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Supplementary Text
Note 1: Theoretical analysis of SPP scattering into circularly polarized light

(1) Producing RCP with anisotropic nanobricks
We first introduce conventions for describing the light fields, a plane electromagnetic wave is of
the form (52):

E, ~E,exp{i(wt —k-1)} — E,.~E;exp(—ik-T) (S1)
where E is the electric field vector, w is the angular frequency, the wave vector is, k = 2m /A, A
is the wavelength of the wave. For a right-hand circularly polarized (RCP) wave travelling in the
+z direction:

E, ~E, % (_11) exp{i(wt — k-r)} ~E, (_1[) exp(—ikz) (S2)

We consider the SPP incidence on a doublet of (extremely) anisotropic scatterers displaced by a
quarter of the SPP wavelength along the propagation direction as shown in fig. S1A, considering
only the in-plane (x, y) field components, the incident SPP field has only one component:

Espp~Eo(1, 0) exp(—iksppx) (S3)
The (largest) field component scattered by this doublet in the z direction can be written as follows:
VA
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If we consider the contributions from the short side of a nanobrick, the scattered field component
is relatively small and can then be written as follows:

T
1+ —i= .
e, )0 o

Conclusions:

1) The largest scattered field components produce an RCP wave travelling in the +z direction
(i.e., towards us), while the minor scattered field components result in an LCP wave
travelling in the +z direction (C; > C,).

2) The net scattering in both cases is coming from the doublet centre as reflected by the factor

e 7,

(2) Producing RCP vortices
Considering the SPP field propagating under an azimuthal angle ¢ with the x-axis (fig. S1B), the
largest contribution to the scattered field can be expressed as follows:
. [cose —sing] (1Y) _ cos@ +ising) _ ip (1
Esci(9)~C [sincp cos ¢ (—i) =G (simp —icos¢ ) = Gie (—i) (S6)
Consequently, the minor contribution to the scattered field can be expressed as follows:
. [cose —sing| (1) _ cos@ —ising) _ —ip (1
Eses(9)~Cy [sin<p cos @ ] (i)_CZ (sin<p+icos<p )—Cze (l) (87)
Conclusions:
1) The largest scattered field components originating from concentric circles of doublets
(separated by the SPP wavelength) produce an RCP vortex field with the +1 topological



charge travelling in the +z direction (i.e., towards us), while the minor scattered field
components result in an LCP vortex field with the —1 topological charge.

2) Considering the largest scattered field components producing RCP fields, in order to
produce an RCP wave (without topological charges) one should have a diverging (from the
centre) spiral of nano-bricks with the distance from the centre (QE) increasing with the
angle ¢:

%
@ = kspp - 61() > (@) =19+ . (S8)
SPP
In order to add the compensating phase:

Ccos @ ) ,
Espp(@)~Ey (Sin <p) exp(—iksppr)~ exp(—igp) (59)
3) Using converging (towards the centre) spiral would result in an RCP vortex field with the
+2 topological charge travelling in the +z direction.
4) In order to produce an RCP vortex with the —1 topological charge, one should use a twice
fast diverging spiral:
2¢
kSPP

20 = kspp - 6r(@) > (@) =715 + (510)

The compensating phase is:
CoSs ¢ . ,
Espp(9)~Ey (sin <p) exp(—iksppr)~ exp(—i2¢) (511)

(3) Producing LCP with anisotropic nanobricks

We consider then the SPP incidence on a mirrored doublet of (extremely) anisotropic scatterers
displaced by a quarter of the SPP wavelength along the propagation direction as shown in fig. S1C:
The (largest) field scattered by this doublet in the z direction can be written as follows:

T T\ 1—1i
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If we consider the contributions from the short side of a nanobrick, the scattered field can then be
written as follows:

Eye~C; (1+exp (—ig) ,—1+ exp (—z%)) — ¢, (_11__ii) ~C,- e % (_11) (s13)

(4) Producing LCP vortices
Considering the SPP field propagating under the angle ¢ with the x-axis as shown in fig. S1D, the
largest contribution to the scattered field can be expressed as follows:
_p [cose  —sing] (1\ _ cosg —ising) _ —ip (1
Esci(9)~Cy [simp cos @ (L) =G <sin<p +icos¢ ) = Gie (l) (514)
Consequently, the minor contribution to the scattered field can be expressed as follows:

cos@ —sing 1 cos@ +ising 01
Escs(9)~Ca- [simp Cos @ ] ' (—i) =G (singo —icosg ) = (e (—) (515)
Conclusions:
1) The largest scattered field components originating from concentric circles of doublets
(separated by the SPP wavelength) produce an LCP vortex field with the —1 topological
charge travelling in the +z direction, while the minor scattered field components result in

an RCP vortex field with the +1 topological charge.



