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The optical properties of two-dimensional (2D) semicon-
ductors are dominated by excitonic effects. In particular, 
TMDCs have a direct bandgap in the visible region at the 

energetically degenerate K and K′ (−K) points of their hexagonal 
Brillouin zones, the so-called valleys. Inversion symmetry and 
strong spin–orbit interaction in TMDCs lead to spin–valley lock-
ing at K and K′ valleys. TMDCs can therefore support two differ-
ent types of energetically degenerate exciton, which are identical 
except that they have opposite Berry curvatures. Consequently, 
the two types of exciton exhibit distinct responses to light of dif-
ferent helicity depending on their valley pseudospin1–4. To take 
advantage of this effect and build feasible valleytronic devices for 
optoelectronic applications, this valley degree of freedom must be 
accessed through the different responses to external stimuli such 
as electric, magnetic and optical fields4–7. Various applications in 
optoelectronics and valleytronics have been realized using the spin– 
valley effect4,5,8–13. However, the lifetime of the valley excited state 
is typically very short14, especially at room temperature, making it 
difficult to maintain the coherence of the valley and manipulate 
its index. Moreover, light–matter interaction in atomically thin 
TMDCs is very weak, and is even weaker in nonlinear conver-
sion processes such as second-harmonic generation (SHG). This 
limitation hinders the possibility of nonlinear valleytronic devices 
based on 2D TMDCs, which are necessary for valley-multiplexed 
data transport15–19. Therefore, it is important to establish viable 
approaches to the design of nanophotonic structures that, when 
combined with 2D TMDCs, could both boost the efficiency of 
nonlinear processes and exploit their valley index.

Optical metasurfaces20,21 with subwavelength meta-atoms have 
emerged as important flat-profile platforms in nanophotonics capa-
ble of manipulating light properties including phase, amplitude, 
spin, frequency and chirality. Optical metasurfaces enable applica-
tions such as metalenses22,23, metaholograms24, carpet cloaking25 and 
many others26–29. In particular, plasmonic metasurfaces in which a 
photonic spin–orbit interaction is devised can discriminate pho-
ton spins and apply a spin-related geometric phase to light. In this 
way, different spin components can be spatially separated, an effect 
known as the photonic spin-Hall effect30–35. As a counterpart to free-
space photonic spin-Hall metasurfaces, gratings with asymmetric 
corrugations or nanoholes have been used to launch unidirectional 
surface plasmon polaritons33,36,37. When these surface plasmon 
polaritons evanescently interact with excitons in 2D TMDCs in the 
near field, the subsequent spin-dependent directional photolumi-
nescence carries the valley information to where the exciton is pri-
marily generated38,39. However, the photoluminescence generation 
process makes the coherence of the pumping and excited fields so 
weak that valley-exciton emission is very difficult to manipulate 
for practical applications. This issue becomes more serious when 
simultaneous control of the valley index in the nonlinear regime 
and enhancement of the spin-Hall effects are required to occur in 
free space instead of in the near field.

Here, we theoretically propose and experimentally demonstrate 
a metasurface-assisted photonic pathway to boost the coherent 
spin–valley-dependent nonlinear optical process in monolayer 
TMDCs and to steer the nonlinear photons from different valleys in 
any desired direction in free space at room temperature. As shown 

Coherent steering of nonlinear chiral valley 
photons with a synthetic Au–WS2 metasurface
Guangwei Hu   1,9, Xuanmiao Hong2,9, Kai Wang   2*, Jing Wu   3, He-Xiu Xu1,8, Wenchao Zhao2, 
Weiwei Liu2, Shuang Zhang4, Francisco Garcia-Vidal5,6, Bing Wang2, Peixiang Lu   2,7*  
and Cheng-Wei Qiu   1*

Two-dimensional transition metal dichalcogenides (TMDCs) present extraordinary nonlinearities and direct bandgaps at the 
K and K′ valleys. These valleys can be optically manipulated through, for example, plasmon–valley-exciton coupling with spin-
dependent photoluminescence. However, the weak coherence between the pumping and emission makes exploring nonlinear 
valleytronic devices based on TMDCs challenging. Here, we show that a synthetic metasurface, which entangles the phase and 
spin of light, can simultaneously enhance and manipulate nonlinear valley-locked chiral emission in monolayer tungsten disul-
fide (WS2) at room temperature. The second-harmonic valley photons, accessed and coherently pumped by light, with a spin-
related geometric phase imparted by a gold (Au) metasurface, are separated and routed to predetermined directions in free 
space. In addition, the nonlinear photons with the same spin as the incident light are steered owing to the critical spin–valley-
locked nonlinear selection rule of WS2 in our designed metasurface. Our synthetic TMDC–metasurface interface may facilitate 
advanced room-temperature and free-space nonlinear, quantum and valleytronic nanodevices.

