shaped beams are obtained in the momentum space, while at A= 760 nm, unidirectional emission
is observed. (b) The calculated angular momentum dispersion for the WS, circular gratings. There
are two sets of highly dispersive bands between A=650 nm to A=850 nm. (c) the calculated far field
emission patterns for different polarizations. The inset angles indicate the polarization directions.

From left to right columns, the polarization angles are: 0°,45°,90° and 135 ° from the +x direction.

The upper and lower rows are the far field emission patterns for A= 690 nm and A= 820 nm,

respectively.
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Figure 3. Unidirectional excitonic emission. (a) Schematic drawing of a triangular WSe»
monolayer on ultrathin WS> circular gratings on silica substrate. A continuous wave (CW) green
laser (A=532 nm) is used to excite the WSe> excitonic emission in the center of the gratings. The
output photoluminescence (PL) is shaped by the gratings and unidirectional emission is realized
in the normal direction. Inset: Free space photon momentum ko and the in-plane components kx
and ky with respect to the Cartesian coordinate system. (b) The measured angle-resolved PL
spectrum shows the PL is mainly routed in the normal direction (i.e. ky/ko=0) around A=765 nm.

(c) PL far field emission pattern shows the PL is primarily concentrated at kx=ky=0. (d) The angle

dependence of PL at A=765 nm shows that the divergence angle of PL emission is about 6° .
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Figure 4. The first order ring-shaped excitonic emission. (a) The measured angle-resolved PL
spectrum for the polystyrene (PS) coated device shows the red-shifted momentum dispersion
compared with Fig. 3b. (b) PL far field emission pattern shows that the PL is primarily
concentrated in a ring in the Fourier plane (i.e. ring-shaped excitonic emission). PL far field
emission patterns for the x- (c¢) and y- (d) polarizations indicate the polarization of the emitted

ring-shaped beam is along the tangent of the ring (i.e. azimuthal polarization).
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Figure 5. Higher order ring-shaped excitonic emission. The angle-resolved PL spectra for

monolayer WSe> on an ultrathin WS, circular grating with (c¢) and without (a) PMMA top layer.

The PL emission of monolayer WSe: is efficiently coupled to two radial guided mode resonances

of WS, circular gratings. The measured far field emission patterns for monolayer WSe> on ultrathin

WS, annular gratings with air (b) and PMMA (d) top layers. Two concentric rings are observed

for the former case, while a single ring with a central spot is observed for the latter case. For this

sample, the radial period A =900 nm, WS, ring width w = 600 nm, and thickness h =15 nm.
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Brief synopsis: We present Van der Waals heterostructures consisting of ultrathin WS> circular
gratings integrated with monolayer Tungsten Diselenide (WSe2) to manipulate the polarization

and momentum of the WSe; exciton emission.

20