2) Considering the largest scattered field components producing LCP fields, in order to
produce an LCP wave (without topological charges) one should have a converging (to the
centre) spiral of nano-bricks with the distance from the centre (QE) decreasing with the
angle ¢:

%
@ = —kspp " 61(p) > 1(9) =715 — Tenr (S16)
SPP
In order to add the compensating phase:

Espp()~Eo(cos ¢, sin @) exp(—ikgppr)~ exp(ip) (517)

3) Using diverging (from the centre) spiral would result in an LCP vortex field with the —2

topological charge travelling in the +z direction (with the strategy for producing positive
topological charges being reversed).

(5) Concluding remarks

The ratio between the strongest and weakest scattered field components is determined by the
length-to-width ratio of nanorods (nanobricks or anisotropic scatterers) but is not directly
proportional to that. The corresponding dependence is influenced by the nanobrick shape and
includes the nanobrick height and the refractive index as well. Nanofabrication along with the
design principle limits the largest length-to-width ratio that can realistically be fabricated. For
example, it is often very difficult to fabricate a nanobrick with the width smaller than the height.
Given the nanobrick separation equal to a quarter of the SPP wavelength implies that the nanobrick

length is limited to V2 A5pp /4 to avoid the overlap of two orthogonal nanobricks (fig. S1). Finally,
the scattering strength should not be too small for the out-of-plane SPP scattering being stronger
than the SPP absorption, and that requires to fabricate nanobricks with sufficiently large volumes,
I.e., with sufficiently large heights. It is then clear that the overall optimization would require to
use nanobrick materials with larger refractive indexes, relaxing thereby the requirements of large
volumes (the scattering strength increases with the refractive index contrast). Our choice of the
nanobrick parameters [Fig. 1B in the main text] is a result of numerical optimization involving
extensive simulations and backed up with the control experiments.

Note 2. Experiment of SPP scattering into circularly polarized light

With the numerical simulations showing that the surface plasmon polaritons could be
efficiently outcoupled to free-space circular polarized light by the designed anisotropic element,
here, we conducted experimental characterization to investigate the performance of anisotropic
units, which is the elementary component for the SPP coupler (metasurface B shown in Fig. 3(a)).
The excitation of propagating SPPs is realized by a grating A (HSQ) on SiO2 (20 nm) /Ag (150
nm) substrate. The period is 580 nm with the width of 140 nm, enabling the excitation of SPP with
670 nm laser light. The distance between grating A and metasurface B is 10 um, considering the
trade-off between the overlap of incident beam and outcoupling light and the SPP loss along
propagation. A wavelength-tuneable  continuous-wave  laser  (NKT,  SuperK
EXTREME/FIANIUM) is used as the incident light after converting to TM wave with a polarizer,
then focused on the centre of the grating A. As clearly shown in Fig. 3(b), SPP can be excited and
then coupling out by metasurface B, confirming its ability for acting as an efficient SPP outcoupler.
To characterize the polarized states, a quarter wave plate and linear polarizer is inserted before the
CMOS camera to measure the Stokes parameter Ss (shown in the Fig. 3(c)). Fig. 3(d) shows the
2D distribution of Ss. Reflected light of grating A keeps the linear polarization, while the




outcoupling emission from metasurface B is circular polarized with S3= 0.98. It proves that the
SPPs can be efficiently outcoupled to free-space circular polarized light by the designed
anisotropic element.

Note 3. Polarization measurement
The Stokes polarization parameters are directly measurable based on intensity quantities.
The emitted light pass through a quarter wave plate (retardation angle ¢), then followed by a
linear polarizer with its transmission axis aligned at an angle 4 to the x axis. The emitted light of
the single photon source can be decomposed as:
E (t) = Ep,e'dx. it = E i@t (S18)
E,(t) = Egye'®r.e'tE elot (S19)
where E, and E,, are the complex amplitude. The Stokes parameter for a plane wave can be
obtained from:

