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Abstract: The valley degree of freedom that results from broken inversion symmetry in two-
dimensional (2D) transition-metal dichalcogenides (TMDCs) has sparked a lot of interest due to
its huge potential in information processing. In this experimental work, to optically address the
valley-polarized emission from three-layer (3 L) thick WS, at room temperature, we employ a SiN
photonic crystal slab that has two sets of holes in a square lattice that supports directional circular
dichroism engendered by delocalized guided mode resonances. By perturbatively breaking the
inversion symmetry of the photonic crystal slab, we can simultaneously manipulate s and p
components of the radiating field so that these resonances correspond to circularly polarized
emission. The emission of excitons from distinct valleys is coupled into different radiative
channels and hence separated in the farfield. This directional exciton emission from selective
valleys provides a potential route for valley-polarized light emitters, which lays the groundwork
for future valleytronic devices.

© 2024 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

In two-dimensional (2D) transition-metal dichalcogenides (TMDCs), broken inversion symmetry
gives rise to a new valley degree of freedom, which has enormous implications for information
processing [1,2]. The indirect bandgaps in the bulk states of TMDCs transition to energy-
degenerate direct bandgaps at K and K’ valleys with contrasting Berry curvatures and orbital
magnetic moments when they thin down to monolayers [3—7]. Owing to the strong spin-orbit
coupling at K and K’ valleys, valley-polarized excitons may be optically manipulated under
optical selection rules [8—13]: that is left-handed circularly polarized photons can only generate
band-edge excitons at the K valley, whose emission follows the helicity of the excitation photons.
This valley selective photoluminescence (PL) is critical for the development of valley-based light
emitters, which will serve as the foundation for future valleytronic devices [14,15].

However, at room temperature, intervalley coupling between excitons can drastically diminish
valley coherence, making valley-dependent functions difficult to implement. Although changes
in the environment, such as temperature [6,9,12], external fields [16—19], or mechanical strain
[20], may be used to tune valley polarization, most of them pose challenges for straightforward
implementations. Few-layer TMDCs, on the other hand, offer a viable option for valleytronic
devices since carrier mobility increases as the number of layers grows [21]. As a result, few-layer
TMDCs have a shorter exciton lifetime and increased valley coherence [22]. To this end, here,
we employ 3L WS, for our valleytronic device because of its ability to maintain appreciable
room temperature valley polarization.
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To construct a valley-polarized emitter based on TMDCs, excitons from distinct valleys must
be separated via coupling to distinct radiative modes that match their radiative character, i.e.
selection rules. By integrating TMDCs with nanostructures that response differently to valley
pseudo-spin, excitons from distinct valleys are coupled with different radiative channels [23-25].
Spin-momentum locked modes supported by nanowires [26,27], asymmetric grooves [28], or
domain boundaries [29] have been proposed previously to segregate valley excitons, although
the light-matter interaction is generally restricted to a narrow spatial region in one dimension.
Alternatively, 2D photonic nanostructures with circular dichroism, such as chiral metasurfaces
[30-34] and asymmetric nanoantennae [35,36], are proposed to increase the interaction volume.
However, the resonances in these structures are still localized and experience high material losses,
limiting propagation of exciton emission over large distances. To address these issues, we propose
to integrate 3L WS, with a dielectric photonic crystal (PhC) slab that supports delocalized
guided mode resonances [37,38]. Photonic crystals, as a versatile platform for modifying the
polarization state of radiation [39—41], have demonstrated high level of control over the emission
rate and radiation pattern of dipole emitters [42—45]. Delocalized photonic Fano resonances
match particularly well with the 2D TMDC:s in the transverse direction [46]. In this work, the
radiative channels of the PhC slab are designed in such a way that they correspond to the helicity
of circular polarization and only couple with the excitons from distinct valleys. Valley-polarized
exciton emission is therefore separated in the far-field as a result.