NAture PHotoNiCS | VOL 13 | JULY 2019 | 467–472 | www.nature.com/naturephotonics 467

mailto:kale_wong@hust.edu.cn
mailto:lupeixiang@hust.edu.cn
mailto:chengwei.qiu@nus.edu.sg
http://orcid.org/0000-0002-3023-9632
http://orcid.org/0000-0003-2122-1294
http://orcid.org/0000-0002-4182-6701
http://orcid.org/0000-0001-6993-8986
http://orcid.org/0000-0002-6605-500X
http://www.nature.com/naturephotonics


Articles NATure PHOTONICS

in Fig. 1a, our synthetic Au–WS2 metasurface contains two parts: 
the plasmonic Au metasurface (Fig. 1b) and the monolayer WS2 
on top of it. This metasurface is designed in such a way that the 
spin–valley-exciton-locked SHG occurs at the excitonic resonance 
of the K and K′ valleys in monolayer WS2

6,12. In addition, the plas-
monic metasurface is able to enhance the nonlinear process respon-
sible for SHG owing to large plasmonic field localization around 
the nanoholes. The Au metasurface imposes a chirality-dependent 
Pancharantnam–Berry phase gradient40–42, which arises from the 
photonic spin–orbit interaction, to the fundamental-frequency 
light. This gradient pumps the coherent SHG process and, conse-
quently, steers nonlinear chiral photons emitted from different val-
leys in different spatial directions (Fig. 1c).

Principle of steering nonlinear chiral valley photons
Here we present the theoretical foundation of our proposal for 
steering nonlinear chiral valley photons by means of a designed 
Au–TMDC metasurface. We first discuss the inherent nonlinear 
properties of monolayer WS2. Owing to its topological properties 
of broken inversion symmetry and D3h ( m6 2) symmetry in the SHG 
process, there is a complex interplay between the different momenta 
involved—the out-of-plane valley angular momentum, the exci-
tonic angular momentum, the lattice angular momentum and the 
photon spin angular momentum—according to the fundamental 
angular momentum conservation law6. This leads to a nonlinear 
selection rule6,12,15, whereby two fundamental-frequency photons of 
a given helicity are converted, with a second-harmonic exciton of 
opposite helicity generated (see Fig. 1d). This rule can be under-
stood mathematically by looking at the non-vanishing components 

of the second-harmonic susceptibility tensor of the D3h point group, 
χ χ χ χ= − = − = −aaa abb bba bab

(2) (2) (2) (2), where a and b are the principal direc-
tions of the monolayer, along the armchair and zigzag directions, 
respectively (see Supplementary Section 4 for more details). This 
selection rule is completely different from the incoherent photolu-
minescence process, in which the spin of the pumping and gener-
ated photons for one specific valley must be the same4,5,43. Therefore, 
although originating from the lattice symmetry of the WS2 mono-
layer, the valley-contrasting physics associated with the nonlinear 
process of SHG is non-trivial.

SHG is a coherent phenomenon, and thus provides the possibility 
of controlling and tuning second-harmonic photons by manipulat-
ing the fundamental-frequency photons that trigger the nonlinear 
process. This is exactly what our designed Au metasurface does. As 
shown in Fig. 1b, the Au metasurface is composed of an array of rect-
angular nanoholes with spatially varied rotation angle θ. Each nano-
hole forms an individual resonator (see Supplementary Fig. 3d,e)  
and can be treated as a birefringent wave plate29 with an associated 
Jones matrix
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where tx and ty denote the transmission coefficients along the two 
orthogonal principal axes and ⋅T ( )  is the rotation matrix. The 
Jones matrix connects the output field (Eout) and incident field (Einc) 
via Eout = J(θ)Einc. In this way, a spin-dependent geometric phase can 
be imprinted into the output fundamental-frequency field, which 

5 µm

1 µm

a

d

b

W
S

K′ valley K valley

e
∣–, 2ω〉

c

0 0.1

10 µm

e
h

e
h

e
h

e
h

z = 150

z = 145

z = 120

z = 105

z = 90

z = 75

z = 60

z = 45

z = 30

z = 15

z = 0

–0.1

∆I = IRCP – I LCP (a.u.)