So = ExEx + E)E;
S1 = ExEx — E,E,;
S, = ExEy + EEy
S3 = i(ExEy + E EJ) (520)
where Ex and E;, are the complex conjugates of E, and E,.
The intensity I(¢, 8) of the emitted light is a function of retardation angle ¢ and polarizer
alignment angle 6:
I(¢,0) = ExEx cos® 6 + E,E; sin* 6 + E;Eye‘i"’siné?cosé? + ExE;e_i(pSiI‘I@COSQ (S21)
The intensities at four different pairs of ¢ and 8 are measured to calculate the four Stokes
parameter. The first three Stokes parameter is measured by rotating the polarizer to angle 8 = 0°,
90°, 45° and — 45° respectively (remove the quarter wave plate). The final parameter S5 is
measured by the quarter wave retarder (6 = +45°, ¢ = 90°) and linear polarizer (6 = 0°). The
Stokes parameter is derived as:
So = 1(0°,0°) +1(90°,0°)
S; =1(0°,0°) — 1(90°,0°)
S, = 1(45°,0°) — I(—45°,0°)

S; = 1(45°,90°) — I(—45°,90°) (S22)
The degree of circular polarization of photon emission is defined as
P = S3/y/(S1)2 + (52)% + (S3)? (S23)

in which S;, S,, and S5 are the Stokes parameters normalized to the corresponding total
intensity (S,) obtained in each measurement.
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Fig. S1.

Schematic illustration of generating RCP and LCP. (A, C) Normal incident SPP scattered by a
doublet of anisotropic scatterers. (B, D) Regime of QE-excited SPPs propagating under an
azimuthal angle ¢.
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Experimental demonstration of RCP generation with optimized element. (A) SEM images of
the fabricated grating-metasurface. Scale bar: 2 um. (B) The real plane under TM incidence at 670
nm. (C) Corresponding experimental setup. (D) Measured Stokes parameter S;.
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Fig. S3.

Simulated results with dipole arrays, mimicking the designed configuration. (A) Schematic
of the orthogonal dipole unit arranged with diverging spiral, concentric circle and converging
spiral trajectories. There is a phase shift between the orthogonal dipole for each unit, forming
perfect circular polarization. (B) Far-field angular intensity distribution (in the Fourier plane). (C)
3D superimposed intensity and polarization states, the colour shows the Stokes parameter Ss. (D)
Phase distribution of the decomposed RCP component. The white circle shows the collection angle
of NA=0.1.
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Fig. S4.

Influence of the number of rings on the performance. (A) Top view of diverging Archimedean
spiral configurations with different number windings (n=3, 5, 7, 9, and 11). (B) Far-field intensity
distribution with numerical aperture NA = 0.2. The inner circle denotes the divergence angle. (C)
The superimposed intensity and degree of circular polarization (the colour represents Stokes
parameter S3).
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Numerical simulations of energy flow (Poynting vector P;) with designed diverging,
concentric, and converging configurations. In the near field, monitor is 30 nm away from
metasurface. In the middle field, monitor is 900 nm away from metasurface, the far field is
calculated with near to far field transformation. The results present the evolution of energy flow
from the dipole source: In the near field, the photon emission is dominated by the dipole source
itself; In the middle field, it shows the interactions between the dipole-excited SPPs with the
surrounding nanostructures; In the far field, the dipole-excited SPPs are coupled into free space
photon emission with different phase profiles (topological charges), showing a bright spot or
doughnuts.
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Influence of the position shift of QEs on the performance with diverging spiral configuration.
The circular polarization purity maintains high value (lager than 95%) and the divergence angle
varies from 1.86°to 2< which are all robust to the position shift of QEs within 50 nm.
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Influence of the height of HSQ on the performance of circular polarized states. (A) Simulated
Stokes parameter S within zenith angle +15°. (B) Variation of RCP purity with the height of HSQ.
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Fig. S8.

Simulated collection efficiency, quantum efficiency and Purcell factor. (A) Collection
efficiency as a function of the NA for configurations with diverging spiral (m = —1), concentric
circle (m = 0), and converging spiral (m = +1) trajectories. (B) Quantum efficiency and Purcell
factor with different materials (HSQ and TiO3) for configuration with diverging spiral (m = —1).
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Fabrication process of photon sources with multiple ND-NVs and single ND-NV. (A)
Deposition of 150 nm Ag on the silicon substrate. (B) 20 nm SiO2 deposition. (C) The alignment
gold markers are fabricated by using EBL, gold deposition, and lift-off process. (D) Spin coating
nanodiamond containing NVs. (E) Determine the position of ND-NVs. A dark-field microscope
image is taken to determine the position of ND-NVs. Single-photon ND-NVs is searched by the
fluorescence scan with a radially polarized excitation laser beam (532 nm), the position of which
is determined by the fluorescence image with the help of alignment markers at the corners of a
27x27 um? area. Scale bar: 5 um. (F) Spin coating HSQ and baked at the hotplate to form 150
nm HSQ layer. (G) Metasurfaces are fabricated around the ND-NVs by EBL and the precise
alignment procedure. The alignment and position determining method can be found in Ref (37).
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Fig. S10.

