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Separation of valley excitons in a MoS, monolayer
using a subwavelength asymmetric groove array
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Excitons in monolayer transition metal dichalcogenides are formed at K and K’ points at the boundary of the Brillouin zone.
They acquire a valley degree of freedom, which has been explored as an alternative information carrier, analogous to charge
or spin. Two opposite valleys in transition metal dichalcogenides can be optically addressed using light with different helicity.
Here, we demonstrate that valley-polarized excitons can be sorted and spatially separated at room temperature by coupling a
MoS, monolayer to a subwavelength asymmetric groove array. In addition to separation of valley excitons in real space, emis-
sion from valley excitons is also separated in photon momentum-space; that is, the helicity of photons determines a preferential
emission direction. Our work demonstrates that metasurfaces can facilitate valley transport and establish an interface between
valleytronic and photonic devices, thus addressing outstanding challenges in the field of valleytronics.

valleys'-. Typically, it is difficult to control a particular valley

because valleys do not exhibit unique coupling to an external
field. An exception is found in monolayer transition metal dichalco-
genides (TMDs), where the broken inversion symmetry combined
with time-reversal symmetry causes opposite electron spins at the
K and K’ valleys, leading to an effective spin-valley locking’~, as
illustrated in Fig. 1a. As a result, optical transitions such as excitons
in opposite valleys can be excited selectively using light with dif-
ferent helicity, paving the way to an all-optical manipulation of the
valley degree of freedom (DoF) and laying the foundations for the
nascent field of valleytronics'~.

Separation of valley-polarized free carriers or excitons is a
prerequisite to building valleytronic devices. Several previous
experiments have explored different strategies to accomplish this
goal. In the original theoretical proposal and first experimental
demonstration of the free-carrier valley Hall effect in a MoS,
monolayer®'’, the Berry curvature of the energy band acts as a
momentum-dependent magnetic field. Analogous to the Hall
effect, electrons driven by an in-plane electric field undergo a
valley-dependent transverse deflection perpendicular to both the
electric and effective magnetic fields. Recently, the exciton valley
Hall effect in monolayer MoS, was reported'!, where excitons in
opposite valleys are separated in the transverse direction in the
presence of a temperature gradient''. However, strain accidentally
introduced in the sample preparation process may have also con-
tributed to valley exciton separation. These demonstrations of valley
Hall effects were performed at low temperature, placing an unde-
sirable limitation on practical applications. A prominent feature
associated with excitons in TMD monolayers is an exceptionally
large binding energy, in the range of a few hundred meV, partially
due to insufficient dielectric screening outside the extremely thin

| he extrema of the energy-momentum dispersion are called

layers'>~'°. Such a large exciton binding energy should enable room-
temperature operation of valleytronic devices.

In this Article we demonstrate that a suitably designed plas-
monic metasurface consisting of an array of subwavelength asym-
metric grooves effectively sorts and separates valley excitons in a
MoS, monolayer at room temperature (Fig. 1b). This valley index
separation is facilitated by near-field coupling between excitons
and guided surface plasmon polariton (gSPP) modes propagating
along the grooves'’~. Regardless of the excitation condition, no
valley polarization in a MoS, monolayer is present at room tem-
perature. Thus, our approach is rather general and applicable to a
wide range of materials. Furthermore, photons with definite chiral-
ity emitted by valley excitons are separated in momentum space,
enabling far-field optical detection of valley excitons. Therefore, the
metasurface also serves as an interface between valleytronics and
photonic devices.

Results and discussion

Unidirectional launching of SPPs based on the photonic spin Hall
effect has been demonstrated previously at a metal-dielectric
interface and in metamaterials®'~*. Specifically, opposite circularly
polarized dipoles have been shown to excite SPPs propagating in
opposite directions. So far, however, all these previous demonstra-
tions have focused on circularly polarized dipoles with an out-
of-plane orientation. Such a perpendicular dipole couples to the
transverse-magnetic (TM) polarized SPPs propagating along the
plasmonic interfaces. In contrast, bright excitons at the K and K’
valleys in monolayer MoS, possess only in-plane circular polariza-
tion (ExiiEy), oscillating with opposite helicity (Fig. 1a)*. These
dipoles oriented in-plane cannot asymmetrically excite conven-
tional SPPs, because they do not engage the required out-of-
plane chiral response. Thus, it is necessary to specifically design
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Fig. 1| Schematics of optically addressable valleys and spatial separation
of valley excitons by a metasurface. a, Schematics of the band structure
and optical selection rules of excitons in monolayer MoS,. g, (¢.) polarized
light excites excitons in the K (K") valley. b, lllustration of valley excitons
separation in real space by coupling a MoS, monolayer to a metasurface
consisting of subwavelength asymmetric grooves. In addition, emission of
excitons from opposite valleys are separated in photon momentum space.

metasurfaces that can break the chiral symmetry within the plane
and ensure good coupling efficiency between excitons and gSPPs.