∣+, ω〉

∣+, 2ω〉

∣–, 2ω〉

∣+, ω〉

∣+, ω〉

∣0, ω〉

∣+, 2ω〉
K valley

∣–, 2ω〉
K′ valley

∣–, ω〉 ∣+, ω〉

∣–, ω〉

y
x

z

x′
x θ

e i4θ ∣ +, 2ω〉

e i2θ ∣–, ω〉

0

Fig. 1 | Concept, main result and principle of the synthetic Au–WS2 metasurface. a Schematic of our synthetic Au–WS2 metasurface. The single-layer 
WS2 sits on top of a Au metasurface. Following the introduction of incident linearly polarized light ( ∣ ⟩ω0, ), where ω denotes the pumping frequency, 
the synthetic structure can yield large SHG from the valley band of the WS2 and split opposite spin components of the second-harmonic valley photons 
( ∣ ⟩ω+, 2  and ∣ ⟩ω−, 2 ) into different directions. b, SEM image of the photonic spin-Hall metasurface. It is composed of rectangular nanoholes with different 
local rotation angles. c, The experimentally measured differential energy distribution (ΔI, the difference between the RCP intensity, IRCP, and the LCP 
intensity, ILCP) and evolution of the second-harmonic signal along the propagation direction (z, in µm), which is normalized by the maximum measured total 
intensity in the z = 0 plane. d, Interband valley-exciton-locked SHG selection rule of hexagonal momentum space between the conduction band (grey) and 
valley band (green and yellow). e, Schematic of the physics principles of the valley–photon interface in our hybridized structures. θ denotes the rotation 
angle of a nanohole with respect to the x axis.

NAture PHotoNiCS | VOL 13 | JULY 2019 | 467–472 | www.nature.com/naturephotonics468

http://www.nature.com/naturephotonics


ArticlesNATure PHOTONICS

further excites the SHG of monolayer WS2 on top of the metasur-
face (see Fig. 1e). For example, incident right circularly polarized 
(RCP) light ( ω∣+ ⟩, ), ω denotes the pumping frequency, trans-
mitted through the Au metasurface will be split into two parts: a 
residual RCP beam without a geometric phase and a left circularly 
polarized (LCP; ω∣− ⟩, ) beam with a geometric phase θei2 . In coher-
ent SHG, two components will emerge according to the nonlinear 
conversion rules described above: a second-harmonic RCP beam 
( ω∣+ ⟩, 2 ) from the K valley with double geometric phase θei4  and a 
second-harmonic LCP ( ω∣− ⟩, 2 ) beam from the K′ valley without 
any geometric phase. Thus, a spin-dependent phase gradient (∇ϕ) 
could be imparted to the second-harmonic photons when θ changes 
spatially. This phase gradient provides the momentum matching to 
steer the valley second-harmonic photons in different directions 
according to the generalized Snell’s law20,30,31, ϕ̂ = ∇k xx . More theo-
retical details are provided in Supplementary Section 4. Only the 
in-plane electric field ( ̂ ± ̂E iEx yx y ) can pump and interact with the 
valleys of 2D TMDCs effectively43. These in-plane components are 
also the ones that the Au metasurface can manipulate, because the 
Jones matrix operates on only the x and y components of the inci-
dent field.

experimental demonstration
To verify our concept experimentally, arrays of rectangular nano-
holes arranged in a hexagonal lattice were fabricated by using 

focused ion beam milling (FEI Versa 3D). The thickness of the Au 
film is 60 nm, the unit-cell periodicity is 730 nm, and the length and 
width of the rectangular nanoholes are 335 nm and 145 nm, respec-
tively. The rotation angle responsible for the phase gradient in our 
metasurface is governed by ∂xθ = π/Λ (see Supplementary Fig. 4a). 
Here, Λ = 4.2 µm is the spatial period of the full π rotation angle 
variation. Two-photon luminescence experiments were performed 
to determine the degenerate valley bandgap, which was found to 
be 2.004 eV (see Supplementary Fig. 2). To tune the polarization 
of the incident beam, a quarter-wave plate (QWP1) was inserted 
between the laser and the Au–WS2 sample. The fundamental-fre-
quency beam focused by a lens (f = 8 cm) pumps the sample. The 
emitted signal was collected by an objective lens, filtered spec-
trally and imported to a spectrometer and a complementary metal 
oxide–semiconductor (CMOS) camera with an imaging tube lens. 
For the propagation measurement, we captured the SHG signals at 
propagation planes from 0 μm to 200 μm along the z axis in steps of 
15 μm. The polarization of the emitted SHG beam was extracted by 
a Glan-laser polarizer with a second quarter-wave plate (QWP2) at 
z = 120 μm. All optical measurements were performed at room tem-
perature. More details of the sample fabrication and optical mea-
surement are provided in the Methods.