SEM of the fabricated devices. (A) Angular-view scanning electron micrograph. (B) Top-view
SEM images of the centre part. ND-NVs is positioned in the center of metasurface. Scale bar: 1

pm.
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AFM of the fabricated devices. (A) 3D AFM schematic of the fabricated sample. (B) Height of
HSQ in the cross section.
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Fig. S12.

Schematic of experimental setup. (A) Sample stage. The piezo-stage allows for locating ND-
NVs when scanning fluorescence maps. (B) Incident light for exciting the nanodiamond. (C)
IHlumination part for finding the fabricated QE-coupled metasurfaces. (D) Characterization for
polarization states and topological charge. (E) Characterization for fluorescence image, correlation,
decay-rate. Fluorescence photon rate is recorded by avalanche photo diode (APD1), which is
filtered from the laser light, by a set of dichroic mirrors (DM) and a long pass filter (LPF).
Correlation measurements is recorded by histogramming the timing delay between photon
detection events between APD1 and APD?2 in a start-stop configuration, using an electronic timing
box (Picharp-300; Pico quant). (F) Characterization for spectrum. CW: continuous wave, RP:
Radial Polarization Converter, PBS: polarized beam splitter, PH: pinhole, DM: dichroic mirror,
LP: linear polarization, QWP: quarter-wave plate, LPF: 550 nm long pass filter, FM: flip mirror,
GM: galvanometric mirror. APD: Avalanche Photodiode.
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Characteristics of the circular polarized states. Simulated (A) and measured (B) Stokes
parameter Ss distributions of the designed diverging, concentric, and converging configurations.
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Simulated vortex states from QE-couple metasurfaces. (A) Phase distribution for holograms
with topological charges with -3, -2, -1, 0, and 1. (B-D) Simulated intensity distributions of the
RCP components of the single-photon emissions that are projected to holograms with (B)
diverging spiral, (C) concentric, (D) converging spiral configuration.
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Measured vortex states of the designed photon sources with ND-NVs. (A) Phase distribution
for holograms with topological charges with -3, -2, -1, 0, and 1. (B-D) Measured intensity
distributions of the RCP components of the single-photon emissions that are projected to
holograms with (B) diverging spiral, (C) concentric, (D) converging spiral configuration.
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Experimental demonstration of left-hand circular polarized (LCP) vortex photon sources.
(A) SEM images of the fabricated circularly polarized vortex photon sources with topological
charge of 0 (top) and 1 (bottom). (B) Far-field intensity distribution. (C) 3D representation of the
superimposed intensity and polarization distribution. The height indicating the intensity and the
colour shows the value of Stokes Vector Ss.
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Fig. S17.
Fluorescence image of single-photon source before and after coupling with metasurface.
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Lifetime of single photon sources before and after coupling with metasurfaces.
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Fig. S19.

Hybrid arrangements of QE-coupled quantum metasurfaces. (A) Combination of diverging
spiral (RCP element) and concentric (LCP element) for realizing entangled states of |R)|#z = 0)
and |L)|¢, = —1). (B) Combination of converging spiral (RCP element) and concentric (LCP
element) for realizing entangled states of |R)|#g = +2) and |L)|€, = —1). The first row is the top
view of designed QE-coupled quantum metasurfaces, the second row is the RCP and LCP
intensities, the third row is the corresponding phases. Note that all the bricks are made by same
dielectric materials (HSQ), the difference of colour in first row just identifies the elements with
different orientations that contributes to either RCP or LCP. The white dashed circles denote the
numerical aperture NA = 0.2.
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Fig. S21.

Manipulation of SAM and OAM with different chirality of element with a fixed trajectory.
(A) RCP element arranged with diverging spiral arms (m = —3) for realizing states of
|R)|€x = —2). (B) Combination of RCP element (2 arms) and LCP element (1 arm) for realizing
composite states of |R)|£x = —2) and |L)|¢, = —4), dominated by |R)|fr =—-2). (C)
Combination of RCP element (1 arm) and LCP element (2 arms) for realizing states of
|R)|€r = —2) and |L)|£, = —4), dominated by |L)|£, = —4). (D) LCP element arranged with
diverging spiral arms (m = —3) for realizing states of |L)|¢, = —4).
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