We have designed an array of subwavelength asymmetrically
shaped grooves (Fig. 2). Each groove supports gSPP propagation
along its side walls. In the case of an array of symmetric grooves
(Fig. 2a), mirror symmetry along the y-z plane (dashed black curve)
leads to chirality-independent propagation. In other words, an in-
plane dipole with either left- or right-handed chirality couples to
both side walls equally. However, if the mirror symmetry is inten-
tionally broken by tilting one side wall (Fig. 2b), the gSPPs excited
by a circularly polarized in-plane dipole on the two side walls differ.
As a result, a o, (0_) dipole preferentially excites gSPPs propagat-
ing upward (downward), as shown in Fig. 2d,e. (For more details
see Supplementary Section 1). Thus, this concept enables chirality-
dependent coupling between valley excitons in TMD monolayers
and the designed metasurface, extending the previous demon-
strations of the photonic spin-Hall effect. Figure 2c-e compares
the calculated spatial distribution of electric field intensity for a
metasurface with symmetric and asymmetric grooves. The excita-
tion source used in the calculation is a circularly polarized in-plane
dipole placed in the middle of a groove. The groove array with
subwavelength period enables better spectral overlap between the
SPP resonance and the MoS, excitons, thus boosting the SPP-exci-
ton coupling efficiency. More importantly, the periodic array sepa-
rates the valley excitons along a well-defined direction regardless
of the excitation laser position on the metasurface. In comparison,
a recent demonstration of valley exciton separation was based on
coupling a few-layer-thick WS, flake to a single nanowire®. In this
case, the direction of valley separation depends sensitively on the
position of the excitation laser spot relative to the nanowire, making
this method less practical.

The metasurface was fabricated using focused ion beam (FIB)
milling on high-quality silver plates grown by a chemical synthesis
method developed by us”. A scanning electron microscope image
from a region of the metasurface is shown in Fig. 3a. The asymmet-
ric grooves are fabricated in two FIB steps, leading to two different
depths (d,=150nm and d,=90nm) and a total width (w) of 90 nm.
The depth, width and period (200 nm) determine the spectral posi-
tion of the surface plasmon resonance (Supplementary Section 2).
These dimensions are chosen such that the gSPP spectrum may
overlap with the absorption and emission wavelengths of excitons
in MoS, at room temperature. Furthermore, these parameters are
close to optimal to maximize the gSPP propagation distance and
valley exciton separation (Supplementary Section 3). After FIB
milling, a conformal Al O, layer (~5nm thick) was deposited using
atomic layer deposition to protect the silver metasurface structures.
A perfectly smooth tilted side wall cannot be created using FIB due
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Fig. 2 | Metasurface design principle. a,b, Illustration of the gSPPs excited
by circularly polarized light in symmetric (a) and asymmetric (b) grooves.
On the left wall, gSPPs excited by a g, (¢_) dipole propagate into (out of)
the page. On the right wall, the direction of propagation reverses. For a
symmetric grating, no chirality-dependent gSPP propagation is observed
due to the mirror symmetry indicated by the dashed black line. The mirror
symmetry is lifted for an asymmetric groove, resulting in chiral-dependent
gSPP propagation. ¢,d, Simulated electric field intensity distribution induced
by a o, dipole on a symmetric (¢) and an asymmetric (d) grating. e, Electric
field intensity distribution induced by a o_ dipole on the asymmetric
grating. Grey dashed lines in c-e indicate the positions of the side walls.
Red (blue)-arrowed solid lines indicate the preferred propagation direction
of 6, (6_) polarized gSPP. White scale bar in c-e, 200 nm.

to the Ga ion beam shape. We demonstrate that the exact shape of
the asymmetric side walls is not critical to observing the phenome-
non by comparing results from two metasurfaces with different side
wall shapes (Supplementary Section 4). The similar results obtained
for the two fabricated metasurfaces show that the main cause of
valley selectivity is the overall asymmetry of the grooves®.