Linearly polarized field pumping. We first test our synthetic meta-
surface with linearly polarized illumination (QWP1 is removed 
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Fig. 2 | the optical set-up and experimental results under linearly polarized pumping. a–c, The experimentally measured intensity of the two chiral 
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in this case). As the evolutionary light trajectory measured along 
the x–z plane illustrates (see Fig. 2e), SHG photons are split into 
three beams (−1st, 0th and +1st order). The intensity of the −1st 
(+1st) order in the image plane measured at the propagation length 
z = 120 μm changes from being strongest (nearly vanishing) when 
the rotation angle ψ of the polarizer is 0° to nearly vanishing (stron-
gest) at ψ = 90° and, finally, to being strongest again (nearly van-
ishing) when ψ = 180°. By contrast, the 0th-order intensity remains 
unchanged while ψ is varied. Such features are compatible with 
the picture described above with regards to the close relation that 
exists between the geometric phase added by the Au metasurface 
to impinging fundamental-frequency photons and the chirality 
of second-harmonic photons emitted from different valleys of 2D 
TMDCs. Within this scheme, second-harmonic photons with a 
geometric phase of ei2θ (1st order) would have a predominant RCP 
character and correspond to excitons created in K valleys, after two 
LCP photons are converted by the WS2 layer following the scheme 
depicted in Fig. 1d: one incident RCP photon that has acquired a 
geometric phase ei2θ and changed its chirality after passing through 
the Au metasurface, and an incident LCP photon being transmitted 
without any alteration after its passage through the same metasur-
face. In a complementary fashion, second-harmonic photons with 
a geometric phase of e−i2θ (−1st order) have a LCP character and 
are associated with excitons emerging from K′ valleys. To corrobo-
rate this quantitatively, we also measured the intensity of the LCP 
and RCP components of those orders (see Fig. 2a–c). These results 
further support the claim that the designed Au metasurface can 
spatially separate second-harmonic photons from different valleys. 
To characterize the figure of merit of accessing the valleys via the 
Au metasurface in free space, we calculate the third Stokes param-
eter (S3 = (IRCP − ILCP)/(IRCP + ILCP) by measuring the averaged photon 
counts per unit area of the SHG spot. The measured S3 of −1st, 0th 
and +1st orders are −0.94, −0.16 and 0.88, respectively, indicating 
the nearly-perfect figure of merit of our designed Au–WS2 metasur-
face. The minor deviation of S3 from perfect circular polarization (S3 
= ±1) or linear polarization (S3 = 0) could come from an undesired 
oblique propagation and the experimental tolerance in measure-
ments. Thus, it can be concluded that the nonlinear chiral photons 
from different valleys are separated in free space.

Another quantitative characterization is the deflection angle α 
of the −1st and 1st orders. This angle is linked to the geometric 
phase introduced by the nanohole array and depends on the period 
of the phase gradient associated with the design of the Au meta-
surface as kSHGsinα = ±2π/Λ (where kSHG denotes the free-space  

wavevector of a SHG photon, see Supplementary Section 4). This 
equation predicts α = ±8.47°, which matches very well with the 
experimental value of ±8.5°. Moreover, the intensity ratio of 
the +1st, 0th and −1st orders is measured as 1.58:1:1.53, which 
is remarkably consistent with the theoretical expectation of 
1.59:1:1.59 ( ∣ − ∣ ∣ + ∣ ∣ − ∣t t t t t t2 : : 2x y x y x y

2 2 2 2 2 2 2). In principle, there would 
be two more diffraction orders (±2nd) of SHG under linearly polar-
ized pumping, with deflection angles of around ±17°, governed by 
kSHGsinα ′ = ±4π/Λ. Their intensities should be around one-third 
that of the 0th order (see Supplementary Section 4). These second-
order beams also appear in our experiments (see Supplementary 
Fig. 4), but their measured intensities are much lower than the pre-
dicted ones, owing to the limited diffraction and collection efficien-
cies of our experimental apparatus.