2. Concept and design

As an optical counterpart to solid state crystals, photonic crystals feature a periodic arrangement
of unit cells with symmetry. Supported by the PhC slabs with finite thickness, guided mode
resonances with frequency above the light cone can couple to free-space plane waves with
the same in-plane momentum. This coupling is well characterized by temporal couple-mode
theory [40,47], which not only predicts the Fano lineshapes of these resonances but also offers
information on the polarization states of the outgoing waves. The phase difference between the
out-coupling coefficients in s- (Transverse Electric (TE)) and p- (Transverse Magnetic (TM))
polarization, dy and dj, of a PhC slab in the x-y plane with rotational symmetry around the z-axis
(Cy) is constrained by the direct (non-resonant) scattering components via

arg (é) = larg (ﬂ) +Nn Q)

dp 2 Iy + 0oty

where 7y, t;, 1, and 1, are the s- and p-polarized non-resonant reflection and transmission
coeflicients at the resonance frequency when photonic crystal slab is treated as a homogeneous
dielectric slab, and o = 1 are for TE-like and TM-like resonances, respectively. Here, we only
consider TE-like resonances since excitons in WS, are in the transverse directions, hence o = 1
in all cases. The far-field polarization vector is represented by d = d,5 + d,,p. To get a resonance
that can couple with circularly polarized light, d; and d, must have comparable amplitudes and
a phase difference that is close to /2. However, these two conditions are barely satisfied
simultaneously for most photonic crystal slabs with C, symmetry. As an example, when direct
scattering is on a Fabry-Pérot resonance (t; = 1, = +1), the phase difference between d; and d,
would be Nm, which corresponds to a linearly polarized state. Nevertheless, by breaking the
in-plane inversion symmetry, two opposite propagation directions +k are no longer equivalent.
This means a time-reversal operation will also flip the in-plane momentum, and the out-coupling
coefficients are jointly constrained by:
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where d; and d,, are now dependent on the in-plane momentum +k . Even if the right-hand
side of the above equation is zero, the phase difference arg(d,(k)/d,(k)) may still be non-zero.
Specifically, when the propagation vectors are perpendicular to the mirror surface of the persisted
reflection symmetry, dy(k)) = —ds(—k||) and d,(k|) = d,(—k)|) should hold. In this situation, we

get

[ds(ik“)] 1 (rs +o-ts) 1

SN2 2 3
dkp| T2\ o) T2 ©)

2
where the extra +7/2 phase shift originates from the negative sign of d; in opposite directions.
As aresult, the far-field polarization field can be elliptically polarized in (+k\, k_ ) directions with
opposing helicity, where k; denotes the out-of-plane momentum (Fig. 1(a)). An out-going wave
with directional circular polarization can be achieved by tweaking the parameters of a photonic
crystal, which is ideal for separating valley-polarized excitons.
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Fig. 1. (a) Breaking the inversion symmetry of a PhC slab by a perturbation. The smaller
holes are shifted by 2c¢ along x-axis, making I'-Y and I'-Y’ directions inequivalent. (b)
Transmission spectra of photonic bands before and after the perturbation versus ky. A
p-polarized band appears at the same location as the pre-existed s-polarized band. (c)
Amplitudes and relative phase of coupling coefficients dg and dp versus ky. Transmission
spectra of (d) ot and (e) o~ polarized incident plane waves. The asymmetric patterns
reflect directional circular dichroism in this PhC slab.