The MoS, monolayer was prepared by mechanical exfoliation
and then transferred onto the metasurface. Part of the monolayer
MoS, covered the groove array, while part of the monolayer was
on top of the unstructured silver film (Supplementary Section 5).
Measurements were taken from both regions for comparison. We
refer to measurements taken on the smooth silver surface as a con-
trol experiment. We first took photoluminescence spectra using a
circularly polarized excitation laser centred at 532 nm and observed
an exciton resonance centred at 650 nm. The spectral position of the
exciton resonance is consistent with A excitons in monolayer MoS,
at room temperature. Trions cannot be spectrally distinguished
from excitons at room temperature because the linewidth exceeds
the trion binding energy. It was shown in previous experiments that
a MoS, monolayer excited by a o, polarized laser preferentially emits
photons with o, helicity at cryogenic temperature’**. The degree
of valley polarization is quantified as Aﬁ%, where I, (L)
refers to the photoluminescence intensity with 5 (s_) polarization
at the peak of the exciton resonance and w is the spectral frequency.
Exciton valley polarization strongly depends on the excitation laser
wavelength and temperature’->*. With an excitation laser at 532 nm
and at room temperature, we do not observe any exciton valley
polarization, consistent with previous experiments (Supplementary
Section 6). By placing MoS, on top of a metasurface, it is not only
valley excitons that are separated in real space; emitted photons with
different helicity are also separated in momentum space, as we dem-
onstrate in the following. We use r and k to represent real space and
photon momentum space, respectively.

We chose to populate the two valleys equally by using an excita-
tion laser with linear polarization perpendicular to the groove. The
local electric field along the groove edges was enhanced, leading to

NATURE PHOTONICS | www.nature.com/naturephotonics


http://www.nature.com/naturephotonics

NATURE PHOTONICS ARTICLES

d e f
s p(r)
B ’

<] o "

o S [

£ o - z " d

I = : b

£ =

E € M _«fl s

) >

< (9]

- -
"= Ex m i
e i 2 pm
[ 5_. : —l .; — -1
g h oF
100 -
- 2,000 ™M r
c : ? -
3 0 g & of \/\ A S~
= 100 5 S~ \/
< & L
-100 3
0 _20 C 1 I 1 I 1 I 1 1 1
-4 ) 0 2 4
y (pm) y (m)

Fig. 3 | Experimental observation of separation of valley excitons in real space. a,b, Scanning electron microscope image of asymmetric grooves (a)

and symmetric grooves (b). ¢, lllustration of valley exciton separation in real space. d-f, Colour plots of valley polarization contrast p*(r) in real space
measured for a MoS, asymmetric groove array (d), a MoS, symmetric groove array (e) and a MoS, flat silver film (f). The white circle in d illustrates the
position and spot size of the excitation. g, Line profiles of £/ (blue) and Al (red) with dark counts removed along the vertical white dashed line in d. The
black dashed line is a fitting curve obtained after subtracting two Gaussian envelopes. The peak-to-peak distance is 1.4 pm. The vertical dash-dotted line
indicates the position of maximal p. The grey curve indicates the profile of the excitation laser. h, A line profile p shows that the maximal valley polarization

reaches 18%.

increased absorption by the monolayer. The spatial profile of the
photoluminescence from the MoS, monolayer on a metasurface, the
monolayer on a smooth silver surface and the excitation laser itself
were all captured by a charge-coupled device (CCD) camera fol-
lowing a spectrometer. We selected the ¢, /o_ photoluminescence
by placing a series of polarizers and waveplates in the detection
path. The o, and o_ photoluminescence images were taken sepa-
rately. The difference between the two spectra was then divided by
their sum to obtain a spatial image of valley polarization. Figure 3d
shows the measured valley polarization from the MoS,-metasur-
face hybrid structure, where a spatial separation of valley excitons
is clearly observed.

For comparison, we also prepared a hybrid structure with MoS,
on a metasurface with symmetric grooves. Figure 3b presents a
cross-section of the symmetric grooves in this second sample.
As expected, we did not observe a regular spatial pattern of valley
polarization (Fig. 3e). Small fluctuations are probably due to devia-
tions from perfectly symmetric grooves, as designed. In another con-
trol experiment, we measured the same emission pattern on MoS, on
an unstructured silver film. Again, no detectable valley polarization
was observed from this hybrid structure (Fig. 3f). These two control
experiments confirmed that the valley exciton separation originates
from coupling to the gSPP propagation along asymmetric grooves.