Circularly polarized field pumping. We then switch the linearly 
polarized pumping to RCP illumination (see Fig. 3a). QWP1 is now 
placed between the laser and the synthetic metasurface. The mea-
sured second-harmonic intensity at different propagation lengths 
is shown in Fig. 3c. Only two orders are clearly observed: the 0th 
order of cross-polarized light ( ω∣− ⟩, 2 ) emitted from the K′ valley 
and the 1st order of co-polarized light ( ω∣+ ⟩, 2 ) from the K val-
ley. The experimentally measured S3 values are −0.99 and 0.94, 
respectively. Conventional geometric-phase transmissive meta-
surfaces, linear (Fig. 3b) or nonlinear31,35,44,45, always steer the light 
with opposite spin, owing to the spin-conversion process associated 
with the spin–orbit interaction. However, the exotic valley degree of 
freedom introduced by monolayer TMDCs displays a counter-spin 
SHG selection rule, allowing nonlinear photons with the same spins 
to be deflected (see Fig. 3a). This finding reveals the critical role of 
the valley index in the photonic spin-Hall process associated with 
our synthetic metasurface.

Another interesting feature is the spatial deflection angle of the 
1st order under RCP pumping (17.5°), which is approximately dou-
ble of that of the 1st order when the structure is illuminated by lin-
early polarized light (8.5°). In the case of RCP illumination, the two 
LCP photons needed to create an exciton in the K valley must have 
originated from two incident RCP photons that have both changed 
their chiralities and acquired a geometric phase ei2θ after passing 
through the Au metasurface. Therefore, the geometric phase of the 
second-harmonic photons is ei4θ in this case. On the other hand, 
second-harmonic photons emitted from K′ valleys originate from 
the incident RCP photons that have been transmitted without spin 
conversion through the Au metasurface.
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Metasurface-enabled plasmonic enhancement of SHG
The second-harmonic nonlinearity of pure WS2 has been reported 
to be as large as 5 nm V−1 (ref. 15), several orders of magnitude larger 
than in traditional nonlinear PhCs. However, the few-atom thickness 
of monolayer TMDCs limits the nonlinear light-matter interaction 
substantially. In Fig. 4 we compare the normalized SHG intensity of 
WS2 on top of the plasmonic metasurface with that when the mono-
layer semiconductor is placed on a quartz substrate. We observe an 
enhancement of the SHG intensity by one order of magnitude in 
our synthetic metasurface. As shown in Supplementary Fig. 7, the 
SHG could be enhanced at the valley-exciton resonance6,12,13, while 
our metasurface with large near-field enhancement could further 
boost SHG owing to the excitation of a plasmonic resonance46,47 
at the fundamental frequency (Supplementary Fig. 3c,d). Finite-
difference time-domain simulations (see Methods) reveal the emer-
gence of a large plasmonic field localization at the metasurface–air 
interface, as depicted in Supplementary Fig. 3e,f. These simulations 
show that the main contributions to the SHG originating from 
the monolayer WS2 were from regions near the nanoholes, as the 
plasmonic field is highly concentrated in these areas. The average 
fundamental-frequency field (|Ex(ω)|2 + |Ey(ω)|2) within the nano-
hole area is estimated to be enhanced by a factor of around 33. 
Taking the area ratio of the nanohole (about 0.1) into account, the 
average second-harmonic field intensity enhancement is estimated 
to be around tenfold ((33 × 0.1)2) according to the normalization 
method discussed by Wang et al.46. This large value agrees well with 
the experimental result shown in Fig. 4, as well as the results of a 
rigorous nonlinear scattering theory (see Supplementary Section 
6). Larger SHG intensity could be expected from topologically 
optimizing the properties of the nanostructure, such as the size 
of the nanoholes and the unit-cell periodicity of the array, but a 
tenfold enhancement is large enough to demonstrate the boosted 
light–matter interaction in our synthetic metasurface for nonlin-
ear optical and optoelectronic applications16. Not limited to our Au 
metasurface, low-loss dielectric metasurfaces supporting Mie reso-
nances could potentially be explored in the future to further boost 
the nonlinear response of 2D TMDCs 48–50.