We start with a SiN photonic crystal slab that has two sets of holes in a square lattice. Each
smaller hole is at the center of four neighboring larger holes, making this structure C, symmetric.
By shifting the smaller holes by 2¢ along x direction in Fig. 1(a), the in-plane inversion symmetry
is broken as the larger holes and the smaller holes are not interchangeable; nevertheless, the
mirror symmetry at the x-z surface is retained. In the First Brillouin zone of this photonic crystal,
I'-Y and I'-Y’ directions that are perpendicular to the mirror surface become non-equivalent.
Y(Y’) points in this context are defined as k|| = (0, +7r/a), where a is the lattice constant. This
relative shifting of the air holes, if is small compared to the lattice constant, could act as a
perturbation to the lattice that splits an isolated s band into energy-degenerate s and p bands as
calculated by Rigorous Couple Wave Analysis (RCWA) in Fig. 1(b). As reported in literature,
we also verified that the radiative decay ), of generated p band at the I" point is proportional
to the square of the displacement ¢ [48,49]. This monotonic increase of p-polarized coupling
coefficient |d,| (which is equal to 4/y, at the I' point) guarantees an interception of |d(#)| and
|d,(6)] at a certain angle if the shifting length ¢ is properly chosen. Moreover, since shifting
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the holes will not change the effective index of the slab, the phase difference between d; and
d, remains unchanged in equation (3). Here, the parameters of the PhC slab are as follows:
refractive index n=2.17, slab thickness t = 100 nm, lattice constant a = 440 nm, large hole radius
R =120 nm, small hole radius r = 60 nm, and displacement ¢ = 12 nm. In Fig. 1(c), the angular
dependence of the relative phase between d, and d,, is calculated using the effective refractive
index of the slab, i.e. the square root of the spatially-averaged permittivity. The amplitudes of d;
and d, are extracted from the lineshapes of the resonances in Fig. 1(b). Within a wide range
along the I'-Y direction, where d, and d,, have comparable amplitudesand ~ /2 out of phase,
the out-going wave would present a near circular polarization. This is verified by the RCWA
simulated angle-resolved transmission spectra of a left-hand circularly polarized (o-*) plane wave
in Fig. 1(d). The large resonance amplitude in the I'-Y direction indicates that the resonance
is ot polarized, while the diminishing amplitude of resonance in the I'-Y direction indicates a
resonance with opposite helicity (o~ polarized). If pumped with o~ polarized plane wave, the
corresponding angle-resolved spectra will be mirrored against I" point, as shown in Fig. 1(e). In
contrast, the transmission spectra of PhC slabs without shifting the holes will always present
symmetric patterns against the I" point regardless of the pump polarization due to the preserved
C, symmetry. This reveals the unparalleled capability of a photonic crystal slab with broken
inversion symmetry in controlling circular polarization in the momentum space.

To further explore the ability of our design in separating valley excitons, we place a dipole
emitter at the top surface of a photonic crystal slab in FDTD simulations to mimic the experimental
case of valley excitons at the near field. The PhC slab in this simulation has 20-by-20 unit-cells.
The farfield radiation pattern is determined at the resonant wavelength using near-field distribution
calculated slightly above the top surface of the slab. First, the dipole emitter is set to be y-polarized.
The farfield intensity, given by |Ex|2+|Ey|2, is equally distributed in +y and -y directions as
shown in Fig. 2(a). Because the out-going wave from this PhC slab has directional circular
dichroism in I'-Y(Y’) directions, we can also extract the circularly polarized components through
E. = (E; +iEy)/ V2 in the farfield. The farfield emission pattern of |E,|? in Fig. 2(b) shows
a stark contrast between out-going waves in +k, directions, which proves that these radiative
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Fig. 2. Fig. 2 (a) Farfield radiation pattern from a y-polarized local dipole emitter at the
resonant wavelength. The white scale bar is 0.2 NA (numerical aperture) corresponding to
11°. (b) o~ polarized component of the farfield emission from a y-polarized dipole at the
resonant wavelength. Farfield radiation patterns from a chiral emitter with (¢) o and (d)

o~ polarizations at the resonant wavelength. Farfield radiation patterns from a broadband
chiral emitter with (¢) ot and (f) o~ polarizations.
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channels are indeed circular polarized. Next, we create a chiral emitter by placing two orthogonal
dipoles at +90° phase difference for left or right circular polarization to emulate valley-polarized
WS, emission. The farfield intensity |E)C|2+|Ey|2 for both polarizations are shown in Figs. 2(c)
and 2(d). When excitons from one valley are selectively pumped, they tend to couple into the
guided resonance that has circularly polarized farfield with same helicity. Finally, considering the
broadband nature of the excitonic emission, we sum up the farfield intensities of all wavelength
components near the A exciton peak of WS to get a more realistic radiation pattern. In Figs. 2(e)
and 2(f), these comprehensive farfield patterns from left and right circularly polarized broadband
emitters exhibit an emission strip along Fk, directions, respectively.