To quantify the spatial valley polarization, we analysed the
differential intensity AI(y) =I, (y)—I_(y) and sum intensity
2I(y) =1L (y) +I_(y) along the white dashed line parallel to the
groove direction (y), which are shown in Fig. 3g as red and blue
curves, respectively. The AT profile can be fitted well by subtract-
ing two Gaussian functions centred at y=+0.7 pm, respectively
(dashed black curve in Fig. 3g). Considering the finite laser spot
size (~0.4pm full-width at half-maximum) using a deconvolution
process, the valley exciton separation was retrieved to be ~1.2 pm.
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The normalized valley polarization p = AI /3] is plotted in Fig. 3h,
yielding a maximum valley polarization of ~18%. (For data analysis
see Methods).

We now discuss the mechanism underlying the valley exciton
separation. Three different processes can lead to exciton emission,
while the only process that enables valley exciton separation relies
on a near-field non-radiative energy transfer of exciton-gSPP-exci-
ton® (Supplementary Section 7). Through detailed simulations
(presented in Supplementary Section 8), we estimate a total effi-
ciency for the exciton-gSPP-exciton conversion process to be ~22%.
The gSPPs critical in routing valley excitons are confined within the
grooves and do not radiate to the far field without first transfer-
ring their energy to excitons. The spatial separation between valley
excitons (~1.2um) is limited by the relatively short gSPP propaga-
tion distance imposed by the present metasurface design, non-ideal
FIB fabrication processes and loss in the silver. In our experiment,
the exciton diffusion measured for the MoS, monolayer on the
unstructured silver film is similar to the gSPP propagation distance.
Thus, excitons directly excited by the laser diffuse and contribute to
a background signal, leading to reduced valley polarization. Both
the separation distance and the degree of valley polarization can
be improved with a different metasurface design (Supplementary
Section 9). gSPPs scattered by defects may also contribute to the
background signal in principle. However, this scattering of the sig-
nal by random defects should neither preserve chirality nor form
distinct spatial patterns. In addition, the high-quality single-crys-
talline silver substrate used in the current experiments ensures that
this scattering is greatly suppressed”” (Supplementary Section 10).

Inadditiontovalleyexciton spatial separation, we also expect the
emitted chiral photons to be separated in momentum space. Such
a separation is desirable for interfacing valleytronic and photonic
devices. Completely independent of the real-space localization
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Fig. 4 | Experimental observation of valley exciton emission separation in momentum space. a, lllustration of excitons from opposite valleys emitting
photons in different directions. b, Numerical simulations showing that the metasurface guides photons of opposite helicity preferentially towards the
upper and lower hemispheres. €, Schematics of the set-up used to record photoluminescence images in photon momentum space. d,e, Colour plots of
valley polarization contrast p* (k”) obtained from Mo$S, metasurface (d) and MoS, unstructured silver film (e). The maximal p(k”) extracted is 8% after

removing dark counts.

of the exciton, the asymmetric grooves shape the emission pat-
tern of an in-plane dipole. The emitted photons are emitted to
different directions according to their chirality, as illustrated in
Fig. 4a. The calculated polarization-resolved far-field pattern
(Fig. 4b) shows that ¢, and o_ polarized photons from opposite
valleys preferentially emit towards the upper and lower hemi-
sphere (Supplementary Section 11). The separation of photon
emissions from valley-polarized excitons has been demonstrated
by others using different metasurface designs®®’'. In one such
previous experiment, exciton-plasmon polaritons supported on a
metasurface with rotated rectangular nanoapertures were shown
to exhibit chirality-dependent emissions™.

We define p (k) to quantify the chirality-dependent emission
pattern. Here, k; =ksin@ is the momentum component of light
parallel to the x-y plane, k,=27/A is the wavevector of light at
wavelength 1 in free space, and 8 is the angle between k, and the x-y
plane. Experimentally, we obtained p (k) by the k-space imaging
technique. The set-up is sketched in Fig. 4c and explained in detail in
the Methods. Similarly, the p (k) is obtained by taking the k-space
images of o, and o_ emissions separately. The ratio p* between the
difference and sum of the two images from monolayer MoS, on
the metasurface is plotted in Fig. 4d. The sign of p* (k) reverses
at opposite sides of the k space, demonstrating that the metasurface
leads to directional emission of chiral photons. The maximum p(ky)
calculated with dark counts removed is 8%. In contrast, p(k) is neg-
ligible across the whole k space for photons emitted by monolayer
MoS, placed on a smooth silver surface, as shown in Fig. 4e.