Conclusion
In summary, we have proposed a synthetic metasurface that com-
bines a plasmonic spin-Hall metasurface and a WS2 monolayer. 
It provides a photonic pathway to manipulate the valley-locked 
nonlinear emission and creates a nonlinear chiral valley–photon 
interface at room temperature. An enhancement of the SHG by one 

order of magnitude is achieved as a result of the high near-field con-
finement of light. This could be further enhanced by tuning the geo-
metric parameters of the Au metasurface. In addition, the photonic 
spin–orbit coupling can induce a chirality-related geometric phase 
that interacts with the different valleys of monolayer WS2 and steers 
the nonlinear valley–exciton-locked emission in any direction in 
free space, without requiring external stimuli such as an electric 
bias or magnetic field. Our strategy is of high fidelity and can be 
extended to other nanophotonic systems such as all-dielectric reso-
nant metasurfaces and other TMDC monolayers. In future studies, 
the optical pumping or electron spin injection used to prepare the 
valley could be integrated into our synthetic metasurface to control 
the valley emission. Our work could provide a way to manipulate 
the valley-exciton transport, steer the spin–valley-exciton emission 
with nonlinear chiral valley–photon interfaces, and encode the val-
ley index into free space.
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Methods
Sample fabrication. Lift-off process for the WS2 monolayer. First, 1 g of polymethyl 
methacrylate (PMMA; Aldrich; average molecular weight, 996,000) was dissolved 
in anisole to prepare 50 g of solution (2 wt%). A few drops of this solution were 
drop-coated on the sapphire substrate with WS2 monolayer flakes until it fully 
covered the substrate. The coated substrate was then placed at room temperature 
for more than 1.5 h to allow the anisole to evaporate, followed by a curing step 
of baking at 120 °C for 0.5 h. Polymer strips (1 mm in width) were scratched by 
a blade at the edges of the substrate to reduce the lift-off time. The substrate was 
immersed in 3 mol l−1 NaOH aqueous solution at room temperature for more 
than 4 h to etch the sapphire surface, and the PMMA–WS2 films lifted off from 
the growth substrate naturally. The films were fished out with a glass slide and 
immersed in deionized water three times to remove the residual NaOH solution.

Fabrication of Au metasurfaces. A 60-nm-thick Au film with a 5-nm-thick Cr 
adhesion layer was deposited on a quartz substrate by using an e-beam evaporator. 
The rectangular nanohole array was milled on the film using focused ion beam 
milling (FEI Versa 3D).

Transfer process for the WS2 monolayers. The PMMA–WS2 films were fished out 
with the fabricated metasurfaces with tweezers. These were then quickly aligned 
with the metasurface arrays under a microscope before the water dried. The 
substrate was then baked at 120 °C for 1 h to improve the adhesion between the 
WS2 monolayers and the Au metasurfaces. Finally, the substrate was immersed in 
acetone three times (each time for 15 mins) to remove the PMMA film.

Optical measurement. A mode-locked Ti:sapphire femtosecond laser system 
(Astrella Coherent; 35 fs, 800 nm, 1 kHz) and an optical parametric amplifier 
(TOPAS-Prime Plus, Light Conversion) were used as the fundamental beam at 

1,240 nm with linear polarization. The polarization of the fundamental beam can 
be further adjusted by QWP1 (WPQW-IR-4M, Sigma Koki; 1,000–1,600 nm) 
to generate circular polarization. The beam was then focused by an 8 cm lens to 
pump the sample for SHG. An objective (Olympus; ×40, 0.65 NA) was used to 
collect the emissions from the sample. After being filtered out of the fundamental 
beam, the emitted signals were imported directly to a spectrometer (Shamrock 
303i, Andor) or a CMOS camera (Prime 95B, PHITIMETRICS) with a tube lens 
for imaging. By moving the objective along the z axis, the images of the emitted 
signals were captured at different planes along the z axis in steps of 15 μm. The 
polarization of the emitted second-harmonic signal was extracted by a Glan-laser 
polarizer (GL10P-A, Thorlabs; 400–700 nm) with QWP2 at the second-harmonic 
wavelength (WPQ05M-633, Thorlabs). The axis of the Glan-laser polarizer was set 
to be vertical (horizontal) to extract the RCP (LCP) component, by rotating the fast 
axis of QWP2 by 45° (−45°). The Stokes parameters were determined by rotating 
the quarter-wave plate from 0° to 180° in steps of 10°.

Numerical simulation. The finite-difference time-domain simulation was 
performed using the commercially available software Lumerical 2017b (http://
www.lumerical.com/tcad-products/fdtd/). The local field enhancement factor at 
the metasurface–air interface was obtained by taking the average of the electric 
field in the plane. The transmission coefficients along the x and y directions were 
obtained by probing the field of the far-field monitor. The simulation results for 
the transmission coefficients along the two principal directions at the incident 
fundamental-frequency light are tx = 0.0961e2.1763i and ty = 0.7183e−2.9896i. More 
details are provided in the Supplementary Information.
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