3. Experimental results and discussion

To experimentally observe the directional circular dichroism in a photonic crystal slab with broken
inversion symmetry, we fabricated SiN photonic crystal slabs with the proposed parameters
using electron beam lithography. We then measured the angle-resolved transmission spectra
of the PhC slab by putting the sample on a rotational stage illuminated by collimated white
light. Here, we chose a PhC sample with a slightly larger displacement (c =20 nm) than that
in the simulation for larger angular separation in the farfield. In Figs. 3(a) and 3(b), measured
angle-resolved transmission spectra for s- and p- polarizations in both I'-Y and I'-Y” directions
are shown. These spectra are symmetric with respect to the I" point. We then measured o-* and
o~ polarized transmission spectra and the results are shown in Figs. 3(c) and 3(d). Here, the
transmission spectra demonstrate an asymmetric pattern in +k, directions as a result of broken
inversion symmetry in the PhC slab. This directional coupling of circularly polarized resonance
agrees well with our simulation, showing its promising ability in controlling the radiation pattern
with helicity.

We then transferred a mechanically exfoliated 3 L WS, onto the PhC slab. The optical image
of the WS,/PhC sample is shown in Fig. 4(a). The sample was excited by a linearly polarized
594 nm laser through a 0.9 NA objective, and the PL was collected through a polarizer for co-
and cross-polarized spectra, respectively (Fig. 4(b)). The degree of valley polarization at the A
exciton resonance is around 30%~40%. This is slightly lower than a suspended 3 L WS, due to
the PL from the SiN PhC slab itself that cannot be completely removed by subtraction. We expect
the valley polarization to depend on the quantum yield, which is affected by the SiN substrate as
well. Another peak ~ 780 nm is due to the indirect bandgap emission of 3L WS, [50], which has
zero valley polarization as expected. The peaks around 608 nm are Raman peaks from phonon
modes in WS.

To verify the ability of the PhC slab in modifying the farfield polarization, we performed
polarization resolved PL imaging of the back focal plane of the objective corresponding to the
momentum space. With alaser polarized linearly in y direction, excitons from K and K’ valleys are
equally stimulated. Using a quarter waveplate and a linear polarizer on the detection side, o+ and
o— polarized components of PL can be resolved and separated in the farfield. In Figs. 4(c) and 4(d),
angle-resolved PL with k, = 0 and k, ranging from -0.5k¢ to 0.5ky were measured with o+ and
o— detectors, where kg = 271/ A is the free-space photon momentum. The spatial dispersion of
PL corresponds to the band structure of the PhC slab, which is consistent with the asymmetric
transmission spectra. A redshift in resonance wavelength was observed due to the addition of
3L WS,, whose real part of the refractive index is around 5 in the visible range, increasing
the effective mode index. This measurement confirms that the directional emission from the
radiative channels are circularly polarized, and their helicity is correlated to the momentum in y
direction. The degree of circular polarization, as calculated by (I,+ — I-)/(I5+ + I-), reaches
up to 66% within PL wavelengths. In addition to the angle-resolved spectra, we also imaged
the farfield radiation pattern from the back focal plane. A 650 nm low-pass filter was used to
remove the indirect bandgap emission. The pump laser at 594 nm was still y-polarized. As
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Fig. 3. Experimental angle-resolved transmission spectra of the PhC slab with broken
inversion symmetry. The measurement is along Y’-I'-Y direction. The spectra are symmetric
against I point for (a) s- and (b) p-polarizations due to the mirror symmetry by the xz plane;
but they are asymmetric for (c) o+ and (d) o~ polarizations because of the opposite helicity
of the supported circularly polarized states in I'-Y and I'-Y” directions.