In our experiments, the total exciton population is balanced in
the two valleys if the signal is integrated in either the real space or
momentum space. This balance results from linear polarization
excitation and is consistent with the photoluminescence spectra
shown in Supplementary Fig. 1. The fact that valley polarizations are
different in real space and momentum space reflects the capability
of the metasurface to separate the valley excitons in both domains,
opening exciting opportunities to manipulate valley excitons and
their emission in both the near and far fields.

Conclusions

In summary, we have demonstrated the sorting and routing of val-
ley-polarized excitons in a MoS, monolayer at room temperature
with a metasurface. Our method is based on an array of subwave-
length asymmetric grooves that can separate gSPPs with different
chirality. Via non-radiative energy transfer between gSPPs and exci-
tons, excitons in opposite valleys are separated in real space. Unlike
previous studies®, our approach is generally applicable to atomically
thin materials that do not exhibit any valley polarization at room

temperature. The degree of valley polarization can be significantly
enhanced by optimizing the metasurface design. Enhanced valley
polarization separation can also be achieved using excitons with
a dipole orientation perpendicular to the two-dimensonal plane
(see Supplementary Section 12 for an example), commonly found
in TMD heterostructures or dark excitons in monolayers**~. The
combination of metasurfaces as passive components and two-
dimensonal materials as active components will enable the creation
of hybrid photonic devices for controlling exciton/spin/valley trans-
port and the engineering of quantum emitter arrays”-*.
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Methods

Data analysis. To quantify the valley polarization contrast, we used normalized
polarization p =AI/XI. There are CCD dark counts in the absence of any
photoluminescence signal. The contribution of dark counts to the intensity
difference AI=1I,—I_is naturally removed in the subtraction. However, the
dark counts significantly contribute to the sum in the denominator XI=1,+1_.
In quoting p = 18%, we subtracted the CCD dark counts following the
common practice used in other recent studies'"*. To avoid dividing by
numbers near zero, a small offset of 80 counts was kept in the denominator
(Supplementary Section 13).

In the colour maps of valley polarization contrast, the superscript in p*
indicates that the CCD dark counts are not removed from the sum intensity.
We made this choice to avoid unphysical fluctuations due to dividing by a small
number. Therefore, the p* map in Figs. 3 and 4 in the main text only provides a
relative value.

Metasurface fabrication. The metasurface was created on top of a single-
crystalline silver crystal synthesized in solutions. The single-crystalline silver
crystals exhibit low loss because of its atomically smooth surface and absence of
grain boundary. The optical properties of these silver plates have been carefully
characterized. It has been shown that SPPs can propagate beyond 100 um on an
unstructured silver plate”.

Optical measurements. Polarization-resolved photoluminescence images were
collected using a home-built micro-photoluminescence set-up. A continuous-
wave laser at 532 nm was used to excite the monolayer MoS,. The polarization
of the incident light was controlled by a linear polarizer (GTH5M, Thorlabs)
combined with a half-waveplate (WPH10M-532, Thorlabs). The incident

laser was focused onto the sample by a X100 objective lens (Mitutoyo Plan

Apo) after reflection by a non-polarizing beamsplitter (BS013 Thorlabs). The
photoluminescence was collected by the same objective lens, transmitted through
the beamsplitter, a quarter-waveplate (05RP32) and a linear polarizer (LPVIS050)
and entered the spectrometer equipped with a CCD camera. To obtain a k-space
image, an additional lens and iris aperture were placed after the objective lens
(Supplementary Section 14).

Numerical simulations. Finite-difference time-domain simulations of the
silver-MoS, structure were conducted using CST Microwave Studio 2017.

CST Microwave Studio is a full-wave 3D electromagnetic field solver based on

a finite-integral time-domain solution technique. A non-uniform mesh was

used to improve the accuracy near the silver slab where the field was large and
inhomogeneous. Measured permittivity data for single-crystalline silver were
used*’. The two-dimensional MoS, was modelled as a 0.7-nm-thick dielectric layer
with experimentally obtained permittivity*.

Data availability
The data that support the figures in this paper and other findings of this study are
available from the corresponding authors upon reasonable request.
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