shown in Figs. 4(e-g), back focal plane images with y, 0+ and o— polarized components were
taken. Clearly, these images show that the exciton emission from 3 L WS, is separated in the
farfield corresponding to the helicity of their circular polarization: left (right) handed circularly
polarized component is mainly directed to the free-space with a negative (positive) momentum in
y direction.

Furthermore, owing to polarization dependent valley excitonic emission in 3L WS;, the
farfield pattern from our WS,/PhC device could be solely modulated by the polarization state
of the pump. In Figs. 5(a-d), the polarization states of the pump laser were set to be x, y, 0"
and o™, respectively; and there was no polarizer on the detection side. To remove the Raman
features, the PL is filtered through a 10 nm band pass filter centered at 630 nm. When the pump
laser was linearly polarized, excitons from both valleys are generated equally. Thus, the farfield
pattern is symmetric in +k, directions as shown in Figs. 5(a) and 5(b). When the pump laser
was circularly polarized, however, excitons from one valley are generated more efficiently than
the other one due to the selection rules. This selective excitation of valley excitons leads to
imbalanced circularly polarized components in the exciton emission. As circular polarization
states with opposite helicity are separated in the momentum space by different radiative channels
supported by the PhC slab, asymmetric farfield patterns are observed with circularly polarized
pump in Figs. 5(c) and 5(d). Here, the degree of circular polarization is determined not only
by the circular polarization of the radiative channels, but also by the valley polarization of the
3L WS,. Their product determines the upper limit of the degree of circular polarization with
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Fig. 4. (a) Optical image of the 3 L WS,/PhC sample. The fabricated PhC consisting of
100 x 100 unit-cells is outlined with the dashed square (w = 44 um). (b) Polarization resolved
PL spectra of the 3L WS, on PhC. (¢) 0™ and (d) 0~ polarized components of PL spectra
versus ky. The sample is excited by a linearly polarized laser in y direction. Farfield radiation
patterns of (e) y, (f) 0" and (g) 0~ polarized components. The scale bar is 0.2 NA (11°).

a selective circularly polarized pump, assuming perfect coupling between circularly polarized
emission and the polarization-dependent radiative channels. In this device, the limit is calculated
to be 23% from previous results, and we experimentally observed a circular polarization of
around 8%. This proof-of-concept experiment demonstrates that a PhC slab with directional
circular dichroism may be utilized to distinguish farfield emission of different circular helicities
originating from valley-polarized excitons. We argue that the degree of separation can be further
improved by both enhancing valley polarization of the light emitter, which is achievable through
cooling to cryogenic temperatures or employing materials with higher valley coherence [51], and
increasing the circular dichroism of the PhC slab by optimizing its geometry.

Fig. 5. Farfield radiation patterns with (a) x, (b) y, (¢) 0™ and (d) o~ polarized pump
laser. The scale bar is 0.2 NA (11°). The PL is filtered by a 10 nm band pass filter centered
at 630 nm. Valley-polarized exciton emission is coupled into different radiative channels
depending on the polarization.
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In summary, we experimentally demonstrated a PhC slab design exhibiting directional circular
dichroism for separating valley-polarized exciton emission from a 3L WS, in the farfield. A
perturbation is introduced to the PhC slab such that it breaks the in-plane inversion symmetry
and creates directional circularly polarized radiative channels with opposite helicity. This allows
us to either separate the valley coherent excitonic emission on the detection side, or to selectively
pump excitons from one valley to generate an asymmetric radiation pattern. Owing to its ability
to direct exciton emission from distinct valleys into different directions, this design offers an ideal
platform for future valley-coherent optoelectronics.
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